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Abstract

The performance characteristics of a new ion trap system adapted for ion/ion reaction experiments are described. Signifi-
cantly improved mass analysis figures of merit over previously used ion/ion reaction instrumentation have been realized. For
example, the present system has a demonstrated upper mass-to-charge ratio limit of at least 150,000, mass measurement accu-
racy of better than 200 ppm atm/z < 20,000, and mass resolving power of better than 1500 atm/z20,000. The system also has
high flexibility with respect to defining MSn experiments involving both ion/ion reactions and collision-induced dissociation.
An experiment is demonstrated involving three distinct ion/ion reaction periods, one collision-induced dissociation step and
two ion isolation steps. This experiment has been used to effect the gas-phase concentration, charge state purification, and
dissociation of a multiply charged protein ion. Two of the ion/ion reaction periods involved inhibition of the reaction rates of
selected ions, referred to as ion parking, whereby resonance excitation is effected during the reaction period. The combination
of this high degree of experimental flexibility and improved mass analysis figures of merit over previously used instruments
leads to a significantly improved system for the study and application of ion/ion reactions involving multiply-charged ions.
(Int J Mass Spectrom 222 (2003) 243–258)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas-phase ion chemistry has played an integral role
in both organic and biological mass spectrometry.
Unimolecular dissociation has long been used to de-
rive structural information from organic ions and ion/
molecule chemistry,inter alia, has been used to ionize
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organic molecules of interest. These chemistries have
also been studied for ions derived from bio-molecules,
such as proteins, polysaccharides, and oligonucleo-
tides. Indeed, the study of the unimolecular and ion/
molecule reactions of biopolymers is a very active area
of research. Beauchamp and co-workers have made
seminal contributions to current understanding of both
unimolecular [1–7] and ion/molecule reactions of
bio-ions[8–10]. Among the most powerful tools used
to study the chemistries of gaseous bio-ions are ion
trapping instruments. Commonly used ion trapping
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instruments include the ion cyclotron resonance (ICR)
mass spectrometer, which today is used almost ex-
clusively in conjunction with Fourier transform (FT)
techniques for ion detection and manipulation[11–
14], and the quadrupole ion trap[15–17]. These in-
struments are particularly versatile due to the ability to
execute experiments involving multiple ion selection
steps as well as multiple ion reaction periods ranging
in time from one millisecond to many seconds.

While the FTICR and the quadrupole ion trap
share many commonalities, there are important dif-
ferences, both in mass analysis performance and
reaction conditions, that distinguish them as tools for
the study of gaseous ions. A unique characteristic of
the quadrupole ion trap is the facility with which ions
of opposite polarity can be stored simultaneously in
a common space[18,19]. This characteristic has per-
mitted the study of the reactions of ions of opposite
polarity in which at least one of the reactant ions
is multiply charged. Such ions are formed readily
from biopolymers using electrospray ionization (ESI)
[20,21]. Hence, the quadrupole ion trap can be used
to study the unimolecular, ion/molecule, and ion/ion
reactions of high mass multiply-charged ions[22].
The reactions of multiply-charged ions derived from
biopolymers with ions of opposite polarity have been
studied both within a quadrupole ion trap[23–31]
and within reaction regions external to a mass spec-
trometer[32–36]. In the latter cases, reactions occur
at or near atmospheric pressure in a region in which
the two ion polarities are mixed or merged, prior to
sampling into the mass analyzer. For example, Loo
et al. described studies in which reactions between
multiply-charged protein ions generated by ESI and
ions of opposite polarity generated by discharge meth-
ods or by ESI were effected in a Y-shaped flow tube,
where ions generated separately from the two sources
were merged and reacted in the base of the Y prior
to ion sampling into the vacuum system of the mass
spectrometer. The reactants and products were then
analyzed with a quadrupole mass filter[32,33]. The
relatively limited mass-to-charge ratio range of the
mass filter, however, constrained severely the range
of ion/ion reaction products that could be analyzed

in these studies. More recently, Scalf et al.[34–36]
have studied ion/ion reactions between mixtures of
multiply-charged protein and oligonucleotide ions
formed by ESI and singly-charged ions formed by
either polonium decay ionization or corona discharge
ionization. The ion/ion reactions proceeded prior to
ion sampling into a time-of-flight mass spectrometer
with an upper limit in mass-to-charge ratio roughly
an order of magnitude greater than that of the mass
filter used in the studies of Loo et al. This higher
mass-to-charge ratio range has facilitated the study
of sequential ion/ion reactions because product ions
derived from biopolymers can exceed mass-to-charge
ratios of a few thousand. However, with respect to
the study of detailed aspects of ion/ion reactions, a
major limitation is the lack of mass selection of re-
actants ions. Also, the ion/ion reaction time is not
well controlled or variable, and there is no capability
for performing multiple stages of ion/ion reactions
throughout an experiment.

The capability of the electrodynamic ion trap for
storing simultaneously both positively-charged and
negatively-charged ions and its ability to execute
multiple step experiments[37,38] make it particu-
larly well-suited for conducting sophisticated exper-
iments involving ion/ion reactions. This capability
has been used recently by applying ion/ion proton
transfer reactions to the product ions formed from
collision-induced dissociation of multiply-charge pro-
teins [29,39–46]. Ion/ion reactions used in this way
can simplify interpretation of the product ion spectrum
in the course of studying the charge state dependent
fragmentation of protein ions. Ion/ion reactions have
also been used to form precursor ion charge states
for subsequent dissociation that are not produced
directly by electrospray[40,42–46]. Furthermore, it
has been demonstrated recently that ion/ion reactions
of selected protein ion charge states can be inhibited
selectively thereby enabling the concentration into a
single charge state of much of the charge dispersed
initially across multiple protein charge states[47].
This technique, which has been termed “ion parking”,
has recently been used to facilitate the gas-phase
protein concentration, purification, and dissociation
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of selected multiply charged precursor ions from a
relatively complex protein mixture[48,49]. Ion trap
experiments involving as many as four distinct ion/ion
reaction periods as well as a unimolecular dissociation
step have been demonstrated[49]. These capabilities
have been developed to support new strategies for
protein mixture analysis using quadrupole ion trap
instrumentation whereby whole protein ions and/or
relatively large protein fragments are subjected to
tandem mass spectrometry[50,51].

The use of ion/ion reactions in bioanalysis scenar-
ios has involved primarily proton transfer reactions.
That is, ion/ion chemistry has been used to manipulate
protein parent ion and product ion charge states within
the context of a “top-down” approach to mixture
analysis. It has been demonstrated that singly-
charged anions of fluorocarbons (principally perfl-
uoro-1,3-dimethylcyclohexane, or PDCH) generated
by atmospheric-sampling glow discharge ionization
(ASGDI) [52] are particularly useful for protein ion
charge state manipulation. The anions can be formed
by glow discharge in high reproducible yields. Essen-
tially no evidence for either dissociation or adduct ion
formation is observed when such anions react with
multiply-protonated proteins. The ion/ion chemistry
is therefore robust and has made possible the develop-
ment of the relatively sophisticated MSn experiments
discussed above.

However, within the context of protein analysis, the
ion traps used thus far to study ion/ion chemistry have
limited analytical performance characteristics. All of
the quadrupole ion trap ion/ion reaction experiments
reported to date have been performed on home-built
quadrupole ion trap systems controlled by Finnigan
ITMS electronics and software which were designed
largely in the early 1980s. The ITMS system was
designed for the analysis of ions ofm/z < 650 and
has been operated far outside its initial performance
specifications. Here, we have modified a modern
commercially available quadrupole ion trap mass
spectrometer equipped with electrospray ionization to
allow for ion/ion reactions by injection through the
ring electrode of the ion trap of singly-charged ions
formed by ASGDI. This system has improved charac-

teristics for analysis of high mass-to-charge ratio ions
relative to the original ITMS system and is highly
flexible with respect to the number and sequence of
ion manipulation and reaction steps that can be pro-
grammed. In this report, we describe the measures
taken to adapt this ion trap system for ion/ion reac-
tions and summarize its performance characteristics.
A series of mass analyzer characteristics[53] includ-
ing mass-to-charge ratio range, mass resolving power,
mass measurement accuracy and MSn capability are
used as the basis for evaluation of the instrumentation.

2. Experimental

Bovine ubiquitin, bovine heart cytochromec, horse
heart myoglobin, bovine serum albumin (BSA) and
bovine immunoglobulin (IgG) were all purchased from
Sigma (St. Louis, MO). The BSA and IgG protein
standards were desalted in aqueous 1% acetic acid
prior to analysis, using a PD-10 desalting column ob-
tained from Amersham Pharmacia (Piscataway, NJ).
All other proteins were used without further purifi-
cation. Samples were prepared in either aqueous 1%
acetic acid or 50:50:1 methanol/water/acetic acid to a
final concentration of 2–20�M prior to introduction
to the mass spectrometer.

2.1. Modification of the Hitachi M-8000 ion trap
mass spectrometer for ion/ion reactions

All experiments were performed using a Hitachi
Instruments Inc. (San Jose, CA) model M-8000
quadrupole ion trap mass spectrometer equipped with
electrospray ionization, and modified for ion intro-
duction through the ring electrode by ASGDI, as
discussed in detail below. The M-8000 operates at
a drive frequency,Ω/(2π ), of 770 kHz with a max-
imum voltage,Vmax, of roughly 8000 V 0-p. The
inscribed radius of the ring electrode,r0, is 0.707 cm.
For sample introduction by conventional electrospray
ionization and via nano-electrospray ionization, the
standard Hitachi electrospray assembly was removed
and the samples sprayed directly into the skimmer
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cone of the instrument. Solutions for electrospray
were delivered via a syringe pump at a flow rate
of 1�L/min by a length of 100�m i.d. × 190�m
o.d. fused silica capillary tubing. The electrospray
voltage, ranging from+2.0 to +2.5 kV, was applied
to the solution via a stainless steel union connected
in-line with the fused silica tubing. Nanospray was
effected by loading 10�L of sample solution into a
drawn borosilicate glass capillary with a tip diameter
of approximately 5–10�m. The electrical connection
to the solution was made by inserting a stainless steel
wire through the back of the capillary. Typically,
+1.0 to+1.2 kV was applied to the sample needle for
nanospray.Fig. 1shows a diagram (not to scale) of the
modified instrument configuration. An ASGDI source
was mounted over a 3.75 in. × 2.625 in. hole cut into
the top of the vacuum manifold that was centered

Fig. 1. Schematic diagram of the modified Hitachi ion trap mass spectrometer hardware and electronics circuit configuration. A detailed
description of the modifications performed here is given in theSection 2.

over the ion trap, with an outer 1/8th in. deep O-ring
groove (#244 O-ring). The ASGDI source consisted
of a 4.5 in.×3.5 in.×1.0 in. stainless steel block with
a 2 in. diameter by 0.75 in. deep chamber machined
into the top of the source to act as an intermediate
pressure region, with a 0.5 in. diameter through hole
to the main vacuum chamber of the mass spectrome-
ter. An O-ring-mounted 3 in. diameter× 0.25 in. plate
(A1) with a 250�m aperture hole separated the source
region from atmosphere. A 0.25 in. Cajon tube fit-
ting was welded onto A1 to allow introduction of the
PDCH reagent vapor (Aldrich). An O-ring-mounted
1.625 in. diameter× 0.1875 in. plate (A2) with a
250�m aperture hole separated the source region
from the main vacuum chamber of the mass spec-
trometer. The ASGDI source region was evacuated
to a pressure of approximately 2 mTorr by a Leybold
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D25B rotary vane pump (Leybold Vacuum Products,
Export, PA) via two 0.5 in. diameter stainless steel
tubes placed in the side of the source. A third 0.5 in.
diameter tube was used to connect a convectron
gauge (Granville-Phillips, Boulder, CO, model 275)
for monitoring the pressure in this region. A series of
three DC lenses (L1, HP and L2) with the center lens
divided into two “half-plates” (HP1 and HP2) were
used to transport and focus ions through the region
between the ASGDI source and the ring electrode of
the ion trap. A 0.5 in. wide× 0.375 in. deep notch
was cut from the outer edge of the ring electrode
and a 0.0625 in. hole drilled through the ring to al-
low introduction of ASGDI derived ions into the ion
trap. Potentials of−400,+450,+65,+65 and+60 V
were applied to the ASGDI discharge plate (A1) and
ion transport lenses L1, HP1, HP2 and L2, respec-
tively, using ORTEC (Oak Ridge, TN) model 556
3 kV (aperture A1) and ORTEC model 710 1 kV quad
bias (lenses L1, HP1, HP2 and L2) power supplies.

During operation, the pressure in the ASGDI source
region was raised to approximately 800 mTorr by the
addition of PDCH vapor in air via a Granville-Phillips
variable leak valve (model 203). The main vacuum
chamber of the mass spectrometer was evacuated to
a pressure of approximately 1× 10−4 Torr, measured
using a Granville-Phillips micro-ion module (model
354) mounted on the vacuum manifold via a 0.5 in.
NPT to NW25 flange. Helium was admitted to the
region bounded by the ion trap electrodes to a gauge
pressure of 1.2 × 10−4 Torr (approximately 1 mTorr
corrected pressure) to provide collisional cooling of
ions in the ion trap.

For ion/ion reactions, singly-charged negative ions
were formed by pulsing the voltage applied to aper-
ture A1 via a DEI (Directed Energy Inc., Fort Collins,
CO) model PVX-4150 pulse generator, under the
control of a TTL level trigger signal generated by the
ion trap (test point T2) and controlled by the ion trap
software. Isolation, ion parking[47] and collisional
activation of ions of interest was effected via the use
of filtered noise fields (FNF’s)[54,55]supplied by the
Hitachi electronics. A custom-built amplifier circuit
with an approximately six times gain was constructed

to allow application of user supplied signals to the
end-cap electrodes, in addition to those generated by
the Hitachi electronics. The amplifier has two analog
inputs. The first input was connected to one of the
end-cap waveform outputs from the WAVE board
of the Hitachi electronics. The amplifier was con-
figured such that the signal from each input yielded
two outputs that were 180◦ out of phase relative to
each other, and were directly coupled to the end-cap
electrodes. The other end-cap waveform output from
the WAVE board of the Hitachi electronics was not
used. The second input of the amplifier was con-
nected to an Agilent model 33150 arbitrary waveform
generator (Agilent Technologies, Palo Alto, CA) to
supply a DC offset, under the control of a TTL level
signal (test point T16) via the ion trap software, to
the end-cap electrodes at selected times during the
experiment to improve high mass ion ejection effi-
ciencies. The amplifier was configured to supply pos-
itive DC to one of the outputs and negative DC to the
other.

Mass analysis was performed via resonance ejec-
tion, at a frequency selected to give the desired mass
range extension[56,57]. The application of resonance
ejection frequencies for mass analysis at extended
mass ranges was achieved using custom software sup-
plied by Hitachi. To enable efficient resonance ejec-
tion of high mass ions, the end-cap electrodes were
modified by replacing the standard end-cap aperture
inserts with custom inserts, which were shaped to
correspond to the measured end-cap hyperbole. The
curved inserts had a central hole of 0.04 in. diameter
surrounded by eight additional evenly spaced holes
of 0.0225 in. diameter on a 0.0825 in. bolt circle. In
addition, a 1.5 in. diameter× 0.75 in. guard ring elec-
trode with a 0.25 in. through hole was placed between
the exit end-cap electrode and the conversion dyn-
ode to enhance further the sensitivity for high mass
ions. A Tennelec (Canberra Industries, Meriden, CT)
model TC950A 5 kV high voltage power supply was
used to supply−1.0 kV to the guard-ring. All data
shown were collected under conditions selected to
obtain spectra with optimal signal-to-noise ratio, and
were the average of 100–1000 scans.
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Data for ubiquitin were acquired also with an older
ion trap system to compare and to contrast with data
collected with the Hitachi system. The older system
is an electrospray ion trap modified for ion/ion reac-
tions based upon Finnigan (San Jose, CA) ITMS elec-
tronics and ICMS software[58]. The instrument has
been described in detail[59] and the conditions used
to acquire the post-ion/ion reaction MS/MS data for
ubiquitin ions have been described elsewhere[42].

3. Results and discussion

3.1. Mass analysis figures of merit

The Hitachi M-8000 instrument is an electrospray
ion trap mass spectrometer designed to support an
upper mass-to-charge ratio limit of 2000. Several
approaches have been used to reach upper limits to
m/z ratio well in excess of 2000 using quadrupole
ion traps. These include, the reduction of the ion
trap radius[57], increasing the amplitude of the ra-
dio frequency (RF) drive voltage[60], operation at
relatively low trapping RF[61,62], and resonance
ejection[56,57]. Reducing the ion trap radius results
in a decrease in ion storage capacity, which is un-
desirable in most applications. There are practical
constraints related to electrical breakdown associated
with increasing the amplitude of the RF drive voltage.
Therefore, the most attractive means for extending
significantly the mass-to-charge ratio range of the
ion trap are to reduce the frequency of the RF drive
voltage, to employ resonance excitation to eject ions
at low qz values, or both. The highest mass-to-charge
ratios reported to date for which ions have been
analyzed with a quadrupole ion trap have been demon-
strated with ion traps operated at low radio frequen-
cies. For example, Schlunegger et al. demonstrated
the analysis of singly-charged ions of mass-to-charge
approximately 150,000 with a MALDI/ion trap oper-
ated at frequencies less than about 100 kHz whereby
the mass spectrum was acquired by scanning the RF
while maintaining a fixed amplitude[61]. Cai et al.
have demonstrated the analysis of microspheres of

mass-to-charge ratio in the range of 106–1010 using an
audio-frequency ion trap (<1 kHz) and a laser scatter-
ing detection technique[62]. However, the use of low
trapping frequencies can compromise mass resolution
as well as other aspects of an ion trap MSn experiment
by reducing the secular frequency range of the stored
ions.

Of the possible approaches that might be consid-
ered for extending the mass-to-charge ratio range of
the M-8000, resonance ejection is by far the sim-
plest. The only requirement is to be able to apply
the appropriate frequency to the end-cap electrodes.
Furthermore, resonance ejection does not compromise
any other aspects of an MSn experiment. All ion/ion
studies reported to date have been executed using ion
traps of trapping frequency= 1.1 MHz, ring elec-
trode radius(r0) = 1.0 cm, andV0-p = 0–7500 V.
Singly-protonated BSA (m/z66,000), for example, has
been observed following an ion/ion reaction period
via resonance ejection in such an ion trap[27], but at
very low relative abundance. A significant decrease in
ion storage efficiency that has been noted beyond a
mass-to-charge ratio value of roughly 30,000 has been
attributed, at least in part, to an increasingly weak
trapping field as the mass-to-charge ratio of an ion in-
creases under a fixed set of ion storage conditions. A
related issue is the size of the stored ion cloud, which
is largely determined by the strength of the trapping
field, relative to the area of the ion exit aperture(s). The
“effective” potential trapping well for an ion can be
estimated using the pseudopotential well approxima-
tion [63] which, for the axial dimension, considers the
ion to execute its motion in a potential well-depth of

Dz = − eV2

4mr20Ω
2

(1)

where Dz is the axial-dimension well-depth for a
singly-charged ion,V the amplitude of the RF applied
to the ring electrode (0-p),m the mass of the ion,r0

the inscribed ring electrode radius, andΩ is the an-
gular frequency of the RF voltage applied to the ring
electrode. In the radial-dimension, the trapping poten-
tial well-depth is half that in the axial dimension. This
approximation is most valid for ratios ofeV/(mr20Ω

2)
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less than about 0.4. The high mass-to-charge ratio
ions relevant to this work are well within the range
for this approximation to be valid.

The M-8000, with its smaller radius and lowerΩ,
is expected to provide deeper pseudopotential trap-
ping wells for a given value ofV and should therefore
provide improved high mass-to-charge ratio perfor-
mance relative to the previously used ITMS-based ion
traps. This has proved to be the case, as illustrated in
Fig. 2. Fig. 2A shows the post-ion/ion reaction mass
spectrum of BSA acquired with a resonance ejection
frequency of 6 kHz, which yields a nominal upper
mass-to-charge ratio limit of 81,000. (The frequencies
of 1–9 kHz were made accessible to us by Hitachi as
the instrument was delivered originally with a lower
frequency limit for resonance excitation of 10 kHz).
The inset shows an expansion of the mass-to-charge
ratio region encompassing the singly-charged ion.
The peak width at half height, 390 Da, suggests that
the resolving power obtained under these scan condi-

Fig. 2. Post-ion/ion reaction mass spectra of (A) bovine serum
albumin, and (B) bovine immunoglobulin IgG, acquired at
6 kHz, and 3 kHz resonance ejection frequencies, to give an
upper mass-to-charge ratio limit of approximately 81,000 and
169,000, respectively. The inset to part ‘A’ contains an expanded
mass-to-charge ratio region surrounding the [M + H]+ ion and
includes the measured peak width at half height and calculated
mass resolution.

tions is 150–200 based on the isotopic distribution of
the 66.4 kDa protein. (Note that the sharp peaks that
define the signal envelope arise from the fact that the
ions are being ejected at a lower frequency than the
signal is being digitized. The width of the sharp peaks
is not a reflection of the mass resolving power.) A
precise determination of resolving power is compli-
cated by the possibility for protein heterogeneity and
the presence of metal ions, which would make the
inherent peak width more broad. In any case, the peak
width observed here is only 25–50% of that observed
on the older instrumentation[59] and the absolute
and relative abundance of the singly-charged ion is at
least an order of magnitude greater than ever observed
in previous post-ion/ion reaction experiments.

The data ofFig. 2A suggest that the effective upper
mass-to-charge ratio limit of the system is signifi-
cantly greater than 67,000. The largest species for
which post-ion/ion reaction data have been collected
is bovine immunoglobulin, IgG, a 150 kDa protein
(Fig. 2B). The data were collected using a resonance
ejection frequency of 3 kHz, which yields an approx-
imate upper mass-to-charge ratio limit of 169,000.
Note that dimer formation is evident from the ion
signals corresponding to the [2M +3H]3+ ion. There-
fore, the signals labeled as [M +2H]2+ and [M +H]+

also likely reflect contributions from [2M + 4H]4+

and [2M + 2H]2+, respectively. Note that no sig-
nals corresponding to [2M + H]+ were observed at
lower resonance ejection frequencies. Furthermore,
the abundance of the nominally singly-charged ion
population could not be made to increase significantly
with longer ion/ion reaction times. This behavior is
consistent with poorer ion storage and/or ejection
efficiency for the singly-charged ion relative to the
doubly-charged ion. Similar behavior for BSA ions
has been observed with the older ion trap instru-
mentation. Therefore, the Hitachi system appears
to show a significant decrease in performance (ion
storage and/or ejection efficiency) above roughlym/z
75,000 whereas the older system showed a significant
decrease in performance above roughlym/z 30,000.

The M-8000 operates with a fixed scan rate for the
RF voltage amplitude. However, the effective mass
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scan rate is a function of the resonance ejection fre-
quency such that an extension of the upper limit of the
mass-to-charge ratio range by a factor of two results
in a similar increase in the mass scan rate. Further-
more, the ion signals are digitized at a constant rate
such that the number of data points per peak decreases
with increasing mass range extension factor. The in-
crease in mass scan rate and decrease in the number
of data points per mass are expected to result in a de-
crease in mass resolving power as the mass-to-charge
ratio range is extended. This is illustrated with the
post-ion/ion reaction mass spectra of bovine ubiquitin
(Fig. 3A), bovine cytochromec (Fig. 3B), and horse

Fig. 3. Post-ion/ion reaction mass spectra of (A) ubiquitin, (B)
cytochromec, and (C) myoglobin, acquired at 53, 37 and 27 kHz
resonance ejection frequencies, to give upper mass-to-charge ratio
limits of approximately 9000, 12,800 and 17,600, respectively.
The insets to each figure contain an expanded mass-to-charge ratio
region surrounding the [M + H]+ ion and include the measured
peak width at half height and calculated mass resolution in each
case.

heart apomyoglobin (Fig. 3C). The mass spectra were
acquired at resonance ejection frequencies of 53 kHz
(upperm/z ∼= 9000), 37 kHz (upperm/z ∼= 12,800),
and 27 kHz (upperm/z ∼= 17,600), respectively. Ap-
proximate values for the resolving powers associated
with the various mass analysis conditions, as deter-
mined by full width at half maximum for the [M+H]+

ions are 2379, 1912 and 1615, respectively. These val-
ues are factors of 3–5 times higher than those observed
in spectra acquired with the older instrumentation
(data not shown). Furthermore, mass measurement
accuracies in the rangem/z 5000–20,000 have been
observed to be consistently less than 200 ppm using
external mass calibration. Mass measurement accura-
cies of roughly 300 ppm are typical with the older in-
strumentation for the same mass-to-charge ratio range.
This improvement in mass accuracy is due, at least in
part, to the fact that the Hitachi detection system digi-
tizes ion signals at a rate eight times higher than that of
the older system. This higher digitization rate leads to
an improved ability to determine peak location when
the mass-to-charge range is extended significantly by
resonance ejection. Hence, the mass analysis perfor-
mance of the M-8000 is superior to that of previous
instrumentation in terms of the key mass analysis fig-
ures of merit, i.e., mass resolving power, mass mea-
surement accuracy, and mass-to-charge ratio range.

3.2. MSn performance

A high degree of flexibility in defining MSn exper-
iments is necessary to maximize the range of possible
ion chemistry studies that combine different types of
reactions (e.g., unimolecular dissociation and ion/ion
reactions). The M-8000 allows for a high degree of
flexibility in defining the various steps that go into an
ion trap MSn experiment. For example, readily con-
trolled variables include the amplitude of the RF, the
time of a step (essentially from 1 ms to 10 s), and the
application of operator-defined FNFs. Furthermore,
various events can be triggered during a step, such
as negative ion accumulation, application of supple-
mentary DC to the end caps etc. Ion isolation and ion
activation are effected via FNFs. The system provides
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frequencies from 1 to 500 kHz at 1 kHz spacings.
Selective removal of frequencies from the full fre-
quency spectrum allows for ion isolation while the
application of selected frequencies from the available
frequency spectrum can be used to excite selectively
or to eject ions of particular mass-to-charge ratios.
We found that the FNFs supplied currently by the
electronics are not fully effective at ejecting ions
higher in mass-to-charge ratio than the ion being iso-
lated. Removal of the residual high mass-to-charge
ratio chemical noise was effected, therefore, by the
application of a small DC field across the end-cap
electrodes (seeSection 2). Pseudopotential trapping
well-depth is inversely related to mass-to-charge ratio
(seeEq. (1)). An increasing DC potential across the
end-cap electrodes therefore can serve to remove ions
from the ion trap in the order of high mass-to-charge
ratio to low mass-to-charge ratio. In this section we
illustrate the performance of the system for several
key types of MS/MS and MSn experiments.

The use of ion/ion proton transfer reactions for ma-
nipulating precursor and product ion charge states fa-
cilitates greatly the study of whole protein ions in the
quadrupole ion trap[22–30,39–53]. For example, 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 ion trap colli-
sional activation[29]. By converting all product ions
largely to the+1 charge state, any possible charge state
ambiguities associated with the product ions initially
formed are resolved and the relative contributions of
the various dissociation channels can be evaluated
without having to consider charge state dependent ion
detection efficiency. A typical experiment involves
isolation of a parent ion charge state of interest, col-
lisional activation to form product ions, ion/ion pro-
ton transfer reactions to yield largely singly-charged
products, and mass analysis of the products. Results
from such an experiment involving the [M + 7H]7+

ion of ubiquitin acquired with the older Finnigan
ITMS-based system and with the modified Hitachi in-
strument are compared inFig. 4A and B, respectively.
Two important observations can be drawn from this

comparison. First, the superior resolving power of
the newer instrument, by a factor of 3–4, is obvious,
as is most clearly seen in them/z 6400–7400 regions
(Fig. 4C and D) derived from the spectra ofFig. 4A
and B, respectively. For example, relatively small
signals arising from ammonia losses from the various
product ions are resolved inFig. 4Bwhereas the con-
tributions from the same losses appear as either shoul-
ders or are buried under the low mass-to-charge ratio
side of the respective y-type fragments inFig. 4C. Sec-
ond, the mass-to-charge ratios and relative abundances
of the product ions in the two spectra are remarkably
alike. Similar observations have been made for other
protein ion charge states in cases in which direct
comparisons could be made. Therefore, the general
trends observed regarding the dissociation of multiply
charged protein ions in the older ion trap instrumenta-
tion are expected to be valid in the newer instrument.
Extensive effort to adjust ion activation conditions to
obtain such similar looking spectra was not necessary.
The reproducibility of product ion spectra obtained
on the older instrumentation over a period of several
years has been excellent. The comparison shown here
suggests that the reproducibility of protein product
ion spectra obtained via ion trap collisional activation
can be very good even between different ion trap
systems.

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 recently
with the older system[47] and is referred to as ion
parking. 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 ac-
celerated ion is reduced greatly due to both a decrease
in the spatial overlap of the oppositely-charged ion
reactants and an increase in the relative velocity of the
ion–ion pair. An important application of ion parking
is the accumulation of ions of several, or even all,
charge states formed initially by electrospray into
a single charge state. This is, in effect, a gas-phase
protein ion concentration process. The ion parking
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Fig. 4. Post-ion/ion reaction CID MS/MS spectra of the [M + 7H]7+ ion of ubiquitin obtained on (A) Finnigan ITMS and (B) Hitachi
model M-8000 mass spectrometers. The spectra shown in (C) and (D), show expanded mass-to-charge ratio regions from 6400 to 7400 of
the data in A and B, respectively.

experiment is illustrated here with BSA. The mass
spectrum obtained following introduction of the BSA
sample at a concentration of 10�M in a solution
of 50:50:1 methanol/water/acetic acid by nanospray
ionization is shown inFig. 5A. Approximately 20
charge states of BSA, ranging from [M + 35H]35+ to
[M +59H]59+ were observed. Following ion/ion reac-
tions for a short period of time (300 ms) in the absence
of ion parking, the initial charge state distribution was
reduced to approximately 10 charge states ranging
from [M + 17H]17+ to [M + 27H]27+ (seeFig. 5B).
Note however, that only an approximately two-fold
increase in ion abundance was observed for any of
the individual charge states. As shown inFig. 5C,
upon application of a resonance excitation frequency
of 18 kHz during the ion/ion reaction period, effective
accumulation of the entire ion population into a single
charge state ([M + 34H]34+) of BSA was observed,
resulting in an approximately 20-fold increase in the

ion abundance. By normalizing the abundance scales
between the three spectra, it is estimated that almost
quantitative concentration of the initial ion population
into the+34 charge state was achieved.

The ability to “park” essentially all of the BSA
signal, which was initially dispersed over roughly 20
charge states, into a single charge state has obvious
practical utility for subsequent MSn experiments. It is
important to recognize, however, that the ion parking
procedure leads to the inhibition of ion/ion reactions
for all ions within the mass-to-charge ratio window
subjected to resonance excitation. This can be par-
ticularly problematic when a mixture of proteins is
present initially because charge states of different
proteins can be accumulated within the same parked
ion population. Subsequent activation of such an ion
population would lead to a product ion spectrum
with contributions from multiple proteins of different
mass and charge but similar mass-to-charge ratio.
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Fig. 5. Ion parking of bovine serum albumin (BSA). (A) Mass spectrum of BSA obtained following introduction of the sample to the mass
spectrometer by nanospray ionization. (B) Mass spectrum obtained following a short ion/ion reaction period of the ions in ‘A’. (C) Mass
spectrum obtained upon application of a resonance excitation frequency of 18 kHz during an identical ion/ion reaction period as shown in
‘B’ to effect ion parking of the [M + 34H]34+ charge state of BSA.

Therefore, it is desirable to be able to “charge state
purify” a parked ion population such that only pro-
teins within a particular “mass window,” as opposed
to a “mass-to-charge ratio window,” are subjected to
ion activation. This can be done by sequential ion
parking via the use of two ion parking periods in
conjunction with two ion isolation steps. The first
ion parking period is used to accumulate ions into
a selected mass-to-charge ratio window, and an ion
isolation step is then used to eject ions outside of this
window. A second ion parking period is then used
to accumulate ions present in the isolated population
into a second mass-to-charge ratio window which en-
compasses, for example, the mass-to-charge ratio of
the next lower charge state of the protein of interest.
Proteins of different mass and charge in the original
parked ion population will move to mass-to-charge
ratios other than that of the second parked ion popula-
tion and can then be removed by a second ion isolation
step.

This multiple ion parking/ion isolation process
serves to concentrate and to charge-state purify an
ion population for subsequent interrogation by colli-
sional activation. The process is illustrated inFigs. 6
and 7, which also demonstrate the efficiency of the
sequential ion parking procedure, defined as the frac-
tion of the initial reactant ion population that can
be accumulated into a specific charge state follow-
ing the two ion/ion reaction and ion isolation steps.
(A precise measure of efficiency is complicated by
a lack of quantitative information regarding detector
response dependence on protein charge state. How-
ever, the charge state normalized total ion signals
represented byFig. 6A–D are comparable suggesting
that, at least over the charge state range reflected in
Fig. 6, an assumption of linear detection efficiency
with respect to charge state is reasonable.)Fig. 6A
shows the pre-ion/ion electrospray mass spectrum
of cytochromec obtained after introduction of the
sample by nanospray ionization.Fig. 6B shows the
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Fig. 6. Concentration of selected multiply protonated protein ion charge states by ion parking. (A) The mass spectrum of cytochromec
obtained following introduction to the mass spectrometer. (B) Product ion spectrum obtained after a short anion accumulation and mutual
ion storage reaction period of the ions shown in ‘A’. (C) Ion parking of the [M + 8H]8+ ion of cytochromec, using the same ion/ion
reaction conditions as those used in ‘B’. (D) Isolation of the concentrated [M + 8H]8+ ion.

post-ion/ion mass spectrum (no ion parking) after a
short anion accumulation and mutual ion storage re-
action period.Fig. 6C shows the spectrum obtained
upon application of single frequency resonance exci-
tation during the ion/ion reaction period to effect ion
parking, using the same ion/ion reaction conditions as
those used inFig. 6B. The parked [M+8H]8+ ion was
then isolated (Fig. 6D). It is apparent fromFig. 6Cthat
few, if any, ions are lost as a result of the ion parking
process as the total ion abundances inFig. 6A–Care
comparable. However, the ion parking process was
not 100% effective because some charge states lower
than the parked ion were observed. After the final
ion isolation step, it is estimated that only 10–15% of
the initial protein ion population, represented by the
[M + 7H]7+ and [M + 6H]6+ ions, is lost.

In order to purify cytochromec ions from low level
contaminants, the concentrated [M + 8H]8+ ions

were subjected to further ion/ion reactions to reduce
its charge state.Fig. 7A shows the product ion spec-
trum obtained after a short anion accumulation and
ion/ion reaction period on the isolated [M + 8H]8+

ion. Fig. 6B shows the spectrum obtained upon ap-
plication of single frequency resonance excitation
during the ion/ion reaction period to effect ion park-
ing of the [M + 7H]7+ ion, using the same ion/ion
reaction conditions as those used inFig. 7A. The
parked [M + 7H]7+ ion was then isolated (Fig. 7C),
and then reduced primarily to its+1 charge state by
a final ion/ion reaction period (Fig. 7D). Because ap-
proximately equal ion abundances were observed for
both the+8 and+7 ion populations following their
respective ion parking reactions, almost no ions were
lost in reducing the cytochromec ion population from
the+8 charge state to the+7 charge state. The over-
all process illustrated inFigs. 6 and 7show, therefore,
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Fig. 7. Purification of selected multiply protonated protein ion charge states by sequential ion parking. (A) Product ion spectrum obtained
after a short anion accumulation and ion/ion reaction period of the concentrated [M + 8H]8+ ion shown inFig. 6D. (B) Ion parking of
the [M + 7H]7+ ion of cytochromec, using the same ion/ion reaction conditions as those used in ‘A’. (C) Isolation of the concentrated
[M + 7H]7+ ion. (D) Product ion spectrum of the concentrated and purified [M + 7H]7+ ion of cytochromec, following ion/ion reactions
to reduce the charge states primarily to the singly-charged state. The spectrum in ‘D’ was acquired under the same conditions as described
in Fig. 3B.

that an ion population present initially over a range
of charge states can be concentrated into a single
“purified” charge state with little absolute ion loss.

The capabilities illustrated inFigs. 4–7are all used
within a single process when a protein ion is subjected
to ion activation after the concentration/purification
procedure, and the product ions are then converted
subsequently to singly-charged ions by ion/ion reac-
tions prior to their mass analysis.Fig. 8 shows the
product ion spectrum obtained after the concentrated
and purified [M +7H]7+ ion of cytochromec, as rep-
resented inFig. 7C, is subjected to ion trap collisional
activation and the products are subjected to ion/ion
proton transfer reactions. The product ions and abun-
dances are the same as observed previously for the dis-
sociation of multiply charged cytochromec ions[45],
but the resolution is again significantly better than

observed previously. For example, the loss of multiple
small molecule losses from the precursor ion, as well
as from many of the product ions, can be readily de-
termined. The main point of this spectrum, however,
is that its collection involved two ion parking periods,
two ion isolation periods, an ion activation step, and
an ion/ion reaction period to manipulate product ion
charge states. A total of four ion chemistry steps were
effected, three of which were ion/ion reaction steps
and one of which was a collision-induced dissociation
step. The spectrum reflects the dissociation products
of a gas-phase concentrated and purified protein ion.
This overall capability is attractive from the point
of view of complex protein mixture analysis and is
only possible due to the flexible nature of the system
to devise the involved MSn experiment required to
provide it.
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Fig. 8. Post-ion/ion reaction CID MS/MS spectrum of the [M + 7H]7+ ion of cytochromec, following concentration and purification from
the [M + 8H]8+ ion (Figs. 6 and 7), dissociation, and ion/ion reactions to reduce the product ions primarily to their singly-charged states.
The spectrum was acquired under the same conditions as described inFig. 3B.

4. Conclusions

The range of experiments and the quality of the
results associated with ion/ion reactions involving
multiply-charged ions are dependent upon mass anal-
ysis figures of merit and the flexibility in defining
MSn experiments. The instrument described herein
provides an upper mass-to-charge ratio limit of
roughly 150,000 and mass measurement accuracy of
roughly 200 ppm or better belowm/z 20,000. The
mass resolving power is related inversely to the ex-
tent to which the upper mass-to-charge ratio limit is
extended from the standard limit ofm/z 2000. For an
upper mass-to-charge ratio limit of 20,000, the mass
resolving power is slightly better than 1500. These
mass analysis figures of merit are better by factors
of about 2–5 than those observed with older ion trap
instrumentation.

The system allows for a wide range of possible MSn

experiments that can combine both collision-induced

dissociation steps and ion/ion reactions. Sophisticated
experiments involving sequential ion parking steps in-
terspersed with ion isolation steps prior to a collisional
activation step are straightforward to perform. Such a
process can serve both to concentrate and to purify
multiply-charged ions in the gas-phase at relatively
high efficiencies (>80% illustrated here). The combi-
nation of improved mass analysis figures of merit with
high flexibility in designing MSn procedures gives rise
to a powerful tool for studying and applying ion/ion
reactions in the gas-phase.
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