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a  b  s  t  r  a  c  t

The  effects  of  the  application  of  various  DC magnitudes  and  polarities  to an  end-cap  of  a 3D  quadrupole
ion  trap throughout  a mass  spectrometry  experiment  were  investigated.  Application  of  a  monopolar
DC  field  was  achieved  by  applying  a DC  potential  to  the  exit end-cap  electrode,  while  maintaining  the
entrance  end-cap  electrode  at ground  potential.  Control  over  the  monopolar  DC  magnitude  and  polarity
during  time  periods  associated  with  ion  accumulation,  mass  analysis,  ion  isolation,  ion/ion  reaction,
eywords:
D ion trap
onopolar DC

on injection

and  ion  activation  can  have  various  desirable  effects.  Included  amongst  these  are  increased  ion  capture
efficiency,  increased  ion  ejection  efficiency  during  mass  analysis,  effective  isolation  of  ions  using  lower
AC  resonance  ejection  amplitudes,  improved  temporal  control  of  the  overlap  of  oppositely  charged  ion
populations,  and  the  performance  of  “broad-band”  collision  induced  dissociation  (CID).  These  results
suggest  general  means  to improve  the  performance  of  the  3D  ion  trap  in a  variety  of mass  spectrometry

metr
and  tandem  mass  spectro

. Introduction

Quadrupolar DC fields have been utilized in quadrupole ion traps
QIT) by applying a DC voltage to either the ring electrode or to both
he exit and end-cap electrodes, with the DC voltage being of the
ame magnitude and polarity. Quadrupolar DC is generally used for
on isolation as it provides convenient means for manipulating the

 parameter of the Mathieu stability diagram [1].  DC potentials can
lso be applied to a QIT in dipolar or monopolar fashion. This can
e done, for example, either by applying a positive potential to the
ntrance end-cap electrode and a negative potential to the exit end-
ap electrode (or vice versa), which is referred to a dipolar DC, or
y applying a positive or negative potential to one end-cap while
aintaining the other end-cap at ground, which is referred to as
onopolar DC. The dipolar/monopolar DC potential influences ion
otion in the plane of its application, in this instance the z direction.

electively applying and removing DC voltages of varying magni-
udes and polarities throughout a mass spectrometry experiment
an provide for enhanced performance and control. Of particular

nterest here is the use of monopolar DC during time periods asso-
iated with ion accumulation, mass analysis, ion isolation, ion/ion
eaction, and ion activation.
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Weil et al. have performed simulations modeling the use of
short (microsecond-long) DC pulses during ion injection and have
observed increases in the capture efficiency of ions [2].  Several
hundred volt attractive DC pulses were applied to the entrance end-
cap electrode during appropriate phases of the RF cycle, timed to
occur shortly following injection into the trap. These phase-locked
pulses serve to minimize the kinetic energies of injected ions,
thereby increasing the capture efficiency over short injection times.
Similarly, March and Todd have discussed the use of such short,
attractive DC pulses for ion trapping [1].  It has also been demon-
strated that applying an attractive DC potential to the entrance
end-cap electrode while also applying a repulsive DC potential to
the exit end-cap during ion injection can increase the capture effi-
ciency of high mass ions [3].  However, whether this phenomenon
was  due to a reduction in the kinetic energy of the ions by the
applied potential to the exit end-cap or due to a focusing effect cre-
ated by the entrance end-cap potential was unclear. Franzen et al.
described a unique device that serves as a linear octapole trap dur-
ing ion accumulation and as a 3D ion trap thereafter [4].  The ring
electrode is divided into eight segments with alternating phases of
an RF voltage applied to alternating segments. Following injection
of the ions, the operation of the trap is switched back over to that
of a 3D ion trap by applying a common RF phase to all segments.
Operating the trap as a linear trap during ion accumulation allows

for relatively efficient ion capture of the axially injected ions with
low kinetic energies. In this case, both end-cap electrodes carry
small repulsive DC voltages; however, these DC potentials are used
primarily to trap ions in the axial dimension.

dx.doi.org/10.1016/j.ijms.2010.09.022
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mcluckey@purdue.edu
dx.doi.org/10.1016/j.ijms.2010.09.022
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The use of dipolar DC in a 3D ion trap has also been described
or mass-dependent ion ejection and for the transfer of ions to
ther devices. Fulford and March have shown the use of short DC
ulses on one or both end-caps in characterizing the pseudopoten-
ial well depths for ions of varying m/z  [5]. Eizo has reported the
se of kilovolt dipolar DC extraction potentials, termed ballistic ion
xtraction (BIE), in an ion trap time-of-flight (IT-TOF) set up [6].  In
his arrangement, the ion trap serves as an ion source for the TOF.
uring extraction from the ion trap into the TOF, a repulsive kilovolt
C potential is applied to the entrance end-cap and an attractive
ilovolt DC potential is applied to the exit end-cap while simulta-
eously lowering the RF ring voltage to 0 V. While this system uses
ilovolt dipolar potentials, removes the RF ring voltage, and does
ot employ a mass-selective instability scan, it nonetheless demon-
trates the principal of using dipolar DC to optimize ion extraction
rom the 3D trap. Michael et al. have reported similar results in an
on trap time-of-flight system [7].  DC pulses have also been used for
ransporting ions between traps in multiple ion trap arrangements
8,9].

The 3D ion trap has proved to be useful as a vessel for ion/ion
eactions [10,11],  whereby ions of opposite polarity are usually
dmitted sequentially into the ion trap and allowed to react. A com-
lication in controlling the onset of reactions, however, arises from
eactions that proceed while the second ion population is being
ccumulated. Control over ion/ion overlap can enable better defi-
ition of reaction initiation and could also allow for the isolation of

ons admitted in the second ion accumulation period. Grosshans et
l. have reported the use of dipolar DC in preventing ion/ion reac-
ions as well as in controlling ion/ion reaction rates in ion parking
xperiments [12]. Ion parking refers to the inhibition of ion/ion
eaction rates via minimizing overlap between oppositely charged
ons and/or increasing the relative velocities of the reactants [13].
ingle frequency resonance excitation can be used to inhibit the
eaction rates of ions of narrow ranges of mass-to-charge ratio.
road-band resonance excitation and the use of relatively high
mplitude single frequency resonance excitation allow for the inhi-
ition of wide ranges of mass-to-charge in a variation of ion parking
eferred to as ‘parallel ion parking’ [14]. Dipolar DC also can be used
o effect parallel ion parking, as described by Grosshans et al. [12],

y physically separating the cation and anion clouds in the z direc-
ion. The extent of separation is determined in part by the trapping
ell-depths experienced by the ions under a given set of trapping

onditions, which vary with the mass-to-charge ratios of the ions.

Fig. 1. Schematic diagram (not to scale) of the modified
ass Spectrometry 306 (2011) 114– 122 115

Dipolar DC also has been shown to be effective at perform-
ing collision-induced dissociation (CID) in a linear ion trap [15].
Conventional ion trap CID experiments employ a supplemental AC
waveform, usually applied in dipolar fashion to both end-cap elec-
trodes, in order to accelerate ions at their secular frequencies and
induce energetic collisions with the background gas [16,17].  Rela-
tively long DC pulses applied to the ring electrode have been used to
bring ions close to the boundary of the stability diagram and induce
CID [18]. Short DC pulses [19,20] and low frequency AC [21] also
have been shown to cause CID in 3D ion traps. In these experiments,
the dipolar DC acts to move the ion cloud to a new position in the
pseudopotential well in the trap. The result is that the ions find
themselves in an area of the pseudopotential well with increased
potential energy. Multiple short pulses, both on and off, can be used
in this manner to accelerate ions as they follow the changes in their
positions in the pseudopotential well. The work reported here relies
on the continuous application of monopolar DC over the millisec-
ond to tens of milliseconds time-scales, which is analogous to the
work of Tolmachev et al. using dipolar DC in a linear quadrupole
ion trap [15]. The dipolar DC potential, applied across a rod pair in
a linear ion trap, accelerates ions by shifting the ions to an area of
higher RF field strength. This leads to RF heating of the parent ion
and subsequent dissociation. The target gas mass, time scale over
which the dipolar/monopolar DC is applied, the magnitude of the
DC, and the low-mass cutoff (LMCO, which in part determines the
pseudopotential well-depth) are important parameters in control-
ling the extent of dissociation with this method. This method lacks
a resonance condition, unlike the use of a single AC frequency for
ion acceleration as in conventional ion trap CID, and thereby pro-
vides a ‘broadband’ means for inducing CID. Dipolar DC in 3D ion
traps has also been described in surface-induced dissociation (SID)
and DC tomography experiments [20,22,23].

2. Experimental

2.1. Instrumentation

All experiments were performed on a dual source Finnigan Ion
Trap Mass Spectrometer (ITMS, ThermoFinnigan Corp., San Jose,

CA), modified to allow for ion/ion reactions as previously described
(Fig. 1) [24]. Briefly, ions from one of two  sources can be injected
axially and sequentially into the ion trap by means of a DC turn-
ing quadrupole. The injection and timing are controlled using Ion

 dual source 3D ion trap mass spectrometer [25].
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ig. 2. Example of a timing diagram for a tandem mass spectrometry experiment th
s  a function of time. This diagram indicates the temporal locations of the variou
upplementary AC and DC voltages, are not shown.

atcher Mass Spectrometer software (ICMS Ion Trap Software ver.
.20, University of Florida). Typically, the ion trap is operated by
pplying the drive RF to the ring electrode with any supplemen-
al AC being applied, 180◦ out-of-phase, to both the entrance and
xit end-cap electrodes. For this work, unless otherwise noted,
he AC lead on the exit end-cap was replaced with a DC lead.
pplication of the manually adjustable ±DC voltage during a scan

unction was controlled via a transistor-transistor logic (TTL) logic
rigger in the system software and either a DEI pulse generator
PVX-4150 model, Directed Energy, Inc., IXYS Colorado) or a home
uilt switchbox. Since the supplemental AC waveform is applied
o only one end-cap, the amplitude was increased by a factor of
wo when used (e.g., during resonance ejection). This resulted in
erformance comparable to that of the normal mode of operation,
hereby 180◦ out-of-phase sine waves are applied to the end-cap

lectrodes. Positively charged ions were generated via nanoelec-
rospray ionization (nESI). Negatively charged ions were generated
y atmospheric-sampling glow discharge ionization (ASGDI) [25].

Fig. 2 shows an example of a timing diagram for an ion trap
xperiment that plots the relative amplitude of the RF amplitude
pplied to the ring electrode as a function of time. Dual ramps of
he RF amplitude in the ion isolation periods represent the use of
esonance ejection to eject sequentially ions of lower and higher
ass-to-charge than those of interest [26]. Studies monitoring

njection efficiency were performed by triggering a repulsive DC
oltage on during ion injection. Typical injection times ranged from
0 to 100 ms.  Experiments monitoring ejection efficiency were
erformed by triggering an attractive DC voltage on during mass
nalysis. Mass analysis was achieved by resonance ejection during
n RF amplitude scan at a frequency which gave the desired mass
ange [27]. Typical mass analysis scan segments were 30 ms.  Ion
ctivation was performed by triggering a repulsive DC voltage on
uring a defined activation period. Activation times varied from 1 to
0 ms.  Ion isolations and ion/ion reactions were performed under
he influence of varying magnitudes and polarities of monopolar
C, as was dictated by the characteristic under investigation. Ion

solations were performed in 20 ms  scan segments. Ion/ion reaction
eriods typically varied from 50 to 150 ms.

.2. Simulations

A home-written ion trajectory simulation tool has been used.
he electric field inside the ion trap was first solved in Comsol
Comsol, Burlington, MA)  by using the finite element method. The
lectric field was then exported to an ion trajectory simulator which
olves Newton’s equation using 4th order Runge Kutta integration.

angevin’s collision theory was used here to model the ion-neutral
ollision probabilities. The momentum transfer between the ion
nd target atom resulting from collisions was calculated based on
n elastic collision model.
ows a trace of the relative amplitude of the RF voltage applied to the ring electrode
s in the process. Other synchronized events (see text), such as the application of

2.3. Materials

Bovine ubiquitin, melittin from honey bee venom, bro-
moisoquinoline, perfluorodimethylcyclohexane (PDCH), and
leucine enkephalin were all purchased from Sigma Aldrich (St.
Louis, MO). Acetic acid and methanol were purchased from
Mallinckrodt (Phillipsburg, NJ). Ubiquitin, melittin, and leucine
enkephalin stock solutions of 1.0 mg/mL  were prepared in
50:50:1 methanol/water/acetic acid solutions. The bromoiso-
quinoline stock solution of 1.0 mg/mL  was  prepared in a 50:50
methanol/water solution. Stock solutions of Ubiquitin, melit-
tin, leucine enkephalin, and 5-bromoisoquinoline were diluted
approximately 10-fold prior to nESI. Head-space vapors obtained
from a loosely capped bottle of PDCH were mixed with lab air
drawn into the ASGDI source.

3. Results and discussion

3.1. Ion accumulation

Capture efficiency experiments were performed by applying a
repulsive DC potential to the exit end-cap during ion accumula-
tion. Ion abundance increases of 2–4-fold were observed (Fig. 3),
depending upon injection conditions. The signal intensities of both
ubiquitin cations, generated by nESI, and PDCH anions, generated
by ASGDI, were increased by factors of about 2.2 when the repulsive
DC potential was  applied during ion injection in the experiments
of Fig. 3. Note that the application of DC to the end-cap electrode
had no effect on the observed noise level. Hence, the reported sig-
nal increases are reflected by the corresponding improvement in
signal-to-noise ratio. The repulsive DC potential acts to decelerate
injected ions, presumably increasing the time ions spend in the ion
trap and thereby increasing the probability for collisions to remove
excess kinetic energy. The enhancement in ion accumulation effi-
ciency has been noted for a wide range of ions formed via nESI and
ASGDI suggesting the general nature of this effect.

Fig. 4a compares simulations for the injection of positive ions
of m/z 1000 with injected kinetic energy of 11.7 eV ±40%, a bath
gas pressure of 0.1 mTorr, and qz = 0.08 with 0 and 10 V applied to
the exit end-cap during ion injection. These simulations of the ion
accumulation experiment, which show an optimum range of phase
angles for ion trapping that is consistent with previous simulation
studies [2,28],  indicate that ions are captured over a similar range of
the RF phase but with higher efficiency with an optimized DC  volt-
age present on the exit end-cap than in the absence of repulsive

DC applied to the exit end-cap. The simulations also show an opti-
mal  range for the magnitude of the repulsive DC potential which
roughly agrees with experimental observations (Fig. 4b). In this
particular case, the simulations for ions of m/z 1000 show optima
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f  +11.5 VDC (b), which shows a roughly 2.2-fold increase. PDCH anions generated
resence (d) of −3.5 VDC, which shows a similar change in response.

ear +10 V, which is similar to the experimentally observed optima
oted in the experiments with the ubiquitin ions. However, the
imulations underestimate the magnitude of the relative increase
n ion accumulation efficiency when compared with experimental
ata (i.e., they do not show increases of factors of 2–4). The differ-
nce in capture efficiency between ‘DC on’ and ‘DC off’ modes in the
imulations was sensitive to variables such as the qz value. Under
ome conditions, for example, differences as large as factors of 4–6
ere obtained.

.2. Mass analysis

By applying an attractive DC potential to the exit end-cap during
he mass analysis step, an up to 2-fold increase in signal inten-

ity can be observed, as illustrated in Fig. 5 for ions derived from
rotonated bromoisoquinoline. This phenomenon was  consistently
bserved with a wide range of ions and is interpreted as result-
ng from the preferential ejection of ions through the exit end-cap
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ure  = 0.1 mTorr) and (b) that ion capture efficiency (averaged over the entire RF cycle)
ommon range of repulsive monopolar DC potentials, as indicated by the shaded box (qz
SGDI injected at a qz of approximately 0.070 (for [M−F]−•) in the absence (c) and

by shifting the ion cloud in the direction of the exit end-cap. The
application of a repulsive potential to the exit end-cap of equal
magnitude resulted in the total loss of signal (data not shown).
Preferential ion ejection via one end-cap using mass analysis via
resonance ejection has been demonstrated previously via the incor-
poration of a hexapolar field component and the selection of an
appropriate resonance frequency for ejection [29,30].  Such meth-
ods also have been shown to give rise to faster ejection, thereby
enabling high scan rates. The application of a small attractive DC
voltage, as described here, is not expected to alter significantly the
ejection rate. However, the effect of uni-directional ejection using
this approach is independent of ejection frequency, which allows
for flexibility in the selection of the resonance ejection frequency
for mass range extension. The electronics used for these studies did

not allow for the application of different amplitudes and polarities
of DC to the exit end-cap during the course of a single scan function.
However, given that ion capture during injection and ion ejection
are independent processes, it is expected that application of a repul-
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ig. 5. Mass spectra showing the ion signal abundance of bromoisoquinoline cation
resence of −18 V applied to the exit end-cap electrode.

ive DC during ion accumulation and an attractive DC during ion
jection could result in signal intensity improvements of 4–8-fold
ver the equivalent experiment without use of supplementary DC.

.3. Ion isolation

Ion isolation in 3D ion traps can be performed by applying tai-
ored waveforms or by scanning the trapping RF amplitude while
imultaneously applying an AC waveform to the end-caps [31]. Low
ass ions are ejected by bringing them through the exclusion limit

qz = 0.908) while a range of high mass ions is swept out of the ion
rap by resonance ejection. A window of masses that lie between
he end of the range of masses swept out by the RF and the onset
f the range of ions ejected by resonance ejection is retained in the
rap. Alternatively, if the RF amplitude cannot be raised high enough
o eject all of the ions on the low mass side of the isolation window,
equential RF ramps that employ different AC frequencies can be
sed [27]. The amplitude of the supplemental AC must be suffi-
iently high to eject ions. However, off resonance power absorption,
hich increases with AC amplitude, can degrade resolution and/or
ead to CID of the ions of interest. Therefore, it is desirable to employ
he minimum AC amplitude necessary to eject ions. The evidence
or uni-directional ion ejection described above implies that the
pplication of a small monopolar DC potential could allow for res-
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 5 Vp-p ejection amplitude. (c) Post-ion isolation performed in the presence of +35 VDC a
.5  Vp-p ejection amplitude.
in the absence of a DC potential applied to the exit end-cap electrode and (b) in the

onance ejection in an ion isolation step using lower AC amplitudes
than the equivalent process without monopolar DC. Fig. 6, which
shows results for ion isolation experiments involving the isotopes
of protonated bromoisoquinoline, illustrates this point. Fig. 6a and
b illustrates the isolation of the protonated 79Br isotope using a res-
onance ejection amplitude of 5 Vp-p and no supplemental DC on an
end-cap. Fig. 6c shows the result using a resonance ejection ampli-
tude of 3.5 Vp-p and +35 V on the exit end-cap while Fig. 6d shows
the result with a resonance ejection amplitude of 3.5 Vp-p and no
DC applied to an end-cap. The isolation shown in Fig. 6c is, based on
the higher signal intensity of the low mass/charge ratio ion and the
lower signal intensity of the high mass/charge ratio ion, better than
that shown in Fig. 6b. In the absence of the DC, however, 3.5 Vp-p is
insufficient for removal of the 81Br isotope.

3.4. Ion/ion reaction control

The ion/ion reaction period in a 3D ion trap is typically defined
imprecisely due to the range of times required for admission of
the second reactant ion population and the fact that the oppo-

sitely charged ions can react during this period. It is desirable to
be able to minimize the reactant ion overlap during this ion accu-
mulation period so that the reaction time can be defined more
precisely. The application of a monopolar DC potential can pro-
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ig. 7. Spectra showing melittin cations prior to (a) and after (b) ion/ion reaction
ffectively prevents the ion/ion reaction from proceeding. Application of −7 VDC du
ncreasing their number density in the trap, which allows the charge reduction reac

ide a degree of control over the overlap of oppositely charged
ons during ion accumulation periods and thereafter. An illustra-
ion of this effect is provided in the data of Fig. 7. Initially, melittin
ations were injected into the ion trap. Anions derived from glow
ischarge ionization of PDCH, predominantly the M−•, (M−F•)−,
nd (M−CF2)−• ions, were then injected into the ion trap in both
he presence and in the absence of −7 VDC applied to the exit end-
ap. Following the ion accumulation steps and a defined reaction
eriod of 150 ms,  the trapping RF amplitude was  ramped in order
o eject the PDCH anions from the trap prior to mass analysis of
he cations [32]. The charge reduction reaction can be quantified in
erms of the abundance-weighted average charge state (qaverage),
efined as follows:

average =
∑N

i (qiWi)
∑N

i Wi

(1)

here N is the number of observed charge states, qi is the charge
f the ith charge state, and Wi is ion abundance of the ith charge
tate [33]. When no anions were admitted into the ion trap, qaverage

as 4.3 (see Fig. 7a). When −7 V DC was applied to the exit end-cap
uring the anion accumulation period as well as during the reac-
ion period, qaverage remained at 4.3 (Fig. 7c). In the absence of any
C, qaverage changed to 4.1 (Fig. 7b). When the −7 V DC was applied
nly during the anion accumulation period, qaverage shifted to 3.4
Fig. 7d). The greater extent of reaction noted in the experiment of
ig. 7d relative to that of Fig. 7b is due to the increased ion accumu-
ation efficiency for the PDCH anions when a repulsive potential
s present on the exit end-cap (see above). In this case, the end-
ap DC voltage both increased anion accumulation efficiency and
inimized the overlap of oppositely charged ions.
To demonstrate that control over ion cloud overlap could be

ffected during the reaction period, a series of three reaction peri-
ds was used following sequential injection of melittin cations
nd PDCH anions into the ion trap (see Fig. 8). During each reac-

ion period, monopolar DC could be triggered on or off. In these
xperiments, DC was always on during anion injection in order to
revent data from being complicated by varying degrees of anion

njection efficiency. Initially, −7 VDC was applied during all three
 PDCH anions. Application of −7 VDC during anion injection and reaction time (c)
nion injection time only (d) increases the capture efficiency of the reagent anions,
o proceed further during the set reaction time.

periods, preventing the charge reduction reaction and giving an
average charge state of 4.3, which was the same as that noted in
the absence of anion injection. Removing DC from the first reaction
period allowed the ion/ion reaction to proceed to an average charge
state of 4.1. Removing DC from the first and third reaction periods
resulted in further progression of the reaction, to an average charge
state of 3.7. This suggests that the DC could be used to interrupt the
progress of the reaction without the loss of reactants such that the
reactions could resume upon removal of the DC. Removing DC from
all three reaction periods allowed the ion/ion reaction to proceed
the furthest, to an average charge state of 3.5.

The mass-to-charge-dependent well-depths, as defined by the
trapping conditions, are important to consider when applying DC
potentials. Ion/ion reactions between ubiquitin cations and PDCH
anions in the presence of lower magnitude DC potentials (less than
−7 V) have shown some progression of the charge reduction reac-
tion, thereby demonstrating a type of parallel ion parking (data not
shown). Briefly, ubiquitin cations undergo charge reduction reac-
tions to larger mass-to-charge ratios and, under the same trapping
conditions, experience shallower trapping wells. As such, the lower
charge state/higher m/z cations are shifted further from the trap’s
geometric center in the z axis by the applied DC, thereby reduc-
ing their overlap with the PDCH anions and reducing the ion/ion
reaction rate.

3.5. DC CID

Pulsed dipolar DC can be used to induce CID in ion traps. Previous
reports of pulsed DC CID in 3D traps utilized only short (several
microseconds to 1 ms)  DC pulses, pulse trains, or slow AC designed
to change the physical positions of the ions in the pseudo-potential
well inside the trap [19–21]. In this work, a DC  potential was applied
to an end-cap electrode continuously for periods of two to hundreds
of milliseconds. This experiment is analogous to those of Tolmachev

et al. with a linear ion trap because the time scales of activation, the
magnitudes of the DC, and the LMCO values (well depth) are similar
and have all been found to be important variables [15]. Collisional
activation arising from the continuous application of monopolar DC



120 B.M. Prentice et al. / International Journal of Mass Spectrometry 306 (2011) 114– 122

0

30000

60000

2000150010005000

Time (ms)

R
F

 A
m

pl
itu

de
 (

LM
C

O
) Cation

Injection
Anion 

Injection

Reaction 
Time 1

Reaction 
Time 2

Reaction 
Time 3

Anion
ejection

Mass
Analysis

(a)

0

25000

50000

2000150010005000

0

12500

25000

2000150010005000
0

7000

14000

2000150010005000

(c)(b)

(d)

[M+5H]5+

[M+4H]4+

[M+3H]3+

[M+5H]5+

[M+5H]5+

[M+5H]5+

[M+4H]4+

[M+4H]4+

[M+4H]4+[M+3H]3+

[M+3H]3+

[M+3H]3+

[M+2H]2+

(e)

[M+2H]2+

321321

321321

A
bu

nd
an

ce
 (

ar
bi

tr
ar

y 
un

its
)

m/z
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e)  off during all three reaction periods.

s not expected to result from the initial ion acceleration associated
ith moving ions away from the ion trap center. Rather, activation

s expected to arise from the RF heating mechanism proposed by
olmachev. That is, ions are moved and held at a location where
he RF field is significant, unlike at the ion trap center, where they
an undergo acceleration from the main RF applied to the ring-
lectrode.

Protonated leucine enkephalin, a widely studied model peptide
on [34], is used here to illustrate DC CID in a 3D ion trap. Fig. 9 illus-
rates the effect of activation time. After isolation of the precursor
on, a potential of +52 V was applied to the exit end-cap while main-
aining a low mass cut-off of m/z 100 for activation times ranging
rom 1 to 20 ms.  Fragmentation is noted to begin in as little as 1 ms
y the appearance of the b4 and a4 ions. As time is increased, the
recursor ion abundance decreases monotonically and the product

on spectrum evolves to show increasingly extensive fragmentation
ith the appearance of products from sequential fragmentation.
nlike conventional ion trap CID, which employs single frequency

esonance excitation, the first (and subsequent) generation product

ons generated by DC CID are also subjected to ion acceleration and
ID. In conventional ion trap CID, first generation product ions are
ot subjected to ion acceleration such that longer ion activation
imes tend not to result in significant changes in relative prod-
g the first and third reaction periods and on during the second reaction period, and

uct ion abundances. The DC CID experiment is expected to be a
slow heating process [35] with analogy to infra-red multi-photon
dissociation (IRMPD) in which product ions are also exposed to
irradiation such that product ion spectra can show significant evo-
lution to more extensive fragmentation with extended activation
times.

Ion activation and deactivation rates are comparable with slow
heating methods such that precursor ions assume Boltzmann or
truncated Boltzmann distributions. The ions therefore can be char-
acterized by an ‘effective temperature’. The observed dissociation
rate is determined by the effective temperature and the kinetic sta-
bility of the ion. The data of Fig. 9 reflect results for a precursor ion
of fixed effective temperature with varying times over which the
reactions can occur. The effective temperature in the DC CID experi-
ment can be varied by the DC amplitude. This is illustrated in Fig. 10,
which shows data for a fixed activation time (1 ms) with various
DC amplitudes at a low mass cut-off of m/z 100. Note that the data
illustrated in Figs. 9 and 10 were not all collected at a single sitting.
Therefore, it is not appropriate to assess MS/MS efficiency from

that data. However, as with CID with resonance excitation, there is
a competition between ion ejection and ion dissociation. At low DC
levels, there appears to be little ion loss whereas ion loss becomes
competitive at higher DC levels. The relationship between DC level
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Fig. 9. +52 VDC CID of leucine enkephalin with activation times of (a) 1 ms,  (b) 5 ms,  (c) 10 ms,  (d), and 20 ms  at a LMCO of m/z  100.
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ig. 10. Leucine enkephalin (a) without activation and 1 ms  CID of leucine enkepha
f  m/z 100.

nd MS/MS  efficiency as a function of well-depth, as well as a num-
er of other characteristics of DC CID, are currently undergoing
ystematic investigation.

. Conclusions

A DC potential applied to the exit end-cap electrode of a 3D ion
rap can provide useful capabilities in a variety of processes asso-
iated with an MSn experiment. Ion accumulation in the presence
f repulsive DC potential has yielded a 2–4-fold increase in cap-
ure efficiency. Ion ejection in conjunction with an attractive DC
otential resulted in abundance increases of up to a factor of two.
on isolation via resonance ejection could be effected with lower
mplitudes in the presence of monopolar DC, which may  be useful
hen off resonance heating is a problem. Monopolar DC provides

 degree of control over the extent of overlap between ion popu-
ith activation potentials of (b) +52.0 VDC, (c) +64.3 VDC, and (d) +71.2 VDC at a LMCO

lations of opposite charge. This provides some control over ion/ion
reaction rates and can be used to minimize reactions during the
second ion accumulation step in an ion/ion reaction experiment as
well as for ion parking, the latter having been illustrated previously
elsewhere [12]. The application of a DC voltage to an end-cap can
also lead to CID, as has already been demonstrated with a linear ion
trap. The DC CID approach, like conventional single frequency ion
trap CID, is a slow heating method but it is not mass-selective and
also leads to activation of product ions. The latter characteristics
make it complementary to conventional ion trap CID.

Further studies are under way to fully characterize the strengths
and limitations of DC CID in a 3D ion trap. Electronics modifications

are also expected to enable better exploitation of the advantages of
monopolar DC discussed here. Current instrumentation limits the
applied monopolar DC potential to a single polarity and magnitude
for any single experiment. Incorporation of flexible software con-
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