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Ion/ion proton transfer reactions involving mutual storage of both ion polarities in a linear ion
trap (LIT) that comprises part of a hybrid triple quadrupole/linear ion trap mass spectrometer
have been effected. Mutual ion storage in the x- and y-dimensions arises from the normal
operation of the oscillating quadrupole field of the quadrupole array, while storage in the
z-dimension is enabled by applying unbalanced radio-frequency amplitudes to opposing sets
of rods of the array. Efficient trapping (�90%) is achieved for thermalized ions over periods
of several seconds. Reactions were demonstrated for multiply charged protein/peptide cations
formed by electrospray with anions derived from glow discharge ionization of perfluoro(m-
ethyldecalin) (PMD) introduced from the side of the LIT rod array. Doubly and singly charged
protein ions are readily formed via ion/ion reactions. The parameters that affect ion/ion
reactions are discussed, including the degree of RF unbalance on the LIT rods, vacuum
pressure, nature of the buffer gas, reaction time, anion abundance, and the low mass cutoff for
ion/ion reaction. The present system has a demonstrated upper mass-to-charge ratio limit of
at least 33,000. The system also has high flexibility with respect to defining MSn experiments
involving both collision-induced dissociation (CID) and ion/ion reactions. Experiments are
demonstrated involving beam-type CID in the pressurized collision quadrupole (Q2) followed
by ion/ion reactions involving the product ions in the LIT. Ion parking experiments are also
demonstrated using the mutual storage ion/ion reaction mode in the LIT, with a parking
efficiency over 60%. (J Am Soc Mass Spectrom 2005, 16, 71–81) © 2004 American Society for
Mass Spectrometry

The capability of the electrodynamic ion trap for
storing simultaneously both positively-charged
and negatively-charged ions [1] and its ability to

execute multiple step experiments [2, 3] make it partic-
ularly well-suited for conducting sophisticated experi-
ments involving ion/ion reactions. To date, most appli-
cations of ion/ion reactions in quadrupole ion traps
have emphasized the controlled charge reduction of
multiply charged positive or negative ions [4]. Charge
state manipulation has served three major purposes in
these studies: mixture analysis [5–9], especially with the
application of the “ion parking” [10] technique for
gas-phase concentration and purification [11, 12], the
formation of ions that cannot be directly produced by
ESI for subsequent tandem mass spectrometry studies
[13–15], and the reduction of the product ion charge
states to singly and doubly charged so as to simplify
identification of the product ions [11, 12, 16–19].
While three-dimensional quadrupole ion traps have

been demonstrated to be well-suited for conducting
sophisticated experiments involving ion/ion reactions,
they suffer from limited ion storage capacity and rela-
tively low trapping efficiencies, typically 1–5%, for
externally generated ions [20, 21]. Linear ion traps
(LITs), on the other hand, provide greater ion storage
capacity than three-dimensional ion traps of compara-
ble inscribed radius and offer significantly better trap-
ping efficiencies for externally injected ions [20, 22].
While the LIT has been known since the quadrupole
storage ring was introduced [23], it was not until
recently that LITs were developed as stand-alone mass
spectrometers [22], or as part of a triple quadrupole
instrument [20, 24–26]. The latter “hybrid” instrument
combines conventional triple quadrupole functionality
with ion trapping capabilities. Considering the merits of
the LIT relative to the three-dimensional quadrupole
ion trap, it is of interest to explore applications of
ion/ion reactions in an LIT mass spectrometer. Re-
cently, Hunt and coworkers [27, 28] reported ion/ion
reactions in the Finnigan LTQ RF linear ion trap mass
spectrometer (Thermo Electron Corporation, San Jose,
CA), which is a stand-alone LIT instrument [22]. Sec-
ondary RF fields, imposed by superposition of RF
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voltages to the end lenses of the LIT, provided mutual
storage of oppositely charged ions in the axial dimen-
sion, while the usual oscillating quadrupole field of the
rod array provided mutual ion storage in the radial
plane. Particular emphasis in that work was placed on
electron transfer to polypeptide cations to effect disso-
ciation. Several advantages associated with the use of
the Finnigan LTQ setup for ion/ion reactions were also
pointed out, such as axial segregation of precursor and
reagent ions prior to reaction and soft injection of
reagent ions.
Triple quadrupole instruments that allow for ion

trapping offer a higher degree of flexibility than a single
LIT mass spectrometer for conducting tandem-in-space,
tandem-in-time, and combinations of tandem-in-time
and tandem-in-space experiments. The potential di-
mensionality is increased when any of the rod arrays
can serve as a reaction region and when ions can be
readily transferred between quadrupoles. There are
many possibilities to take advantage of the multiple
choices of reaction region. For example, by use of the
first quadrupole as an ion/ion reaction cell, the second
as a collision cell, and the third as a mass analyzer, the
beam-type fragmentation pattern of an ion/ion reaction
product can be acquired. If the second quadrupole is
used as an ion/ion reaction cell with the first and last
quadrupoles acting as mass filters, the linked scanning
functionality of the triple quadrupole could be used as
a screening technique. The use of the third quadrupole
as an ion/ion reaction region facilitates the study of the
ion/ion reactions of either mass-selected parent ions
from the first quadrupole or the beam-type fragments
formed in the second quadrupole. In terms of reaction
modes, there are, in principle, four modes to effect
ion/ion reactions within a quadrupole rod array [29].
One involves continuously admitting ions of opposite
polarity into the rod array without trapping either
polarity. The likelihood for reactions in this mode is
minimized by the fact that the number densities of the
ions in a beam tend to be relatively low, the relative
velocities of the ions are high, and it is difficult to obtain
a high degree of spatial overlap of the ions. Two other
modes involve storing one ion polarity while ions of the
other polarity are continuously admitted into the rod
array, which are denoted as positive ion transmission/
negative ion storage and negative ion transmission/
positive ion storage, respectively. Recently, the positive
ion transmission/negative ion storage mode ion/ion
reaction was implemented in the second quadrupole of
a hybrid triple quadrupole/LIT instrument [29]. This
mode is particularly useful in separation of ions of
different mass and charge but very similar mass-to-
charge ratio. The fourth mode, which is analogous to
that used in most quadrupole ion trap studies [4], is the
mutual storage mode. In this report, we describe mu-
tual storage mode ion/ion reactions in the third quad-
rupole of a hybrid triple quadrupole/LIT instrument
with axial trapping effected by applying unbalanced RF

amplitudes to the two pairs of parallel rods in the
quadrupole rod array.

Experimental

Materials

Peptides and proteins were purchased from Sigma (St.
Louis, MO) and used without further purification. Elec-
trospray solutions for the proteins and peptides were
prepared in 50:49:1 methanol/water/acetic acid (vol/
vol/vol) to a final concentration of 5–10 �M, unless
otherwise specified. Perfluoro(methyldecalin) (PMD)
was obtained from Aldrich (Milwaukee, WI).

Mass Spectrometry

All experiments were performed using a prototype
version of a Q TRAP mass spectrometer [20] (Applied
Biosystems/MDS SCIEX, Concord, Ontario, CN) mod-
ified for negative ion introduction from the side of Q3
by atmospheric sampling glow discharge ionization
(ASGDI) [30], as discussed in detail elsewhere [29]. The
ion path was based on that of a triple quadrupole mass
spectrometer with the last quadrupole rod array (Q3)
configured to operate either as a conventional RF/DC
mass filter or as an LIT with mass-selective axial ejec-
tion (MSAE) [24]. The Q TRAP was operated at a drive
RF of 650 kHz with a nominal upper mass-to-charge
limit of 4200 Th when the standard MSAE frequency
was used. All experiments were controlled by MS Expo
1.75 software provided by Applied Biosystems/MDS
SCIEX.
To create an axial RF barrier so that both ion polar-

ities can be stored in three dimensions in the Q3 rod
array, the RF amplitudes applied to the X-poles and
Y-poles of the Q3 rod array were unbalanced by sub-
tracting some turns of the inductance coil from X-poles
and adding those turns to the Y-poles. The degree of
unbalance used in this study, which is defined as the
percent deviation of the amplitude applied to a set of
opposing rods from the average amplitude applied to
both pairs of rods, was 54%.
In a typical ion/ion reaction experiment, anions

derived from PMD via ASGDI were radially injected
into Q3 while the average RF amplitude was held at a
value that yielded a low-mass cutoff, referred to as the
“fill mass”, of m/z 160. During anion injection, the Q3
rod set was maintained at a DC potential between �10
V and �20 V, while a high trapping DC potential of
�200 V was applied to the containment lenses at each
end of the Q3 rod array. The discharge was gated via
software control so that it was on only during the anion
accumulation period to avoid detector noise observed
when the discharge was operated continuously. Several
combinations of anion accumulation time were used to
achieve the desired anion intensity. The anions were
allowed to cool in Q3 for 50 ms, during which time the
Q3 fill mass was raised to m/z 220 and the DC potentials

72 XIA ET AL. J Am Soc Mass Spectrom 2005, 16, 71–81



applied to the two end lenses of Q3 and the Q3 rods
were adjusted to roughly the same DC potential level to
prepare for cation injection. The ESI-generated cations
were introduced axially into Q3 at relatively low kinetic
energies and were cooled in Q3 for 20 ms. During the
subsequent mutual storage ion/ion reaction period, the
Q3 fill mass was increased to m/z 300. After a defined
period of mutual storage, anions were ejected from Q3
either by applying attractive DC potentials to the con-
tainment lenses or by ramping the Q3 fill mass to m/z
600. Just prior to the mass scan, the Q3 fill mass was
dropped to m/z 300 and the DC voltage applied to the
exit lens was adjusted to the optimum value for mass
analysis, approximately 2–3 V repulsive with respect to
the DC offset of the Q3 rod array. The positive ions
trapped within the Q3 LIT after ion/ion reaction were
subjected to MSAE using a supplementary AC signal at
a frequency selected to give the desired mass range
extension [31, 32]. The mass/charge ratios for the ion/
ion reaction spectra were calibrated from the various
charge states of the known compounds. The spectra
shown here were typically the average of 100–300
individual scans.

Results and Discussion

Using Unbalanced RF for Mutual Storage
in an LIT

Conventional linear traps utilize DC potentials to pro-
vide axial ion containment. Consequently, only ions of
one polarity can be trapped for arbitrarily long periods
of time. To implement the mutual storage of oppositely
charged ions, an additional RF field facilitates the
containment of ions in the axial direction. Applying RF
directly to the containment lenses of a quadruple is one
of the solutions [27, 28]. An alternative is to unbalance
the RF amplitudes applied to the two sets of opposing
poles of the quadrupole rod array. When the quadru-
pole and its containment lenses are all at the same DC
level, subtracting a fraction of the RF level on one set of
opposing poles and increasing the equivalent RF level
on the other set of the opposing poles is equivalent to
simply adding the same fraction of RF to the contain-
ment lenses. A conceptual depiction of this situation is
shown in Figure 1. The degree of unbalance can then be
controlled by adding and subtracting turns of the
inductance coil in the RF circuitry to the X- and Y-poles,
respectively (or vice versa).
The Q TRAP mass spectrometer [20] has a Q-q-Qlinear

ion trap arrangement, in which each of the quadruple
arrays can act as an LIT for mutual storage by unbal-
ancing the RF amplitudes applied to the rod array.
Given the location of the ASGDI source, which is
attached on one side of the Q3 segment, it was most
straightforward to study ion/ion reactions in Q3. Since
the Q3 and Q2 rod arrays are capacitively coupled (the
Q2 RF amplitude is approximately half that of the Q3
RF), unbalancing the Q3 RF level also unbalances the

Q2 RF level. It is of interest to study the mutual storage
ion/ion reactions in Q2, as Q2 has a pressure about two
orders of magnitude higher than that of Q3. However,
transmitting anions from Q3 to Q2, while straightfor-
ward under balanced conditions [29], is complicated
when both rod arrays are unbalanced. The unbalanced
condition creates a barrier for transmission out of Q3 as
well as into Q2. Presumably for this reason, transfer of
anions from Q3 to Q2 was found to be highly inefficient.
Therefore, all studies reported here involved mutual
storage ion/ion reactions in Q3. A number of useful
experiments are readily performed by use of Q3 as the
ion/ion reactor. For example, using the Q3 quadrupole
array as the ion/ion reaction cell is compatible with the
use of Q1 under RF/DC mode for parent ion isolation,
Q2 as a reaction region for beam-type collision-induced
dissociation (CID), and Q3 as the ion/ion reactor and
mass analyzer.
The Q3 quadrupole array was constructed from

round gold-coated ceramic rods. There were two con-
tainment lenses, upstream and downstream of Q3,
referred to as “IQ3” at the entrance to the array and the
“exit lens” at the detector side of the array. For a typical
mutual storage experiment, the rod offset of Q3 (RO3, a
DC potential applied to all four rods of the array; same
definition for RO1 and RO2), the DC potentials of IQ3,
and the exit lens were almost the same. Therefore, the
ions stored in Q3 are trapped solely by the usual RF
field in the x- and y-dimensions and, in the axial or
z-dimension, by the RF introduced from unbalancing
the RF amplitude of Q3. The degree of unbalance was
an important factor in determining the mutual storage
efficiency. The degree of unbalance could be either too
high or too low. We found empirically that ion/ion
reaction rates and storage efficiencies were highest
when the unbalance was about 50%. For example,
thermalized cations and anions could each be stored for
5 s under identical conditions without significant ion

Figure 1. Conceptual depiction of unbalancing the RF ampli-
tudes on the two sets of opposing poles of a quadrupole rod array.
V is the RF amplitude applied on the rods, a is the degree of
unbalance, and x, y, z represent the three dimensions.
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loss. Therefore, all studies related here were conducted
with Q3 operated with 54% RF imbalance.
With the present ion source configuration, anions

were radially injected into Q3. Under these conditions,
the unbalanced Q3 RF condition alone was not suffi-
cient to provide useful anion accumulation efficiencies.
It was necessary to raise the DC potentials of the
containment lenses, relative to that of the quadrupole
array (Q3 lenses: IQ3 � �200, RO3 � �20, exit lens �
�200 V), during the anion accumulation period and for
roughly 50 ms cooling step thereafter, to accumulate
useful quantities of anions for subsequent reaction.
After anion accumulation and cooling, the DC poten-
tials could be reduced to approximately that of the Q3
rod offset while efficiently retaining (�90%) the ther-
malized anions for several seconds. A rationale for this
observation is that the radially injected anions pick up
sufficient translational energy upon injection that they
tend to execute relatively high amplitude motion and
can easily penetrate the cone of reflection [24] and be
accelerated toward the exit lenses by the strong net
positive axial force. A relatively high repulsive potential
is therefore needed to trap the anions until their motion
is sufficiently damped via collisions to be retained with
much lower trapping potentials. After anions were
cooled, the potentials of IQ3 and exit lens were reduced
roughly to the same potential as RO3 to allow for cation
accumulation. Due to the high DC potentials needed to
trap anions during injection, storing positive ions dur-
ing anion injection was not feasible. Hence, anions were
always accumulated first in these studies.
The electrospray-generated cations were directed

axially along the normal flight path of the instrument at
relatively low energies (several electronvolts). It was
observed that the trapping efficiency was very sensitive
to the axial kinetic energy of the positive ions. For
example, when RO3 was 1 Vmore attractive for positive
ions than RO2, 98% cations were lost. When RO3 was
0.5 V more attractive, 60% of the cations were lost.
Therefore, during cation injection, the DC levels of RO2
and RO3 were maintained at the same value. A trap-
ping efficiency in excess of 90% was achieved with 5 s
storage time under these conditions.
Both nitrogen and helium were evaluated as back-

ground gases for ion storage under the unbalanced RF
condition. The gas enters the system via an inlet line
connected to Q2. The limited gas conductance from Q2
gives rise to a roughly 100-fold difference in pressure
between Q2 and Q3. Overall, helium was shown to lead
to fewer ion losses over time scales ranging from 200 ms
to 5 s when Q3 chamber pressure was kept roughly the
same for these two gases. A maximum in cation signal
strength was noted for positive ions at a Q3 pressure of
6 � 10�5 torr. However, for radially injected anions,
signal levels increased steadily as the Q3 pressure
increased to the upper limit allowed by the vacuum
protection system, i.e., 1 � 10�4 torr. The maximum in
cation signal is expected to be due to transmission
losses as the cations pass through Q2 resulting from the

increased pressure. At Q3 pressures in excess of 6 �
10�5 torr, Q2 pressures exceed 12 mTorr. Under such
high Q2 pressures, positive ion transmission suffers due
to scattering losses, poor extraction of cations from Q2,
or a combination of both. The anions follow a different
path into Q3 and therefore show a different Q3 pressure
dependence.

Mutual Storage Mode Ion/Ion Reactions
in the Q3 LIT

The ability to store thermalized positive and negative
ions simultaneously in Q3 by utilizing the unbalanced
RF enabled the mutual storage ion/ion reaction mode
to be evaluated. A number of parametric studies were
performed to optimize conditions for mutual storage
ion/ion reactions in Q3. Table 1 summarizes the set of
operating conditions that represents roughly optimal
conditions for effecting ion/ion reactions in Q3 with the
present instrumentation. Optimal conditions for ion/
ion reactions translate to the highest ion/ion reaction
rates that can be achieved with minimal compromise in
other key aspects of the overall experiment, such as
sensitivity for analyte cations and mass resolution.
In considering the effects of experimental parameters

on the observed ion/ion reaction rate, it is useful to
examine fundamental parameters that affect ion/ion
reaction rates under the conditions used here. In most
analytical applications of ion/ion reactions, ions of one
polarity represent the analyte while the oppositely
charged ions serve as reagents intended to transform
the analyte ions in some way, such as changing the
charge state(s) of the analyte ions. In this scenario, it is
desirable to use an excess of reagent ions to maximize
the reaction rate. When there is a great excess of reagent
ions available for reaction, pseudo-first order kinetics
are observed. For the case of proton transfer, the rela-
tionship is:

Table 1. Optimal conditions for mutual storage mode ion/ion
reaction experiments in Q3

Parameter Value

P(Q3) 7 � 10�5 torr
Q2 gas Helium
PMD pressure 600 mTorr
Anion injection to Q3
Q3 fill mass m/z 160
RO3 �10 � �25 V
IQ3, exit lens �200 V
Time 600 ms
Cation injection
Q3 fill mass m/z 220
RO0 - RO2 5 V
RO2, IQ3, RO3 �22 V
Exit lens �21.5 V
Ion/Ion reaction
Q3 fill mass m/z 300
RO2, IQ3, RO3 �22 V
Exit lens �21.5 V
Time variable
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[MH(Z�1)
(Z�1)�]t � [MHZ

Z�]0e
�nkt (1)

where Z is the unit charges of the ions, n is the
“effective” number density of the reagent anions, k is
the rate constant for the proton transfer reaction, and t
is the reaction time. The term “effective” is used for
reagent anion number density to account for the fact
that n is not constant throughout the entire trapping
volume and the degree of spatial overlap between the
oppositely charged ion populations may vary with
experimental conditions. The extent of ion/ion reaction
in these studies, as reflected in the conversion of posi-
tively charged reactant ions to positively charged prod-
ucts, increased monotonically with anion accumulation
time over periods extending to as high as 600 ms. This
suggests that the reagent anion storage capacity of Q3
was not reached under the conditions of this study. Had
the storage capacity been reached, the ion/ion reaction
rate would be expected to become independent of anion
accumulation time, as the effective anion density
reaches a maximum. Anion accumulation times suffi-
cient to ensure that the extent of ion/ion reaction
increase monotonically with time were used through-
out these studies. This condition indicates the presence
of excess reagent ions, as is necessary for eq 1 to hold.
Previous studies have suggested that the formation

of a stable ion/ion reaction complex is the rate-deter-
mining event for an ion/ion reaction in an electrody-
namic ion trap [33]. The maximum rate constant for this
process is given by:

kmax�
4�Z1

2Z2
2e4

(4��0)�
2vrel
3 (2)

where Z1 and Z2 are the unit charges of the oppositely
charged ions, e is the elementary charge, �0 is the
permittivity of vacuum, � is the reduced mass of the
ion/ion pair, and �rel is the relative velocity of the
collision pair. No quantitative data are available to
assess how closely kmax approximates the actual rate
constant, k, in the ion trap environment. The relation-
ship for kmax assumes that once the reactants reach a
critical distance of separation that some means for
removal of small fraction of the relative velocity is
active [33]. This may involve collision with a third body,
such as a background gas atom or molecule [34], or a
so-called tidal effect [35, 36]. If third body collisions are
important and k �kmax, increasing bath gas pressure
would be expected to lead to an increase in k until k �
kmax. This effect, however, is difficult to distinguish
from other means by which background gas pressure
can affect reaction rates. For example, eq 2 indicates
that, for a given reactant pair, the relative velocity of the
reactants is a parameter in the determination of kmax
that might be affected by experimental conditions.
Ion/neutral collisions tend to thermalize the ions,
thereby affecting vrel. Hence, this factor alone leads to
the expectation that background gas pressure should
affect reaction rates, at least up to the point where

thermalization of the ions is sufficiently rapid so that
further increases in pressure have little effect. The
reaction rate is measured directly rather than the reac-
tion rate constant. The maximum reaction rate of the
analyte cation, Rmax, under these pseudo first order
conditions is the product of the effective number den-
sity and the maximum rate constant:

Rmax� nkmax. (3)

The effective number density of the reagent ions is
determined both by the number of reagent ions and by
the degree of spatial overlap. Bath gas pressure can
affect both of these parameters. Ion injection efficiency
into an ion trap, particularly radial injection, is bath gas
pressure dependent. Hence the number of reagent
anions can be affected by bath gas pressure. Spatial
overlap of the oppositely charged ion populations can
also be affected by background pressure via its colli-
sional cooling role that tends to concentrate ions at the
center of the ion trap. For the reasons just given,
increases in ion/ion reaction rates with increasing bath
gas pressure are likely to arise from a combination of
effects.
It is clear from eqs 1–3 that, in the case of excess

reagent ions, experimental conditions that affect the
reaction rate for a given ion/ion reaction pair do so
through their effects on the effective number density
and rate constant of the reaction. However, the detailed
mechanism by which a particular experimental param-
eter affects reaction rates is not always clear when
several factors can be influenced by a change in exper-
imental conditions. The detailed role of background
gas, mentioned above, is a case in point. Presumably for
the reasons mentioned above, ion/ion reaction rates
showed an increase with Q3 pressure up to the maxi-
mum pressure accommodated by the vacuum protec-
tion system (i.e., 10�4 torr). Most quadrupole ion trap
studies have been performed using helium as the major
background gas at a pressure of roughly 10�3 torr and
reaction rates are higher at 10�3 torr than at 10�4 torr in
the quadrupole ion trap. Therefore, it is expected that
higher background pressures in the LIT will lead to
greater reaction rates. We noted that, in analogy with
the quadrupole ion trap, use of helium as buffer gas led
to greater reaction rates than nitrogen at similar pres-
sures. Bath gas identity, like bath gas pressure, can
affect several parameters so that it is difficult to clearly
identify why helium was more effective than the
heavier nitrogen bath gas. For example, bath gas iden-
tity is a factor in anion injection efficiency, thereby
affecting the anion density, and may also affect relative
velocity. The heavier nitrogen bath gas is expected to
give rise to a greater degree of scattering, particularly
for the reagent anions.
In analogy with the quadrupole ion trap, the ampli-

tude of the RF applied to the LIT rod array, which is
proportional to the low mass cutoff, determines the
pseudo potential well depth for trapping both polarities
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of ions and is a key factor in determining the extent of
ion/ion reaction. The RF amplitude determines the m/z
range over which ions of opposite polarity can be stored
simultaneously [37]. The RF amplitude establishes both
the upper and lower m/z limits to ion storage and there
is a trade-off between them. Under the 54% Q3 unbal-
anced condition, we found that anions derived from
glow discharge ionization of perfluoro(methyldecalin)
(PMD, molecular mass� 512 Da) were more effective in
reducing high mass protein cations to low charge states
than those derived from the commonly used reagent
perfluoro-1,3-dimethylcyclohexane (PDCH, molecular
mass � 400 Da). A higher RF level could be used with
the PMD anions than with the PDCH anions, which
resulted in a higher upper m/z limit for storage of high
mass product ions (see below). Figure 2 shows the mass
spectrum of PMD anions resulting from radial injection
into Q3 at a fill mass of m/z 160 during anion injection
and m/z 300 during the cooling step. If PMD behaves
analogously to PDCH, glow discharge ionization yields
predominantly the radical anion and the fragment ions
are formed as a result of the relatively violent process
associated with radial injection into the ion trap [38].
Since the optimum low mass cutoff value for ion/ion
reaction was between three hundred and four hundred
depending on the m/z values of the positive ions,
(M-F)� (m/z 493) and (M-CF3)

� (m/z 443) were the major
anions involved in the ion/ion reactions. The lower
mass anions, such as (M-C5F9)

� (m/z 281), (M-C4F9)
�

(m/z 293) and (M-C3F7)
� (m/z 331), were ejected prior to

the mutual storage period.
Mutual storage of multiply charged protein ions

with an excess of PMD anions allowed for the charge
state reduction of the protein ions to singly and doubly
charged ions via sequential proton transfer reactions in
Q3 operated as an LIT. Figure 3 shows the post-ion/ion
mass spectra of (Figure 3a) bovine ubiquitin, (Figure 3b)
horse heart myoglobin, and (Figure 3c) bovine serum
albumin (BSA) acquired with axial ejection frequencies
of 80, 42, and 10 kHz, respectively. Approximate values
for the resolving powers associated with the three
various mass analysis conditions, as determined by full

width at half maximum for the expanded peaks are 200,
180, and 100, respectively. A decrease in resolution with
decreasing axial ejection frequency has also been noted
with resonance ejection from quadrupole ion traps.
However, the absolute resolution values observed here
are poorer than those recently reported with a quadru-
pole ion trap over comparable ranges of m/z [39]. It is
premature, however, to draw conclusions about mass
analysis characteristics of MSAE at high m/z values,
particularly under conditions as highly unbalanced as
those used here. The performance of the LIT as an
analyzer for high m/z ions will receive further attention
now that it is possible to readily form such ions via
ion/ion reactions. The upper m/z limit for product ions
is also of interest. Unambiguous evidence for signals for
the �1 charge state of BSA was not observed under the
conditions used here, although clear signals due to the
�2 and�3 charge states were noted, as shown in Figure
3c. The relative abundances of these signals indicate
that �1 ions should also have been formed at this
reaction time. Therefore, this observation suggests that
the effective upper mass-to-charge ratio limit of the
system with the current configuration is between 33,000
and 66,000. This limit is likely to be imposed by the
ability to store both ions in excess of m/z 33,000 and m/z
493 simultaneously. However, ion detection and ion
ejection issues may also play a role in poor detection of
ions in excess of m/z 33,000.
The data of Figure 3 clearly demonstrate that it is

Figure 3. Post-ion/ion reaction mass spectra of (a) bovine ubiq-
uitin, (b) horse heart myoglobin, and (c) bovine serum albumin
(BSA) acquired after mutual storage of 600 ms, 600 ms, and 1 s
with an axial ejection frequency of 80, 42, and 10 KHz, respec-
tively.

Figure 2. Mass spectrum of PMD by radial injection from glow
discharge source. Q3 fill mass was 160 during injection and 300 for
cooling step.
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possible to reduce the charges of multiply charged
proteins as large as roughly 30 kDa to arbitrarily low
values via ion/ion proton transfer reactions in the Q3
LIT. An analytical application demonstrated with the
quadrupole ion trap that takes advantage of this capa-
bility is its use in reducing complications arising from
the electrospray ionization of protein mixtures [5–7].
This capability is illustrated for the LIT using mutual
storage mode ion/ion reactions involving cations from
a four-component mixture containing melittin, insulin,
ubiquitin and cytochrome c. The pre-ion/ion reaction
electrospray mass spectrum of this mixture is shown in
Figure 4a while the post-ion/ion reaction mass spec-
trum is shown in Figure 4b. The latter spectrum was
collected following a mutual storage period of 300 ms
using an ejection frequency of 60 kHz.
The use of ion/ion proton transfer reactions for

manipulating precursor and product ion charge states
facilitates greatly the study of whole protein ions in the
quadrupole ion trap [4, 6, 7, 10–12, 14–19, 39–48]. A
key experiment in studying the charge state dependent
fragmentation behavior of whole protein ions in the
quadrupole ion trap is to apply ion/ion proton transfer
reactions to product ions formed via in-trap collisional
activation. By converting all product ions largely to the
�1 charge state, many possible charge state ambiguities
associated with the initially formed product ions are
avoided and the relative contributions of the various
dissociation channels can be evaluated without consid-
ering charge state dependent ion detection efficiency.
Virtually all studies reported to date that apply ion/ion
proton transfer reactions to product ions have em-
ployed ion trap collisional activation as the means for
generating fragments. In-trap collisional activation is
also possible in the Q3 LIT [26]. However, the hybrid
triple quadrupole linear ion trap configuration of the
current instrument also allows for the use of beam-type
collisional activation as the means of generating prod-
uct ions. To illustrate this new variation in acquiring

post-ion/ion reaction product ion spectra, the individ-
ual [M � 8H]8� (electrosprayed from 50:50 methanol/
water solution), [M � 12H]12� parent ions and a range
of parent ion charge states of ubiquitin ([M� 10H]10� �
[M � 13H]13�) were subjected to beam-type collisional
activation in Q2 and the product ions collected in Q3
were subjected to ion/ion proton transfer reactions to
yield largely singly-charged products. In each case, the
final post-ion/ion product ion spectrum was collected
via MSAE from Q3 at a resonance ejection frequency of
80 kHz. Figure 5 shows pre- and post-ion/ion product
ion spectra arising from beam-type CID of the �8
charge state of ubiquitin (laboratory collision energy �
480 eV). The post-ion/ion reaction product ion spec-
trum was acquired after subjecting the product ions to
reactions with anions derived from PMD for 550 ms.
The product ions in the post-ion/ion reaction spectrum
could be readily assigned as either b- or y-type product
ions via comparison with the expected product ion
masses of ubiquitin. Evidence for fragmentation of a
total of 35 out of 76 of the protein backbone amide
bonds (46%) was identified from beam-type CID of this
charge state. Similar fragmentation channels and se-
quence coverage were noted with ion trap collisional
activation of this charge state [15]. The higher charge
state, �12, yielded fewer fragments (26 out of 76) than
the �8 charge state under beam-type fragmentation
condition, which is consistent with the behavior ob-
served previously in the quadrupole ion trap when the
in-trap fragmentation was evaluated [15]. When a range
of charge states of ubiquitin ions ([M� 10H]10� � [M�
13H]13�) were subjected to beam-type fragmentation, 38
backbone cleavages were identified (data not shown),
which illustrates the potential desirability of fragment-
ing several charge states at the same time. Generally,
similar fragmentation patterns were seen with beam-
type CID in the Q TRAP as in the in-trap CID of the
same charge states, ranging from [M� 12H]12� to [M�
7H]7�, which were acquired in quadruple ion traps.
However, the beam-type CID experiment does not
require a frequency tuning step, as does an in-trap CID
experiment, and it is readily applied to ranges of charge
states simultaneously.
Another important experimental tool for an ion

trapping system capable of effecting ion/ion reactions
is the ability to inhibit selectively the rate of ion/ion
reactions. This capability has been illustrated with the
quadrupole ion trap [10] and is referred as “ion park-
ing”. It can be accomplished, for example, via the
resonance excitation of a particular ion during the
period in which ions of opposite polarities are stored
simultaneously. The ion/ion reaction rate for the accel-
erated ion is reduced greatly due to both a decrease in
the spatial overlap and an increase in the relative
velocity of the oppositely-charged ion reactants (i.e., the
effective number density is reduced as is the rate
constant). An important application of ion parking is
gas-phase concentration and purification [45], and the
formation of ions that cannot be directly produced by

Figure 4. (a) Mass spectrum of the four-component mixture
containing melittin, insulin, ubiquitin, and cytochrome c, and (b)
post-ion/ion reaction spectrum of the mixture with anion accu-
mulation and ion/ion mutual storage times being 510 ms and 300
ms.
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ESI. The ion parking experiment was conducted in the
Q3 LIT and is illustrated here with bovine cytochrome
c. Effective ion parking experiments have been per-
formed for charge states of cytochrome c from �8 to
�14. In all cases, significant concentration of signal in
the ion for which the resonance excitation of signal was
most closely tuned was observed. The experiments
summarized in Figure 6 may be used to obtain a
semi-quantitative estimate of the efficiency of the ion
parking procedure, defined as the fraction of the initial

reactant ion population that can be accumulated in a
specific charge state via the ion parking procedure.
Figure 6a shows the pre-ion/ion electrospray mass

spectrum of cytochrome c, Figure 6b shows the post-
ion/ion mass spectrum (no ion parking) after a 100-ms
anion accumulation period and a 300-ms mutual stor-
age time period, and Figure 6c shows the results using
the same ion/ion reaction conditions with a resonance
excitation signal of 64.1 kHz, 1.1 Vp-p. The efficiency of
ion parking experiment was estimated by assuming a

Figure 5. Beam-type CID MS/MS spectrum and the corresponding post-ion/ion reaction MS/MS
spectrum of (a) the [M � 8H]8� ion of ubiquitin at collision energy of 480 eV, and (b) [M � 12H]12�

ion of ubiquitin at a collision energy of 396 eV. The post-ion/ion MS/MS spectrum was acquired at
an axial ejection frequency of 80 KHz.
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linear dependence of the detector response to the
charge state of the ion. After normalizing ion abun-
dances according to charge state, roughly 60% of the
ions of Figure 6a are concentrated in the �14 charge
state after ion parking (Figure 6c).
The efficiency of the ion parking experiment associ-

ated with Figure 6 is somewhat lower than has been
observed with quadrupole ion traps [10]. Furthermore,
the time dependence of the parking experiment showed
that the ion/ion reaction rate of the �15 charge state,
and the�16 charge state to a lesser extent, were affected
(reduced) when the maximum rate reduction for the
�14 ions was achieved. This suggests that the higher
charge state ions were undergoing a degree of ion
acceleration resulting in the inhibition of their reaction
rates. The frequency dependence of the ion parking
experiment using dipolar resonance excitation in the Q3
LIT is shown in Figure 7. A resonance excitation ampli-
tude of 1.1 Vp-pwas stepped at 100 Hz increments across
the�14 charge state of cytochrome c during the ion/ion

reaction period. Ion parking with relatively high effi-
ciency was found using resonance excitation voltages at
frequencies on the high frequency side, which is around
64.2 kHz. Higher charge states such as �15 and �16
were also observed along with the parked charge state
with very low signals, if any, for lower charge states.
The parking efficiency decreased slowly as the fre-
quency was reduced with a concomitant increase in
signals arising from lower charge states. The asymmet-
ric shape of the ion parking absorption profile is highly
suggestive of the presence of higher order multi-pole
fields, which are known to give rise to asymmetric
resonance absorption profiles in quadrupole ion traps
[42–44]. In this case, higher order fields would be
expected to arise from the use of round quadrupole
rods [22]. It is not clear, at this point, if the use of
unbalanced RF might also contribute to this effect.
Future work will employ the use of RF voltages applied
directly to the containment lenses along with more
balanced RF to determine the extent to which unbal-
anced rods lead to compromises in mass resolution and
ion parking resolution.

Conclusions

A hybrid triple quadrupole/linear ion trap mass spec-
trometer has been modified to enable experiments that
involve ion/ion proton transfer reactions via mutual
storage of both ion polarities. Both positive and nega-
tive ions can be stored simultaneously by unbalancing
the RF amplitude applied to the two sets of opposing
poles of the Q3 rod array. Essentially all of the key
ion/ion proton transfer reaction experiments already
demonstrated to be useful in complex protein mixture
analysis scenarios using quadrupole ion traps have

Figure 6. Mass spectra of bovine cytochrome c ions acquired in (a) pre-ion/ion, (b) post-ion/ion, and
(c) ion parking modes (64.1 kHz, 1.1 Vp-p) using a resonance ejection frequency of 60 kHz. The anion
injection and mutual storage periods used in (b) and (c) were 100 ms and 300 ms respectively.

Figure 7. Ion parking absorption profile of the [M � 14H]14� ion
of bovine cytochrome c.
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been demonstrated here with the modified hybrid in-
strument. These experiments include the use of ion/ion
reactions applied to electrospray of protein mixtures,
ion/ion reactions applied to product ion mixtures to
facilitate product ion assignment, and ion parking ex-
periments for protein ion concentration. Product ions
can be generated with this instrument either via in-trap
collisional activation, in analogy with convention ion
trap collisional activation, or via beam-type collisional
activation. The latter mode was used to generate prod-
uct ions in this work. Under the unbalanced Q3 RF
condition used to collect the data reported here, the
system provides an upper mass-to-charge ratio limit of
at least 33,000, with mass resolving power of several
hundred at high m/z. Future studies will be directed to
the optimization of mass analysis characteristics as well
as the development of novel ion/ion reaction experi-
ments in the hybrid instrument. The extent to which the
use of unbalanced RF for ion trapping adversely affects
other performance characteristics will be explored by
directly applying RF to the containment lenses of the Q3
rod array only during the mutual ion storage periods
while employing more balanced RF voltages to the rod
array. We will also examine mutual ion storage in other
rod arrays in the hybrid instrument.
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