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Abstract

Mass range extension in a quadrupole ion trap has been investigated using resonant ejection of ions at the fundamen

secular frequencydf,) and at theQ)-w, overtone resonance frequency, whéleis the drive rf angular frequency. The

procedure is demonstrated for two commercial ion trap spectrometers operated at different drive rf frequencies. Higher 1

amplitudes were required for ion ejection at Igywalues using th€)- w, resonance than at the fundamental secular frequency,
resulting in lower observed mass range enhancements féb-the resonance at the same rf amplitude. Resonance excitation
tandem mass spectrometric experiments also show lower energy depositionrutheesonance, although the effect is less
marked at higheq, values. (Int J Mass Spectrom 190/191 (1999) 145-151) © 1999 Elsevier Science B.V.
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1. Introduction w,=(n+ B,J2)Q (1)

Resonance excitation is used widely in quadrupole where () is the angular frequency of the rf drive
ion trap mass spectrometry to manipulate ions held in potential [2],n is an integer, an@, is determined by
stable trajectories and to eject ions from the device the working point of the ion within the stability
[1-4]. Excitation occurs when an auxiliary ac signal, diagram. In the absence of an applied dc component
applied to one or both of the endcap electrodes, has a(a, = 0), 8, is a function ofq,
frequency that exactly corresponds to a component of

the secular frequency of an ion retained inside the g, = 8eVI[m(r2 + 2z2)Q?] (2)
trap. The secular frequency components in the axial
direction (,) are given by whereV is the amplitude of the rf drive potential,

andz, are the trap dimensions; is the mass of the
ion, ande is its charge [2]. A number of approxima-
* Corresponding author. E-mail: colin.creaser@ntu.ac.uk tions for the relationship betwegd andg, have been
1 Present address: Drug Discovery Disposition, Rhone-Poulenc proposed [3] but for the case Whe(qg <04 (and
Rorer, Rainham Road South, Dagenham, Essex RM10 7XS, UK. W . .
a, = 0), the contribution of higher harmonics may be
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original contributions to quadrupole ion trap mass spectrometry.  ignored andg, is related toq, according to Eq. 3.
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B2=q22 (3) resonance excitation have employed only zheom-
ponent of the fundamental secular frequeney)( In

this article we report an experimental investigation of
mass range extension by resonant ion ejection and
collisional activation employing resonances with the
w, and Q-w, components of the secular frequency
spectrum.

Whenn = 0, the frequency corresponds to the fun-
damental frequency,, [= (B£2/2)] and under
these conditions an ion at tie = 1 boundary ¢, =
0.908) has dundamental secular frequency of half
the drive frequency applied to the ring electrode.
Resonance excitation is implemented either by
tuning the auxiliary ac frequency to the axial compo-
nent of the ions secular frequency at the appropriate
q, value, or by applying a fixed frequency and 2. Experimental
increasing the amplitude of the drive rf potential to
bring ions into resonance successively. The latter  Experiments were carried out using Finnigan
approach is employed in the axial modulation method ITMS (San Jose, CA) and Teledyne Discovery 2 (Los
[5] for enhancing resolution in the mass instability Gatos Circuits, TN) ion trap mass spectrometers. The
scan, using an applied auxiliary frequency close to the ITMS was used in conjunction with the ICMS lon
B, = 1 boundary of the stability diagram (typically Trap Software (Version 2.2, © University of Florida).
530 kHz for a drive frequency of 1.1 MHz). Applying  Both instruments were operated using rf-only mass
the axial modulation at lower frequencies causes instability scanning with the drive rf frequencies at
resonant ejection of ions af, values below the 1.1 MHz and 900 kHz, respectively. lon isolation in
normal B8, = 1 boundary limit, which has the effect tandem mass spectrometric experiments was carried
of extending the mass range of the trap for a given out using rf—dc apex isolation g = 0.708,with an
maximum amplitude of the rf drive potential [6—9]. applied dc voltage of—270 V. The ITMS was
Resonance excitation has also been employed in ionmaintained at a temperature of 120 °C with helium as
excitation for tandem mass spectrometry, ion isola- buffer gas at a pressure of 1610 ° Torr as
tion, and for fundamental ion trajectory studies [4,10— measured at the ionization gauge (uncorrected). Per-
12]. fluorotri-n-butylamine was introduced into the vac-
The fundamental secular frequencies in ztendr uum chamber through a Megitt Avionics needle valve
directions @, and w,) are, however, not the only  (Fareham, UK) at a partial pressure 665 X 10°°
frequency components for ions in stable trajectory (cf. Torr and ionized by electron ionization. The Teledyne
Eqg. 1). Vedel and others have used resonance excita-trap was operated at a temperature of 100 °C and the
tion to identify axial frequency components of the helium buffer gas and perfluorotni-butylamine pres-
type w,/n, nw,, andw, + o, (wheren is an integer) sures were 4.< 10 > and 5x 10 ° Torr, respec-
and other linear combinations [13,14]. Linear and tively (uncorrected).
nonlinear resonances in a pure quadrupole ion trap In a typical resonance excitation experiment, the
and where there are superimposed higher order fieldslow mass cutoff was set to eject ionsrafz< 50 and
have also been identified [15]. These take the form of the instrument was calibrated using perfluorotri-
weak overtones with frequencies() + nw, and butylamine with axial modulation applied. The auxil-
vQ) — nw, (Where v and n are integers) that arise iary ac potential was then set to preselected values in
from combinations of the drive rf with the secular the range~100-900 kHz (6-24 V) for the Finni-
frequency. However, whereas the frequency spectrumgan ITMS and ~100-600 kHz (1.2 Y, + 200
for pure quadrupolar fields and quadrupolar fields wV, ,/DAC) for the Teledyne spectrometer. Voltages
with superimposed higher order components has beenwere measured at the balun circuit output. The per-
investigated both theoretically and experimentally fluorotri-n-butylamine ions were ejected using a stan-
[16-19], reported applications of ion ejection by dard mass-instability scan in both cases (scan rate
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600 axial modulation on the instrument. However, the
apparent masses of all these ions decreased as the
S0 e N auxiliary ac frequency was reduced because the ions

were ejected at loweq, values. This corresponds to
the normal mode of operation for mass range exten-
sion by resonant ion ejection in the ion trap [6]. Low
mass ions with secular frequencies,) always
greater than the applied auxiliary ac frequency were
ejected at thg8, = 1 boundary ¢, = 0.908)during
the rf scan as a result of mass instability rather than
- resonance ejection. These low mass ions were there-
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Auxiliary AC frequency/kHz fore observed close to their correct mass in the
spectrum.
Fig. 1. Variation of apparent mass with applied auxiliary ac Increasing the auxiliary ac voltage frequency

frequency (6 V,_,) for the perfluorotrin-butylamine ions am/z . .
502 (upside down triangles), 414 (diamonds), 264 (squares), 219 above 530 kHz also resulted in a decrease in the

(triangles) and 131 (circles) recorded using the Finnigan ITMS apparent mass of the perfluorotrbutylamine ions
spectrometer® = 1.1 MHz). (Fig. 1), even though the fundamental secular fre-
guencies of the ions are all less than half the drive rf
5555 Dal/s for the Finnigan ITMS and 12 000 DA/s frequency (550 kHz from Eq. 1 for the ITMS instru-
for the Teledyne Discovery instrument) [20]. ment). Resonant ejection at higher frequencies must
arise from coincidence of the applied auxiliary fre-
guency with a component of the frequency spectrum
3. Results and discussion other than the fundamental frequenay,) during the
mass-instability scan. This is assigned to fhew,
The results for a resonant ejection experiment component of the spectrum from the shape of the
carried out on the Finnigan ITMS spectrometer are curves in Fig. 1. The relationship is illustrated in Fig.
shown in Fig. 1. The data are presented in the form of 2 for the spectra of perfluorotri-butylamine obtained
a plot of auxiliary ac frequency applied to the endcap by resonant ejection with applied auxiliary frequen-
electrodes in dipolar mode (at an amplitude of 6\ cies at 400 kHz and 700 kHz (amplitude 24 ).
against “apparent mass”—the mass observed usingThe apparent masses of the major perfluonatri-
the mass calibration for ion ejection with standard putylamine ions are very similar in these two spectra.
axial modulation. Mass range extension by resonant For example, at 400 kHZa(Z) the apparent mass of
ejection is therefore reflected in a decrease in the the m/z 414 ion is 375, and at 700 kHX - w, =
apparent mass of the ion; the extended mass range1100 — 400 kHz) the apparent mass is 377 (see Fig.
being given by 1). The observed difference in the apparent mass is
attributed to mass assignment errors associated with
peak centroiding, which is affected by resolution and
wherem,, is the mass of the ion calibrated using the data acquisition rate, and to a slight delay in the time

Extended mass range (m,,/m,,) - Mg (4)

axial modulation mode of operatiom,,, is the ob- of ion ejection for the weakef)-w, resonance com-

served apparent mass, ahtk is the standard mass pared to thaw, resonance.

range of the ion trap. The mass range extension archived at the auxiliary
The perfluorotrin-butylamine ions atm/z 131, ac voltage amplitude of 6 \/,, used in this resonance

219, 264, 414, and 502 all gave apparent masses thatejection experiment was significantly less for all of
coincide with their true masses when the tickle the perflourotrin-butylamine ions using th&)-w,
frequency was set to 530 kHz, the normal value for frequency than for resonant ejection of ions at their
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Fig. 2. Electron ionization mass spectra of perfluorntbutylamine obtained by resonant ejection with applied auxiliary frequencies at (a)
400 kHz and (b) 700 kHz on the Finnigan ITMS instrument.

fundamental secular frequencies. This suggests thatpoint of the ion [3]. Higher amplitudes are required to
the Q-w, band in the frequency spectrum is weaker eject ions withg, values in the range 0.35-0.4 (e.g.
than the secular frequency; an observation that is m/z 131) than those withg, values <0.2 and this
supported by both theoretical and experimental data determines the mass range extension possible under a
for pure quadrupole traps and those containing super- given set of operating conditions.

imposed higher order fields [15,16]. The range of The effect of increasing the auxiliary ac voltage
frequencies leading to resonant ejection of perfluoro- amplitude to 24\ is shown in Fig. 3. Raising the
tri-n-butylamine ions is restricted both at low and amplitude of the auxiliary frequency increased the
high auxiliary ac frequencies because the ions gain mass range extension at both ends of the applied
insufficient kinetic energy from the applied auxiliary frequency scale. The mass range increased from 1200
field to exit the trap. The auxiliary ac amplitude Da/charge at 200 kHz to above 1600 Da/charge for an
required for resonant ejection of an ion is dependent applied w, frequency at 150 kHz, and from-700
upon the pseudopotential well depth at thevorking Da/charge t0o~1200 Da/charge for th€)-w, reso-
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Fig. 3. Variation of apparent mass with applied auxiliary ac
frequency (24 }_,) for the perfluorotrin-butylamine ions atn/z

149

ciation with resonance excitation using the and
Q-w, frequencies at a working point of, = 0.344
(corresponding to a low mass cutoff of/z100). A
higher resonance excitation voltage amplitude was
needed for th&€)-w, resonance in order to dissociate
the m/z 264 ion to the same extent as that obtained
using the fundamental secular frequency. This is
illustrated in Fig. 4, which compares the product ion
spectra obtained using the, resonance (137 kHz) at
an auxiliary ac voltage of 380 mV [Fig. 4(a)] with that
obtained using th€)-w, resonance (963 kHz) at an
auxiliary voltage of 5760 mV [Fig. 4(b)]. In the latter
case, an auxiliary voltage amplitude fifteen times
higher is required for th€)-w, resonance in order to

502 (upside down triangles), 414 (diamonds), 264 (squares), 219 impart the same internal energy to the precursor ion.

(triangles) and 131 (circles) recorded using the Finnigan ITMS
spectrometer( = 1.1 MHz).

nance at 900 kHz. Increasing the auxiliary voltage

The effect is much less marked atcg of 0.688
(corresponding to a low mass cutoff ofi/z 200),
where auxiliary ac voltages of 400 mV (at 302 kHz)

amplitude therefore has the same effect on mass range?d 1250 mV (at 798 kHz) resulted in similar internal
extension as that established for the fundamental ENErgy deposition. These observations are consistent

secular frequency. It appears from these observationsWith ion frequency measurements, where the strength

that resonant ejection using tl&-w, overtone is a

of the )-w, resonance as a proportion ®f has been

viable alternative to ejection at the fundamental sec- Shown to increase with increasirg [16].

ular frequencies provided that the amplitude of the

The mass range extension experiments were re-

applied field is increased to compensate for the peated using the Teledyne spectrometer in order to

weaker overtone resonance.

A similar effect was observed in the MS/MS
product spectra of then/z264 ion of perfluorotria-
butylamine, obtained by collisionally activated disso-

confirm the resonant ejection observations under the
normal operating conditions of an alternative instru-

mental configuration. The results of these experiments
are shown in Fig. 5. Mass range extension was again
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Fig. 4. Product ion tandem mass spectra obtained following resonance excitatiomdz #t2l ion of perfluorotrin-butylamine at}, = 0.344
using (a) thew, resonance at a tickle voltage of 380 mV and (b) fhev, resonance at a tickle voltage of 5760 mV.
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Fig. 5. Variation of apparent mass with applied auxiliary ac
frequency (1.2 y_, + 200 wV,_,/DAC) for the perfluorotrin-
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ing the Teledyne instrument. Increasing the voltage
sufficiently would be expected to result in a similar
mass range extension to that observed in Fig. 3 for the
Finnigan ITMS.

4. Conclusions

Resonant ejection of ions in a quadrupole ion trap
has been investigated using resonance excitation with
the fundamental secular frequency and with éhev,
overtone component of the frequency spectrum. Mass
range extension is demonstrated using two commer-
cial ion trap mass spectrometers operating at different
drive rf frequencies, that establish the assignment of

monds), 264 (squares), 219 (triangles), and 131 (circles) recorded the overtone resonance. These experimental observa-

using the Teledyne Discovery spectromet@r< 900 kHz).

observed both at low and high frequencies, but in this

tions confirm that the-w, component of the fre-
guency spectrum may be used for mass range exten-
sion with performance characteristics that are similar

case the maxima for the apparent masses of thetp those obtained using the fundamental component of

perfluorotrin-butylamine ions are centered around
450 kHz, compared to 550 kHz in the ITMS experi-
ment (Figs. 1 and 3). This shift is explained by the
difference in rf drive frequency for the two instru-

the secular frequency along tkeaxis, provided that
the applied axial frequency amplitude is increased
sufficiently. Other higher order components such as
w,/n, nw, and Q + w, may also be suitable for

ments, since the normal operating frequency is at 900 resonance excitation experiments in ion traps with

kHz for the Teledyne and at 1.1 MHz for the ITMS,
giving fundamental secular frequencies at fhe= 1
boundary of the stability region of 450 kHz and 550

both linear and nonlinear fields.

kHz, respectively. The frequencies at which the ap- Acknowledgements
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