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Abstract

A comprehensive description of chemical mass shifts in the RF quadrupole ion trap (Paul trap) is given and their origi
is explained. Extending a previously proposed model, it is shown that chemical mass shifts are a result of an ejection del
caused by field imperfections in RF ion traps with non-optimized geometry, in particular, field imperfections resulting from
holes in the end-cap electrodes, and of compound-dependent modifications of this ejection delay by collisions of the ions w
the buffer gas. Elastic collisions change peak shapes and peak widths, but give rise to only very small chemical mass shi
Inelastic collisions, which result in dissociation, can lead to large chemical mass shifts. The field imperfections presentin re
ion traps are examined, and differences in the ion ejection behavior and in the chemical mass shifts occurring in bounde
ejection and resonance ejection scans are investigated. The dependence of the shifts on the trap geometry, on the buffel
pressure, on the RF amplitude scan rate, on ion mass, and on ion chemical structure, are explained. The proposed m
for chemical mass shifts is validated through experimental measurements and quantitative simulations using the ion tr
simulation program ITSIM. It is shown that peak shapes in mass spectra can be reproduced or predicted by simulations,
ion traps with a variety of geometries and operating conditions. Very good agreement between simulations and experime
is found, provided experimental and simulated geometries differ slightly in the end-cap separation, indicating that addition
previously neglected field imperfections may be present in common RF ion traps.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction done originally by scanning the working points of
the ions through the boundary of the stability dia-
In RF ion traps, mass analysis is usually performed gram in the order of the ion’s mass, and thus eject-
using the mass-selective instability scan. This was ing them from the trap into an external detedtb2].
The boundary ejection method was later replaced by
resonance ejection, a method according to which the
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Commercial ion trap instruments are typically lim- sen originally as the value predicted by the¢iy]
ited to a mass-to-charge accuracy of 0.1 Th up to a to create a purely quadrupolar field for a trap with an
mass-to-charge ratio of 2000 Th (the unit Thomson is inner radius of the ring electrode af = 10 mm. The
defined as 1 Th= 1 u/ey, where u is the atomic mass change tap = 7.83 mm (commercial geometry) was
unit andep the elementary chardé1]). The best val- made without a corresponding change in the shape of
ues reported are 10-40 pgd®,13] Factors that limit the hyperbolic shape of the electrodes, and it there-
the accuracy of RF ion traps have been summarizedfore added higher order field components to the trap-
in a recent study13]. They include the stability of  ping field. To date, all commercial RF ion trap mass
the RF voltage and the resonance ejection voltage, thespectrometers use a geometry that differs from the
stability of the buffer gas pressure, and space chargetheoretically ideal case. In Bruker ion trap mass spec-
effects. The last factor results in delayed ejection for trometers, a modified hyperbolic angle is ug&g].
all ions, but the exact ejection time, and hence ap- Recent advances in the mass resolution of RF ion traps
parent mass-to-charge ratio is also dependent on theshow that chemical mass shifts are not completely
masses of the ions present in the trap and their relative eliminated by these procedures. Certain fragile ions
abundances. Space charge effects are usually reducedindergo small chemical mass shifts even in commer-
by limiting the number of ions in the trap, although cial ion trap mass spectrometg¢i®—21] In contrast,
extrapolation to zero ion abundan@e!] and transla- the large chemical mass shifts reported here arise
tional excitation in multiple dimensiorj45] have also only in those RF ion traps whose geometry has been
been proposed as means of eliminating space chargechanged significantly from the commercial geometry.
effects. Mass measurement errors that occur for ions Recently, a model was developed that explains the
of similar mass but different structure and that are re- occurrence of chemical mass shifg2—24] Accord-
lated to field imperfections have been recognized as ing to this model, holes in the end-cap electrodes
the major factor influencing performance. They can be cause field imperfections that give rise to a prolonged
as large as 1000 ppiit3]. delay in ion ejection in the mass-selective instability

These mass mis-assignments are termed massscan, whether performed with or without resonance
shifts, compound-dependent mass shifts or chemical ejection. While this delay arises for any ion species,
mass shifts in the literature and will be referred here it is modified in a compound-dependent fashion by
as chemical mass shifts. Since mass analysis in RFelastic and dissociative collisions. The deliberate
ion traps is affected by measuring the mass-to-chargeintroduction of additional field imperfections by in-
ratio, the terms mass shifts and mass-to-charge shiftscreasing the end-cap separation compensates for the
will be used interchangeably. Chemical mass shifts in effect of the end-cap holes and effectively removes
the mass-selective instability scan were first observed the ejection delay. In this paper, this model for chem-
and carefully studied by Stafford et al. at Finnigan in ical mass shifts is expanded and described in depth,
1984 during the commercialization of the RF ion trap and further experimental and simulation results are
[16]. Stafford and coworkers found that the masses presented to validate the model.
for some ions, e.g., nitrobenzene and pyrene, were as-
signed incorrectly, while for the majority of the ions—
within the limits set by the mass resolution—the cor- 2. Experimental
rect mass-to-charge ratio was measured. The observed
shifts were as large as 0.7 Th. The problem was solved Experiments were conducted using two Finnigan
empirically by changing the distanag between the  ion traps (Thermo Finnigan, San Jose, CA), a mod-
center of the trap and the tips of the end-cap electrodesified Finnigan ITMS ion trap mass spectrometer and
from the original value of 7.07 mm to 7.83mm. The a modified Finnigan GCQ ion trap mass spectrome-
valuezpg = 7.07 mm (theoretical geometry) was cho- ter. The Finnigan ITMS included a custom-designed
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mechanical systerf25] which was used to change the was changed from that of the commercial geometry
end-cap spacing under operating conditions during zo = 7.83mm to that of the theoretical geometry
the course of a series of experiments. The accuracyzp = 7.07 mm. The normal instrument control and
of the positioning, verified twice using measuring data acquisition hardware was replaced with the in-
blocks, is estimated as 0.1 mm. Pressure was mea-strument control and data acquisition module of a
sured using a Bayert—Alpert ionization gauge with a Finnigan LCQ ion trap mass spectrometer. This mod-
Granville-Phillips 307 vacuum controller (Granville- ule allows the Finnigan GCQ to be controlled with
Phillips, Boulder, CO). The nominal background Finnigan’'s proprietary lon Trap Control Language
pressure was 6& 10~/ Torr. Organic samples were (ITCL), which contains commands to freely change
degassed using several freeze—pump-thaw cycles andhe instrument voltages and scan functions. The Finni-
introduced into the vacuum system using a Granville- gan GCQ uses an RF frequency of 1.03MHz and
Phillips variable-leak valve to a nominal pressure of a nominal scan speed in the commercial geometry
9x 10~/ Torr. Helium was used as buffer gas at differ- of 11.11 Th/ms. Samples were introduced into the
ent pressures; the values reported have been correcte@xternal GCQ electron impact ion source through a
for ion gauge sensitivityf26]. The Finnigan ITMS GC oven using a 30m, 25@m inner diameter de-
uses an RF frequency of 1.1 MHz and a nominal scan activated column. The temperature of the ion source
speed of 5.555 Th/ms. Each mass scan was precededvas set to 200C. The GC oven was set at different
by internal electron ionization for a selected time at a temperatures, depending on the volatility of the sam-
low-mass cut-off (LMCO)27] of 40 Th, followed by ple. The instrument's Automatic Gain Control was
a 5ms cooling period, selection of the ion of interest used to keep the number of ions in the trap constant
by RF/DC isolation at the upper apex of the Mathieu by changing the ion injection time. For each mass
stability diagram, and 5 ms cooling time at a LMCO of spectrum 1000 scans were averaged.
40 Th after isolation. The dynode/electron multiplier Two different methods were employed for convert-
system was operated ab and 1.9kV, respectively. A ing the measured ejection times into mass-to-charge
Tektronix TDS 540 digitizing oscilloscope (Tektronix, ratios. In the first calibration method, the 69, 100,
Beaverton, OR) was used to acquire the signals pro- and 131 u fragment ions of perfluoro-tributylamine
duced by the preamplifier as a function of ion ejection (PFTBA) were used as calibrant ions. Their ejection
time at a sampling rate of 250 ksamples/s with 100 times were measured from the positions of the peak
scans being averaged for each spectrum. Space chargenaxima. The mass calibration relationship was then
effects were minimized by controlling the ionization established by a linear fit of the ejection times of the
time using the following procedure: in an initial study, calibrant ions vs. their exact masses. All results that
the ionization time was varied and the ion abundance give the chemical mass shift(m/e) were calculated
was determined by measuring the peak area of the se-using this calibration method. Chemical mass shifts
lected ions on the oscilloscope. The shifts in ejection are reported as the true mass of the ion minus the
time caused by changes in the ion abundance weremeasured mass, hence ions that are ejected early are
monitored. With decreasing ion abundance, the ejec- assigned a positive chemical mass shift. The standard
tion times converge towards a constant value. A target deviation in the measurement of the chemical mass
value for the peak area was chosen, so as to makeshifts was 0.05 Th. This calibration method is easy to
the space charge shifts negligible. In all subsequent perform, butit has the disadvantage thatitis influenced
experiments, the ionization times were adjusted such by changes in the ejection time of the calibrant ions
that the measured peak area matched this target valuethemselves. Therefore, a second calibration method
The Finnigan GCQ ion trap mass spectrometer was was used to permit the investigation of the apparent
modified from the commercial geometry by replacing mass-to-charge ratio of the ions as a function of the
the electrode spacers. The center—end-cap spacingoperating conditions independently of the behavior of
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calibrant ions. In this method, the ejection time of the different helium buffer gas pressures each. All sub-
ion of interest was determined from the position of sequent simulations using 4@ns were started from
the peak center. For conversion to mass-to-charge ra-the working pointg, = 0.85, a, = 0. The initial con-

tio, the RF amplitude was measured using a Tektronix ditions for these simulations, i.e., the initial ion cloud
P6015 100& high voltage probe. From the instrumen- dimensions, were chosen to match the values obtained
tal parameters, the mass-to-charge ratios of the ions offor this working point in the preliminary simulations.
interest were then calculated using the mass analysis A numerical field interpolation method was used
equation to calculate the electric field inside the trap from a
two-dimensional array of electric potential values on a
rectangular grid with a grid point distance of 0.02 mm.
The electric field strength at each grid point was ob-
tained as a centered difference from the potential at
neighboring grid points, and the field at intermediate
positions was calculated from the field on the grid
points by bilinear interpolation. The electric potential
was pre-calculated using the POISSON/SUPERFISH
software[30]. The six holes positioned on a circle
around the central hole in the Finnigan ITMS exit

(-
e qejrﬁgz

wheretej is the ion ejection timegg; is the Mathieu
parameter corresponding to the ejection pojoxﬁ, is

the quadrupole expansion coefficient describing the
strength of the quadrupole field, angthe normaliza-
tion radius (see below)2/(2r) is the RF frequency,
mandethe ion mass and charge, respectively. The RF

amplitudeV is increased linearly with timesuch that,
end-cap electrode were modeled by an annulus with

@ a thickness of 0.8 mm, which creates approximately

Note that in this mass calibration procedure, the appar- the same electric field as the six end-cap holes, while
ent mass is equal to the true mass if the ion is ejected Maintaining rotational symmetry. A fourth-order
immediately at the onset of instability in the central Runge—Kutta method with a step size of 5Sns was
region of the trap in the absence of collisions and Used to integrate the equation of motion.

space charge effects. A delay in ion ejection results in ~ Collisions were modeled using velocity-dependent
a higher apparent mass. The effects of non-ideal con- collision cross-sections taken from the literature
ditions can, therefore, be detected easily as a shift in [31,32] or calculated using a projection method
the apparent mass. All results that specify the appar- [28,33} Inelastic collisions were treated by consid-

V(tej) 1)

V() = At+ Vo

ent mass-to-charge ratiag)ap or the relative appar-
ent mass-to-charge, i.e., the rati/¢)ap/(nve), were
calculated using this calibration method.

3. Simulation software and settings

Simulations were performed using the ion trap sim-
ulation program ITSIM 5.0[28,29] For qualitative
simulations, single ion trajectories were calculated
using the initial conditions given in the correspond-
ing figures. In the quantitative simulations, the mass-
selective instability scan was simulated using* 10
ions. In order to reduce the computation time, the full
scan starting from a LMCO of 40 Th was simulated
once for 1000 ions of each ionic species and for four

ering stepwise changes in ion internal energy, taking
into account microscopic reversibility and conserva-
tion of momentum and energy. The average amount
of energy transferred between translational and inter-
nal degrees of freedom is determined in this model
[29,34] by the collision energy, the density of states
of the ion, the ion internal energy and the internal
energy up-step efficiency, which gives the fraction of
center-of-mass (COM) energy converted to internal
energy in collisions that lead to excitation. The inter-
nal energy up-step efficiency is treated as a parameter
which can be adjusted to match the experimentally
observed inelastic collision properties. The amount of
energy transferred in de-excitation collisions is deter-
mined from the conditions for excitation collisions by
microscopic reversibility. Dissociation was modeled
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using RRKM theory[35]. The vibrational frequencies and simulations required that experimental spectra be

of n-butylbenzene were taken from literature values taken using a center—end-cap separaigmvhich is

for the neutral moleculg36]. larger by 0.3 mm than the matching simulated spec-
A comparison of the simulated and measured spec- tra. The implications of this difference iy will be

tra showed that peak shapes and peak widths coulddiscussed below.

be reproduced very well, provided measured and sim- It should be emphasized that the corrections in volt-

ulated spectra are compared, which differ by a con- age scan ratey, and helium buffer gas pressure were

stant difference in the center—end-cap distamcand determined only once and are used consistently for

by a constant factor in the helium buffer gas pressure, all simulations. In all cases, the actualvalues and

and used slightly different RF voltage scan rates. The pressure values are given, and the corrections are used

small difference in RF voltage is mostly due to in- only to select the spectra which are compared with

accuracies in the experimental voltage measurement.each other.

To circumvent this problem, the exact voltage scan

rate appropriate for the conversion of the experimen-

tally measured times to mass-to-charge ratio was de- 4. Theory

termined once by a comparison of the simulated and o ) ]

measured mass peak of the 131 u fragment of the mass#-1- 1on motion in linear and nonlinear fields

reference compound, PFTBA, at = 8.0 mm, rather _

than by using the measured voltage scan rate. The The electric potential in an RF trap with Azimuthal

choice ofz, for this comparison will be validated be- SYmmetry can be expressed in terms of a multipole

low. The RF scan rate obtained by the comparison of €XPansion, which in spherical coordinates ¢, ¢)

the measured and the simulated mass peak deviated@kes the form

by 4% from the experimentally measured scan rate, as !

which is as large as the estimated error of the voltage €(0- 7 ¢: 1) = Z(p(m(’)ZAl(n) <%) Pi(cosv)

measurement. However, the difference also includes ! =0

a possible deviation between the (not exactly known) )

real geometry and the modeled geometry. Such a de-The sum ovem includes all electrodes of the trap,

viation results in different quadrupolar field strengths, @ (t) is the potential on the-th electrode and may

just as a difference in the applied voltage does. Hence, be explicitly time dependent,y is a normalization

ejection times will be different in different geometries, radius,Al(”) are the corresponding dimensionless ex-

even if the effects of higher order fields are ignored. pansion coefficients, an@&(cos®) is the Legendre

Conversely, any voltage calibration based on a com- polynomial of orderl [37]. Only the expansion co-

parison of ejection times includes differences in the efficients for the ring electrode are of interest here;

geometries. The voltage scan rate, thus obtained, wasfor consistency with previous work38] they are

used to convert the measured and the simulated ejec-designated with the superscript ‘R’.

tion times to the theoretically expected mass, as given In anideal ion trap operated with grounded end-cap

by the mass analysigq. (1) The helium buffer gas  electrodes and a voltage applied to the ring electrode,

pressure in the experiments must be larger by a factor only the quadrupole ternmi & 2) of the ring electrode

of two than the pressure in the matching simulations. contributes to the electric field. In such a quadrupo-

This effect is most likely due to the inaccuracy in the lar field, the magnitude of the field strength increases

experimental pressure measurements. Drift tube sim- linearly with distance from the trap center. The ion

ulations obtained with ITSIM give results that differ motion in the radial ) and axial £) directions is un-

from experiments and analytical solutions by not more coupled and described by the solutions of the Mathieu

than 20%[29]. Consistency between the experiments equation[39]. The motion is either purely oscillatory
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(stable motion) or it includes a term with exponen-
tially increasing amplitude (unstable motion). In the

W.R. Plass et al./International Journal of Mass Spectrometry 228 (2003) 237-267

ion experiences, on average, a higher field strength as
its oscillation amplitude is increased. Thus, the axial

first case the ion is usually trapped, in the latter case oscillation frequency increases with oscillation ampli-

the ion leaves the trap. Whether motional stability or
instability applies is determined by the operating con-

tude for fields with superimposed higher order multi-
poles which are even and positive in sign. Conversely,

ditions and the mass-to-charge ratio of the ions. Mass it decreases with oscillation amplitude for fields with

analysis is performed by increasing the RF ampli-
tude with time, bringing the ions in the order of their
mass-to-charge ratios to working points of motional
instability (mass-selective instability scan with bound-

corresponding negative higher order multipoles. Odd
higher order multipoles do not shift the oscillation

frequency to a first approximation, because the higher
order field superposition adds to the field strength on

ary ejection) or into resonance with a supplementary one side of the center of the trap and subtracts from

AC voltage (mass-selective instability scan with reso-

the field on the other sidgl0]. The frequency shifts

nance ejection), thus ejecting them from the trap into a caused by nonlinear fields are usually small (of the or-

detector. In both modes of operation a light buffer gas,
usually helium, is employed to collisionally cool the
ion cloud before the mass scan. lon motion in linear
fields has the important property that the oscillation
frequencies and the stability of ion motion are inde-
pendent of the oscillation amplitude, viz. of the ini-

der of 1% or less). However, they can have serious con-
sequences for the operation of RF ion tr§f8-42]

Of particular importance is the amplitude-dependent
shift of the oscillation frequency caused by nonlin-
ear fields for ion ejection during the mass-selective
instability scan. (ii) For certain working points in the

tial conditions. Hence, the mass measurement dependsstability diagram, nonlinear resonances can occur in

only weakly on the position of the ions in the trap,

nonlinear ion traps, which lead to energy pickup of the

and resonance phenomena are position independent. ion from the RF field and possibly to ejection of the ion

lon traps in which there is a small proportion of
higher order fields superimposed on the linear field,

from the trap even without application of supplemen-
tary fields[40,43,44] (iii) Higher order fields cause a

i.e., fields whose magnitude increases more strongly coupling between axial and radial motion. This effect,

than linearly with distance from the center of the trap,
are commonly referred to as nonlinear tr§g3]. Their
multipole expansion includes terms with> 2. Of
practical importance are the hexapole terim=( 3),
the octopole termi(= 4), and the dodecapole term
(l = 6). Real ion traps always include nonlinear fields

however, is small during typical ion trap operation.
4.2. Fields in real ion traps

It is instructive to consider the differences between
the electric fields in ideal traps of theoretical geometry

that arise from the deviation of the electrode geometry (ro = 10 mm,zo = 7.07 mm), and those in the com-

from the ideal shape. The sign of a higher order field
term is defined as positive if it adds to the absolute
value of the quadrupole field on the axis of symmetry,
i.e., if the relative multipole weight /AR is positive,
and as negative otherwi$40].
Nonlinear fields give rise to the following effects

in RF ion traps: (i) The ion oscillation frequencies are
shifted from the value for purely linear fields. The fre-

mercial geometryrp = 10mm, zo = 7.83mm) for
Finnigan ITD and ITMS ion trap mass spectrometers.
Fig. 1 shows the relative multipole weights /A%

as a function of the ratiay/rg of the distance between
the center of the ion trap and the tips of the end-cap
electrodeszg and the inner radius of the ring elec-
troderg calculated for an ideal trap using a multipole
expansion fitting methofR9]. For the calculation, the

guency is position dependent, and the magnitude of the electrodes were truncated at a distanggc = 2.5r9

frequency shift increases with oscillation amplitude. from the trap center with the boundary conditions set
In a field whose magnitude increases more strongly such that the equipotential lines are parallel to the elec-
than linearly with distance from the trap center, the trode asymptotes. This ensures that the effect of the
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Fig. 1. Even higher order multipole weights for the Finnigan ITMS ion trap, without the effects of truncation and end-cap holes as ¢
function of zp/ro. The multipole coefficients were calculated using a multipole expansion fitting m¢29hd

truncation on the electric field in the regions of interest experimentally[16,25] This contradiction is solved

of the trap is negligible. It can be seen that increasing if additional field imperfections can be found which
the end-cap separation introduces positive higher or- necessitate the addition of positive higher order fields
der fields, whereas reducing the separation introducesby increasing the end-cap separation in order to lead
negative higher order fields. The relative octopole to a mutual compensation of the higher order fields.
weight atzo = 7.83mm is aboutA"f/AzR = 0.018; These negative higher order fields must be present in
the relative multipole weights of orders higher than the original Finnigan ion trap in the theoretical geom-
the octopole are also positive, but smaller. It seems etry zo = 7.07 mm, and cause chemical mass shifts.
plausible that the best ion trap performance can be It has been argued that the truncation of the elec-
obtained in ion traps with purely linear fields, since in trodes to finite size introduces negative higher order
this case the ion oscillation frequency is independent fields, which are then offset by increasing the end-cap
of the oscillation amplitude and ions behave similarly, electrode spacindg40]. However, calculations show
even if located at different positions. Therefore, it ap- that the truncation results in higher order fields that are
pears contradictory that chemical mass shifts would an order of magnitude too small to account for the re-
arise in the theoretical geometry with purely linear quired increase igg [45]. These calculations were re-
fields, while they would disappear in the commercial peated here for the Finnigan ITD and ITMS ion traps.
geometry with its nonlinear fields, as was observed The geometry used for these field calculations, and
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Fig. 2. Scheme of the Finnigan ITD and ITMS ion trap electrodes and the quadrupolar potential distribution, showing the effect of the
holes in the end-cap electrodes and the electrode truncation.

the potential distribution in the quadrupolar mode are vicinity of the end-cap holes. Laser tomography ex-
shown inFig. 2 It was found that the truncation ef- periments conducted by Cleven et[dl7] indicate that
fects are negligible compared to the effects of increas- there is a correlation between the size of the perfora-
ing the end-cap separation. Similarly, possible machin- tions in the end-caps and the chemical mass shift. This
ing errors have been found to be too small. Random constitutes experimental evidence that the perforations
variations in the electrode shape and mounting cannotare a major reason for field faults in quadrupole traps.
account for the chemical mass shifts, since chemical A quantitative investigation of the effects of the
mass shifts measured on different Finnigan ion trap end-cap holes and the end-cap separation on the elec-
mass spectrometers have similar val{2%23,46] tric field is given inFig. 3 for an ITMS ion trap in

A source of negative higher order fields is the holes the theoretical and in the commercial geometry with a
in the end-cap electrodes. In Finnigan ITD and ITMS hole with a diameter of 1.2 mm in each end-cap. Here,
ion traps, they have a diameter of 1.2 mm; one hole is the six additional holes in the exit end-cap have been
located at the tip of each end-cap, and the exit end-capomitted for simplicity. During the mass-selective in-
electrode has six additional holes that are arranged onstability scan the ions do not move far from the axis of
a circle around the central hole.lig. 2, itcan be seen  symmetry, provided they have initially been cooled to
that the equipotential lines penetrate into the end-cap central positions in the ion trap, and they are ejected
holes, thus decreasing the electric field strength in the in the axial direction. Therefore, it is sufficient to
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Fig. 3. (a) Axial electric field and (b) nonlinear contribution to the axial electric field on the axis of symmetry in the Finnigan ITMS ion
trap in the theoretical geometryo(= 7.07 mm) with one hole in each end-cap and in the commercial geomgte .83 mm) with one

hole in each end-cap. Up to= +z¢ the analytical approximation for the theoretical geometry (dotted curve) almost coincides with the
numerical solution.
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consider the axial component of the electric field on imum shifted towards higher excitation frequencies
the axis of symmetry. To allow a quantitative compar- [41]. This is the expected shape of the resonance
ison of the two geometries, the axial dimension and curve for an ion trap with a superposition of positive
the field strength have been normalized independently, higher order fields.
correcting for the different field strengths caused by  Also shown inFig. 3is an analytical approximation
the difference in the end-cap distance. Frbig. 3a for the electric field (dotted line). This approximation
it can be seen that the axial field strength increasesis similar, but not identical, to the multipole expan-
nearly linearly with the distance from the center of the sion commonly used for quadrupole ion traps. Small
trap. For ideal traps the field strength would increase details in the trap geometry cannot be modeled well
linearly to the end-caps, and then it would abruptly using the multipole expansion approach. In particular,
go to zero. The effect of the end-cap holes is that the the perforations in the end-cap electrodes cannot be
electric field strength drops off slowly in the vicin- approximated well by a global multipole expansion.
ity of the end-cap electrodes. Simulations show that The diameter of the holes is an order of magnitude
ions are ejected from the trap when they reach the smaller than the end-cap separation, hence the devia-
axial position at which the field strength starts to de- tions of the electric potential from the ideal quadratic
cline, whereas in purely linear fields the ions are only potential caused by the holes show a strong depen-
lost when their motion takes them outside the trap- dence on the distance from the trap center (of the order
ping volume. The end-cap holes result in a gradual, of 222), corresponding to a high multipole order, while
curved drop-off in field strength which corresponds the symmetry of the end-cap hole arrangement calls
to contributions from negative higher order field com- for a quadrupole term only. A consequence of this is
ponents. In the commercial geometry the normalized that the end-cap holes make only a small contribution
field strength near the end-cap holes is higher than in to the low order terms in the multipole expansion and
the theoretical geometry. are “hidden” in a large number of high-order terms.
This is shown more clearly ifrig. 3h in which It is possible that for this reason the contribution of
the linear contributions to the electric field have been the end-cap holes to the electric field in the trap was
subtracted and only the nonlinear axial electric field is previously overlooked in studies of the electric field
given. In the theoretical geometry with end-cap holes, in RF ion trapg45]. However, because the ions have
the nonlinear fields are negative. In the commercial to pass through the end-cap holes during ejection, and
geometry with end-cap holes, the nonlinear fields are since the electric field strength in that region goes from
positive for positions up to approximatety= 0.8z, its maximum value to zero, the end-cap holes have
but become negative close to the end-cap electrodes.an important effect on the ion motion. Since during
It is not possible to exactly compensate for the field normal operation of the RF ion trap the ions are con-
imperfections in the vicinity of the end-cap holes by fined to positions on or close to the symmetry axis,
increasing the end-cap separation, because the higheit is feasible for many problems not to seek the exact
order fields introduced by both methods vary dif- multipole expansion for the whole inner volume of the
ferently with distance. The increase in the end-cap ion trap, but rather to approximate the electric field
separation can, therefore, only cause an effective on the axis only. Using such an approximation, only
compensation in the sense that the effects of the end-a small number of multipole terms, one of which is
cap holes on the ion motion are minimized, and not approximately of order 22, are necessary to describe
that purely linear fields are created. The observation the electric potential. For the case shownFig. 3,
that the nonlinear fields in the central regions of the the expansion was chosen to include three terms: a
trap are positive is supported by resonance excitation quadrupole term was chosen to be identical with the
experiments in Finnigan ITMS ion traps, which show quadrupole term of the exact multipole expansion,
that the resonance curve is asymmetric, with the max- a second term is used to approximate the potential
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deviations in the vicinity of the end-cap holes, and without end-cap holes. The ejection profile is ap-
a third term to match the potential in the intermedi- proximately exponential; rapid ejection of the ion is
ate region. The expansion coefficients were obtained achievedFig. 4bincludes the field imperfections due
by manually fitting them to the numerically calculated to the end-cap holes. Here, the ion motion shows a
field values. It was found that on the axis of symme- significant delay in ion ejection, during which the ion
try the axial electric field in the trap in the theoreti- oscillates with very large amplitudes. This motion is
cal geometry with end-cap holes can be approximated very similar to the ejection delay found by Franzen
closely by a superposition ME*/AR = —0.025 (do- for an ion trap with a negative octopole superposition
decapole) and&?z/AR = —40 (44-pole). On the axis, [49], and it can be explained similarly: after the onset
the numerically calculated field and the analytical ap- of instability, when the ion secular frequency reaches
proximation almost coincide except for axial positions half the RF frequency, the ion increases its oscillation
larger thargy, where the ions are no longer trapped in amplitude by energy uptake from the RF field. Simul-
any case. The analytical approximation illustrates that taneously with the amplitude increase, its frequency
no perfect mutual compensation of the field imperfec- is shifted to lower values due to the sub-linear fields
tions caused by the end-cap holes and the commercialcaused by the end-cap holes. As soon as the oscilla-
geometry is possible: while increasimag introduces tion frequency is shifted to values below half the RF
primarily an octopole term, the end-cap holes give rise frequency, the ion motion is stable and the increase in
to the equivalent of a dodecapole and a 44-pole term oscillation amplitude stops. The ion is, hence, locked
on the axis of symmetry. between instability in central regions of the ion trap,
The investigation of the electric field in the trap and stability in outer regions. It maintains a secular
undertaken here for the Finnigan ITD and ITMS ion frequency equal to half of the RF frequency. As the

traps should be valid also for Finnigan GCQ and LCQ
ion traps and Bruker ESQUIRE ion traps. The Finni-
gan GCQ and LCQ use hyperbolic electrodes that
have been shaped according to thefry] to create

a quadrupolar field for an inner ring electrode radius
ro = 7.07mm and a center—end-cap distange=
7.07 mm. However, as in the Finnigan ITD and ITMS,
the center—end-cap distance actually usedgis=
7.83mm[16,48] Calculations show that this geom-
etry gives rise to approximately the same higher or-
der field contributions as the Finnigan ITD and ITMS
geometry[29]. Similarly, Bruker ESQUIRE ion traps
have been designed to include a similar octopole con-
tribution as the Finnigan ITD and ITM$0], how-
ever using a modified hyperbolic angle rather than an
increase in the end-cap separatjaf].

4.3. Ejection delay and chemical mass shifts

Simulations of the axial ion motion during the
mass-selective instability scan with boundary ejec-
tion are shown irFig. 4. Fig. 4ashows the ejection
profile for a trap with the theoretical geometry and

RF amplitude is increased, the ion follows an ejection
profile with slowly increasing amplitude, until the RF
voltage has been increased sufficiently for the ion to
reach an oscillation amplitude corresponding to an
axial position where the absolute value of the elec-
tric field strength decreases with increasing distance
from the trap center and the ion is no longer trapped.
Following an argument by Franzgd49], in the case

of a trap with a negative octopole superposition, the
frequency shift is proportional to the square of the
oscillation amplitude. The frequency increase due to
the scanning of the RF voltage is roughly proportional
to the RF amplitude, and hence to time. The require-
ment to keep the ion secular frequency constant at the
boundary, therefore, leads to an increase of the oscil-
lation amplitude approximately with the square-root
of the scan time for linear RF scans. In the case of
field faults caused by end-cap holes, the oscillation
amplitude increases with a higher root because of the
stronger dependence of the field strength on posi-
tion. The sub-structure of the ejection profile, viz. the
modulation of the oscillation amplitude reminiscent
of a beat motion, is the result of the fact that the ion
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Fig. 4. Simulated ejection profile for boundary ejection of a singly charged ion of mass 100u in an RF trap with the Finnigan ITMS
geometry. The scan rate is 5 Th/ms, the RF frequency is 1 MHz. (a) In the theoretical geammetry.07 mm) without end-cap holes. (b)

In the theoretical geometryd = 7.07 mm) with one hole in each end-cap electrode. (c) In the theoretical geomgtey .07 mm) with

one hole in each end-cap electrode, with elastic collisions with the helium buffer gas. (d) In the commercial gegmeti#/8@ mm)

with one hole in each end-cap electrode.
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will usually not start the ejection process with the
right amplitude for a constant oscillation frequency
[49]. It may be located either too close to the center
of the trap or to far from the center of the trap. It will,
therefore, either rapidly increase its oscillation am-
plitude or be pushed back. In either case, the motion

249

lisions are modeled. The viscous drag model used by
Sudakov and Cai et al. continuously removes energy
from the ion motion, and thus does not reproduce the
oscillation phase shifts required for sudden changes in
the oscillation amplitude, which are responsible for the
ejection by elastic collisions. Therefore, the viscous

overshoots and subsequently the oscillation amplitude drag model is valid only under conditions where the

oscillates around the condition for a constant oscil-
lation frequency. In the following, the term ejection
delay will be used to refer to the peculiar motion
shown inFig. 4h i.e., to the time interval between
onset of motional instability in the center of the trap
and ion ejection, rather than to a difference in the
ion ejection times caused by changing instrumental
parameters such as the scan rate.

It should be noted that this ejection delay occurs for
allions, regardless of their mass or chemical structure.

collision frequency is large compared to the frequency
of the trapping field. Thus, it can give correct results
for the experiments of Cai et al., who investigated
large biomolecules in an audio-frequency trap, but for
the conditions found in almost all commercial RF ion
trap mass spectrometers, collisions have to be treated
individually.

An even larger shift in ejection time can arise
from inelastic collisions during the ejection delay.
The hypothesis that dissociation could play a role

A simple calibration would remove the shift in ap- in the chemical mass shift was first suggested for
parent mass caused by the ejection delay, except thain-butylbenzene by Londry et d53]. While for most
the delay is compound-depend due to ion—buffer gas of the RF scan the ions oscillate under quasi-thermal
collisions. An example of the effects of such inter- conditions with small amplitudes in central regions
actions are shown ifrig. 4c Here, elastic collisions  of the ion trap, during the ejection delay their os-
are included in the simulation. Clearly, they tend to cillation amplitudes are large, and in collisions with
shorten the ejection delay. This process is analogous tohelium atoms energies in the COM system of several
RF heating due to collisions at stable working points electron volts can occur. This energy is sufficient to
[50]. Collisions change the velocity of the ion, and excite internal modes of the ion and to cause sub-
thus the oscillation phase, and hence may increase orsequent dissociation. The fragment ion is of lower
decrease its oscillation amplitude. Both cases destabi-mass than the parent ion, so its motion is imme-
lize the ion motion during the ejection delay, since the diately unstable and it is ejected quickly from the
position-dependent frequency shift moves the working trap. Therefore, fragile ions are ejected (in the form
point away from the stable oscillation condition, which  of their fragments) on average earlier than structurally
requires that the secular frequency of the ion is equal stable ionsFig. 4 shows that the mass shift associ-
to half the RF frequency. As a result, the overshooting ated with ejection delay can be as large as 200
effect described before is large, and the ion may be for ions of 100Th. This corresponds to a differ-
ejected if the overshooting takes it past the axial po- ence in mass-to-charge ratio of 1 Th, which is of the
sition of maximum field strength. In the presence of magnitude of the chemical mass shifts observed in
a buffer gas, ions with larger collision cross-sections experiments.

will tend to be ejected earlier than ions with smaller
collision cross-sections.

The effects of elastic collisions on the ion motion
shown here differ from those in the work of Sudakov
[51] and Cai et al[52], who report that collisions in-

An example of the ejection process in a trap in the
commercial geometry is shown Fig. 4d Since the
increase ingyg has removed the negative higher order
fields in the inner regions of the ion trap, the ion is
ejected rapidly without delay. Thus, the stretchzin

crease the ejection delay caused by negative higher or-has compensated for the effects of the field imper-

der fields. This difference is caused by the way the col-

fections caused by the end-cap holes, although the
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higher order multipole terms do not compensate each first sideband frequency (during ion ejection). How-
other exactly. ever, the overall effect is the same, in particular the
Because of the overshooting effect discussed ear- prolonged ejection delay in the theoretical geometry
lier, the length of the ejection delay in the absence of with end-cap holes, the effect of collisions during the
collisions depends strongly on the starting oscillation ejection delay, and the removal of the delay in the com-
amplitude and phase. This is evident from the results mercial geometry. For resonance ejection, the onset of
of simulations of the ejection process with different the increase in oscillation amplitude is more gradual
starting amplitude$29]. When the initial amplitude  and longer than for boundary ejection. This is caused
is too small, the energy uptake after the onset of in- by the finite width of the resonance curve. During the
stability overshoots, causing a large modulation of initial part of the energy uptake, where the oscillation
the oscillation amplitude, and hence a short ejection amplitude increases only slowly, elastic collisions are
delay. When little overshooting occurs long ejection not very effective in ejecting the ion from the trap, in
delays are observed. For even larger initial oscillation particular if the working point for resonance ejection
amplitudes, the overshooting, and hence the modu-is located far from the stability boundary. However,
lation of the oscillation amplitude increases again, very fragile ions may dissociate in collisions even at
and the ejection delay is reduced. Note that the early these oscillation amplitudes. Therefore, larger chemi-
ejection because of large oscillation amplitudes has cal mass shifts will be observed for easily dissociating
not been reported previously. An important conse- ions for the mass-selective instability scan with res-
qguence of this variation in the length of the ejection onance ejection than without resonance ejection, and
delay is degradation in mass resolution in addition chemical mass shifts caused by elastic collisions will
to poor mass measurement accuracy. Also, the massbe smaller for resonance ejection than for boundary
resolution and the peak shapes depend on the initial ejection. Experimental evidence for this is given by
conditions, viz. on the size of the ion cloud at the Wells et al.[23] and Li et al.[54]. It also explains
beginning of motional instability. why small chemical mass shifts were reported by
The ejection delay is due to an oscillation-amplitude Murphy and Yost[20] for very fragile ions for res-
dependent shift of the ion oscillation frequency onance ejection even in ion traps in the commercial
relative to the frequency required for ejection. For geometry, while no shift was observed for boundary
boundary ejection, this critical frequency is the secular ejection.
frequency at the boundary of the stability diagram. The
same frequency argument applies to the mass-selectivet-4- Mass dependence of chemical mass shifts
instability scan with resonance ejection. In this case
the critical frequency is the frequency of the reso- i - : . )
nance voltage. Therefore, the same ejection delaytere.St thhout consideration of the dgtaﬂg of the ion
phenomenon should arise for resonance ejection, evenr_nOtlon itself, the effect of the ”ega“"e hlgher order
though the ejection mechanisms for boundary ejection fields cah be thou.ght of a§ ar,' increasy’ in the )
and resonance ejection are different. This is illustrated RF amplitude reqwrgd to g!ect ions that havg experi-
in Fig. 5. The conditions for the simulations are the enced the onset of instability at an RF amplitude

same as ifFig. 4 except that a resonance voltage is The RF amphtude at the time of ion ejection W|Illbe
applied at a frequency correspondinggto= 0.897. V 4+ AV. Since the strength of the quadrupolar field

The resonance ejection profiles differ from the bound- and the higher order field contributions both scale lin-
ary ejection profiles by the additional beat between early with the applied RF amplitude, it follows that the

the resonance excitation frequency and the secular ionvr(])Itage dlﬁefrgncex¥ is proportional to the voltage at
frequency (at the beginning of the energy uptake) and the onset of instability/
the beat between the secular ion frequency and the AV « V 4)

If only the duration of the ejection delay is of in-
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Fig. 5. Simulated ejection profile for resonance ejection of a singly charged ion of mass 100u in an RF trap with the Finnigan ITMS
geometry. The scan rate is 5 Th/ms, the RF frequency is 1 MHz, the resonance frequency 450 kHz and the amplitude 3V (end-cap—end-c:
(a) In the theoretical geometryo= 7.07 mm) without end-cap holes. (b) In the theoretical geomeisy=( 7.07 mm) with one hole in

each end-cap electrode. (c) In the theoretical geometry=(7.07 mm) with one hole in each end-cap electrode, with elastic collisions
with the helium buffer gas. (d) In the commercial geometry £ 7.83 mm) with one hole in each end-cap electrode.
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For the mass-selective instability scan, the mass-to- fore, proportional toAV
charge ratio of an ejected ion is proportional to the RF
amplitude. Substitutingeg. (1) into Eq. (4) one has
for a fixed ejection point,

AV = AAt (6)

where At is the duration of the maximum ejection
[A (ﬁ)] - m (5) delay. The duration of the ejection delay, thus increases
e/dmax e with decreasing scan rate

where (/e) is the true mass-to-charge ratio of the
ion and A(m/e)]max the shift in apparent mass-to-
charge-ratio caused by the ejection delay in the ab- However, the shift in mass attributed to the ejection

sence of ion—neutral interactions. In the foIIowing, de|ay stays constant, because according to the mass

[A(mVe)]max Will be referred to as the maximum ejec-  analysisEq. (1)the mass conversion also scales with
tion delay in order to differentiate it from the shorter scan rate

ejection delay observed in the presence of ion—neutral m i
interactions. It should be noted, however, that the du- [A (;)] X AAt o A x A" = constant (8)
ration of the ejection delay also depends on the spatial
and velocity distribution of the ions at the onset of in-
stability. Therefore, A (m/e)lmax should be interpreted

as an average value for a typical ion ensemble. The
relation (7) holds for all ions, regardless of their chem-
ical structure. Thus, the mass shift is not observable
in the absence of ion—neutral interactions, provided
an appropriate mass calibration is used. Because of
different collisional behavior of different ion species,

a part of the maximum ejection delax(m/e)]max ap-
pears as chemical mass shity. (5)also holds for the
chemical mass shift between two different ion species,
provided that a constant fraction of the maximum
ejection delay is converted to actual chemical mass
shift. This approximation ignores the fact that with
increasing ion mass, the collisions with the buffer gas
become less effective, and that higher internal ener-
gies are required for dissociation. On the other hand,
with increasing mass, the kinetic energy of the ions in-
creases. Also, the absolute duration of the ejection de-
lay increases, leaving more time for collisions. These
effects can be expected to cancel out approximately.

Arox AL (7

The maximum mass shift that all ions undergo simul-
taneously in the absence of collisions is, therefore, in-
dependent of the scan rate. However, the duration of
the ejection delay increases with decreasing scan rate.
After a large number of collisions, any ion will be
ejected from the trap regardless of its chemical struc-
ture. Since the corresponding mass interval decreases
with decreasing scan rate, the chemical mass shift will
decrease also.

5. Quantitative results

5.1. Pressure dependence and compound
dependence

The ejection times and peak shapes for three
different ion species, the 131u fragment ion of
PFTBA, the 134 u isotope of xenon, and the molec-
ular ion of n-butylbenzene, were measured using the
mass-selective instability scan with boundary ejection
in the Finnigan ITMS in the theoretical geometry
4.5. Scan rate dependence of chemical mass shifts for different helium buffer gas pressures. These ions

were chosen because they are close in mass, and thus

At a fixed scan rate, the RF amplitude is propor- allow the focus to fall on their structural differences.
tional to the scan time. Following the discussion inthe PFTBA is a common calibration compound. Xenon
previous section, the timAt required to increase the  was chosen because it is an atom, and thus not subject
RF amplitude by the additional amountV to com- to dissociation, and because it has a smaller collision
pensate for the negative higher order fields is, there- cross-section than organic ionsButylbenzene is a
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common thermometer ion used for gauging internal must be approximately twice the pressure increase
energies and for investigating dissociation. for PFTBA in order to give rise to the same changes
The measured peak shapes for the 131 u fragmentin the peak shapes. This is because the collision
of PFTBA for three different helium buffer gas pres- cross-section of xenon is about half as large as the
sures are shown ifrig. 6a At the low pressure of  collision cross-section of the 131 u fragment ion of
0.056 mTorr, the peak is shifted to later ejection by PFTBA[29]. The corresponding simulation confirms
about 2 Th and split into four sub-peaks, the last two that the difference in the pressure dependence between
of which are the most abundant. At this pressure, the PFTBA and xenon is indeed due to the difference in
ejection process can hardly be influenced by collisions the collision cross-sections.
and the peak shapes are determined by the nonlinear The measured mass peaks of the molecular ion of
fields alone. With increasing pressure the sub-peaks n-butylbenzene (134 u) at 0.056 mTorr are also very
corresponding to the highest apparent mass decreaseimilar to the cases of PFTBA and xenon. However,
in abundance, the peak is shifted to earlier ejection, a small portion of then-butylbenzene ions are ejected
and the peak splitting disappears. This is consistent earlier, starting at an apparent mass-to-charge ratio of
with the proposed model for the chemical mass shift: 134.5 Th. As the pressure is increased, this effect be-
without collisions a prolonged ejection delay occurs, comes much more pronounced. Thdoutylbenzene
and as the number of collisions is increased, the ions peaks are shifted much closer to the theoretical
are all ejected earlier. However, even at a helium pres- mass-to-charge ratio than either the PFTBA or the
sure of 0.83mTorr the ions are still ejected late by xenon peaks. Calculations show that the difference in
about 1 Th. collision cross-section between PFTBA and xenon is
The measurements can be compared with the sim- much larger than between PFTBA amdbutylbenzene
ulations shown inFig. 6h As discussed earlier, the [29]. Thus, elastic collisions cannot account for the
center—end-cap spacing chosen for the comparisondifferences in the pressure dependence. Dissociation
was zop = 6.8mm, and the simulated pressures are of the molecular ion ofi-butylbenzene was shown to
lower by a factor of two than the experimental value. be the cause by a comparison of the experimental re-
Using these adjustments, excellent agreement with sults with the simulations. Inelastic collisions and dis-
the experiment is obtained. It should be noted that sociation of the molecular ion @fbutylbenzene were
the peaks belong to one ion species only and that included in these simulations. The average internal
the peak splitting and the peak shift are thus caused energy up-step efficiency far-butylbenzene/helium
by the small field imperfections and the collisions collisions was chosen as 0.4. This value is consistent
only. The simulations exactly reproduce these effects. with values reported for the conversion efficiency mea-
The agreement between simulations and experimentssured in CID experiments amalkylbenzene$55].
shows that the peak splitting observed is a conse- So far, only shifts of ions of the same species with
guence of the ejection delay, and thus establishes thechanges in the buffer gas pressure relative to the case
existence of the ejection delay predicted by Franzen without collisions has been investigated. However,
[49] for quadrupolar fields with a negative octopole since these shifts are of different magnitude for dif-
superposition and our earlier simulations for a hyper- ferent ion species, there will also be a chemical mass
bolic trap in the theoretical geometry with end-cap shift between different ion species for fixed operating
holes[22]. The agreement is, thus, a very good in- conditions. The magnitude of these shifts depends on
dication of the correctness of the proposed chemical the buffer gas pressure and is maximized for rela-
mass shift model. tively large pressures. The shifts can be large enough
The general change in the peak shapes of theto separate the peaks of ions of the same nominal
134 u xenon isotope with an increase in pressure is mass, as shown iRig. 7a(mass-selective instability
the same as for PFTBA, but the pressure increasescan with boundary ejection in the Finnigan ITMS
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of the theoretical geometry) for the molecular ion are shown inFig. 9 and compared with the corre-
of n-butylbenzene (134u) and the 134 u isotope of sponding simulations afp = 7.2, 7.5, and 8.0 mm.
xenon. It must be emphasized that the peak separa-As the center—end-cap spacing is increased, the peak
tion occurs because of the chemical structure, not splitting disappears, even at low helium buffer gas
because of a mass difference—the exact mass ofpressures, and the peaks become narrower. Also, the
n-butylbenzene is 134.110 u, but it appears at a lower peak center is moved closer to the expected mass. For
apparent mass than the xenon isotope, which has thecenter—end-cap separations of 7.83 mm and larger, the
exact mass 133.905u. As comparison and validation, peak center does not shift with the buffer gas pres-
the corresponding simulation is givenkig. 7h sure, indicating that the chemical mass shift disappears
The effect of pressure on the positions of the peaks for these center—end-cap separations. This is consis-
for the 131 u fragmention of PFTBA, the 134 uisotope tent with the proposed model, since the increase in the
of xenon, and the molecular ion pfbutylbenzene are  end-cap separation compensates for the effect of the
given inFig. 8ain the form of plots of the relative ap-  end-cap hole field imperfections, and thus removes the
parent mass, viz. the apparent mass scaled with the the-ejection delay. Aty = 7.83 mm, the peaks still show
oretically expected mass. As already discussed, the iona tailing to higher masses, while a8 = 8.2 mm the
ejection point is shifted to earlier times with increasing peaks show a tailing to lower mass. Hence, the op-
pressure. The small deviation at very low pressures in timum zy for the mass-selective instability scan lies
the case of xenon is probably due to insufficient cool- between these two values. The simulations exactly re-
ing after the isolation step, so that the ion cloud sizes produce these effects, except that the chemical mass
at very low pressure were not the same as at other pres-shifts disappear aig = 7.5 mm and the optimum in
sures. A larger size of the ion cloud results in fewer peak shape lies betweeg = 7.5 and 8.0 mm.
ions being ejected late, as discussed earlier. While the The measured peaksat= 7.83 and 8.2 mm have
effect of elastic collisions on the peak shapes is very approximately the same width. The change in the peak
important in that it removes peak splittingi¢. ©), shapes and peak widths with at smaller values of
the shifts observed between different non-fragmenting z, i.e., the difference betwedfig. 6 (zo = 7.07 mm)
ion species are relatively small. Even for the factor andFig. 9 (zo = 7.5mm), is much greater. This may
of two difference in collision cross-section between be in part due to the fact that the relative octopole
xenon and the 131 u fragment ion of PFTBA, the dif- weight introduced by the increase in end-cap sepa-
ference in relative apparent mass is only about 0.002, ration increases less strongly with increasimgand
corresponding to a chemical mass shift of 0.2—-0.3 Th. eventually levels off fig. 1). However, the obser-
Therefore, chemical mass shifts between organic ions vation is in contradiction with measurements made
of similar size due to elastic collisions must be very by Gill et al. [25] which showed a minimum for the
small. Large chemical mass shifts arise as a result of peak widths for the 131 u fragment ion of PFTBA and
dissociation for the molecular ion ofbutylbenzene; the molecular ion of nitrobenzene fag = 7.7 mm.
its relative apparent mass differs from the 131u When increasing or decreasirg, the peak width
fragment of PFTBA by 0.0065 at higher pressures, increased; atgp = 7.55 and 7.85 mm the peak widths
corresponding to a chemical mass shift of 0.8—0.9 Th. were approximately twice as large as the minimum.
Simulations Fig. 8b confirm these experimental The discrepancy could perhaps be explained by space

results. charge effects. While the experiments presented here
used very low ion abundances and care was taken to
5.2. Geometry dependence keep the ion abundance constant, no such measures

were taken in the earlier work. It is probable that a
The boundary ejection peak shapes of PFTBA for much greater ion abundance was used in their work,
center—end-cap spacings = 7.5, 7.83, and 8.2mm  giving rise to a significantly wider ion cloud, which
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in turn leads to a much more pronounced effect of the but space charge effects were not included in the
positive higher order field effects of mass resolution. simulations.

This appears particularly likely since the simula- A summary of the measured and simulated depen-
tions shown here support the measured peak shapesdence of the relative apparent masszgiis given for
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all three investigated ion specieshig. 10 At zg = and this difference is due to the ejection delay. The ap-

7.07 mm (experiment) angh = 6.8 mm (simulation), parent mass decreases almost linearly with increasing
in particular at low pressures, the apparent mass is zy, and so does the chemical mass shift between dif-
larger than the true mass (by a factor of 1.005-1.02) ferent compounds. The chemical mass shift disappears
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in the commercial geometry ap = 7.83 mm (exper- ion traps, which has not been included in the field
iment) andzo = 7.5 mm (simulation). It is interesting  calculations. Other influences on the ion motion that
to note that thezg value for an optimum peak shape are ignored in the simulations, such as ion—ion inter-
(vide supra) is slightly larger that thg value for actions, may play a role. It is unlikely, however, that
which the mass shift starts to vanish. For larger values specific ion—neutral collision mechanisms are of im-
of 7p, the chemical mass shift is zero, and the relative portance, since the chemical mass shifts of xenon and
apparent mass is close to the theoretically expectedn-butylbenzene, which should differ significantly in
value and does not change significantly wagh This their collisional behavior, vanish at the samevalue.
also justifies matching the simulated and measured
scan rates ajp = 8.0 mm, since there deviations in 5.3. Mass dependence
do not influence the results significantly. Apart from
the shift inzg between experiment and simulation, the  The linear dependence of the maximum ejection de-
results match very well. It should be noted that the lay on the ion mass derived iBection 4.4has been
ejection delay is visible irFig. 10 only because of  verified in simulations which are not shown here. The
the conversion to apparent massky. (1) which re- experimental validation of the linear dependence of
moves the effect of the change in (quadrupolar) field the chemical mass shift on ion mass is difficult, be-
strength caused by the change in the end-cap separacause it would require the investigation of ions that
tion. The change in ejection time because of the field differ significantly in their mass, but have identical
strength change is larger by an order of magnitude than chemical properties. However, several stud€s58]
the change because of nonlinear field effects. Thus, in have shown that the best correlation of the chemical
plots in which the uncorrected ejection time is shown, mass shifts with the ease of fragmentation of the in-
the ejection delay is hidden and the ejection time de- vestigated ions is found if the relative chemical mass
creases with increasing end-cap separagiaai. shift A(m/e)/(nVe) is considered, which corrects for
The difference in thep value required to get the the mass dependence. In addition, published values
same results in the experiment and in the simulations [22] of chemical mass shifts show that the maximum
could be explained by deviations between the real and shifts observed in the Finnigan ITMS in the theoretical
the modeled geometry. The error associated with the geometry is approximately(m/e) = 0.0065fne),
measurement of the center—end-cap separation is be-and hence increase linearly with mass. This maximum
lieved to be less than 0.1 mm, and thus smaller than shift occurs for ions that are sufficiently fragile to dis-
the shift of 0.3 mm. Also, independent measurements sociate already at the beginning of the ejection delay.
at Finnigan show that chemical mass shifts are still

present atg = 7.58 mm, while they disappear af = 5.4. Scan rate dependence
7.83mm [16]. This is consistent with the measure-
ments given here. The measurement is, therefore, The chemical mass shifts of the molecular ion of

probably not at fault. Additional errors could arise nitrobenzene were measured in the Finnigan ITMS as
from possible deviations of the electrodes from the hy- a function of the scan rate attenuation factor using a
perbolic shape and from different end-cap hole diam- custom RF-DAC attenuator circujb9]. The results
eters and hole shapes. The field faults introduced by are in accordance with the predictioBgction 4.%:

the end-cap holes approximately scale with the cube for a constant pressure, the chemical mass shift de-
of the hole diametej56]. Hence, small differences in  creases slowly with decreasing scan rate. While the
the end-cap hole size and shape have a strong impacimaximum ejection delay, measured in mass units, is
on the ion motion and on the chemical mass shift. It independent of the scan rate, the longer duration—in
is also possible that penetration of electric fields, e.g., time units—allows for more collisions to occur over
from the ion source and the detector, occurs in real the same mass interval. As the scan rate is increased,
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both the nitrobenzene ions and the PFTBA calibrant ter in the theoretical geometry were to both lower and
ions are ejected earlier in the ejection delay, reducing to higher apparent mass, depending on the ion species

the chemical mass shift. [16]. In particular, the molecular ions of pyrene, an-
thracene and the 223 u fragment ion of hexachlorobu-
5.5. Shifts to higher apparent mass tadiene were reported to have chemical mass shifts

between 0.5 and 0.7 Th to higher apparent mass. These

So far it has been shown that chemical mass shifts ions are relatively stable to fragmentation and do not
can be large for fragile ions. Chemical mass shifts be- have significantly smaller collision cross-sections than
cause of elastic scattering are small and can probablythe calibrant ions. A possible explanation is that the
be neglected except for ions of very different colli- calibrant ions, fragment ions of PFTBA, themselves
sion cross-sections. Assuming that the calibrant ions were subject to dissociation during the ejection delay,
are structurally stable and do not dissociate during the and that, relative to the calibrant ions, the mentioned
ejection delay, only chemical mass shifts to lower ap- ions were assigned a shift to higher apparent mass.
parent mass—relative to the calibrantions—can occur.  To test this hypothesis, the chemical mass shifts of
Using the definition given earlier, they are positive.  the ions mentioned were measured in the Finnigan

However, the mass shift measurements observed GCQ mass spectrometer in the theoretical geometry.
during the development of the mass-selective instabil- The instrument was calibrated using the 69, 100, and
ity scan at Finnigan using an ion trap mass spectrome- 131 u fragment ions of PFTBA. The results are shown
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Fig. 11. Chemical mass shift of high mass PFTBA fragment ions and other organic ions relative to the 69, 100, and 131 u fragment ior
of PFTBA measured using boundary ejection in the Finnigan GCQ ion trapzyith 7.07 mm.
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in Fig. 11 From the data, it is clear that relative to similar masses are typically small, the change in ejec-
the low mass ions of PFTBA the investigated high tion delay is similar for ions of similar mass, so elastic
mass ions of the same compound show large chemicalcollisions can give rise to only very small chemical
mass shifts, even taking into account the fact that ex- mass shifts. Large chemical mass shifts are caused by
trapolation of the calibration line from the mass range the dissociation of polyatomic ions during the ejec-
69-131 u to a mass of 500 u may be questionable. Ontion delay. Introduction of a small amount of positive
average, the shift of the investigated high mass PFTBA higher order fields can offset the effect of the field im-
fragment ions increases with mass. It can thus be as-perfections and remove the ejection delay for all ions,
sumed that these ions do indeed undergo fragmenta-and hence the chemical mass shift. The dependence
tion during the ejection delay. Care should be taken on the operating conditions (trap geometry, pressure,
when using these ions as calibrant ions. Whether dis- ion mass and chemical properties of the ions) and ad-
sociation of the high-mass PFTBA ions occurs to a ditional effects connected with chemical mass shifts
small extent even in the commercial geometry has not (shifts to higher apparent mass, differences between
been investigated. boundary ejection, and resonance ejection) are all ex-
Relative to the low mass fragment ions of PFTBA, plained in this work.

anthracene and the 223u fragment ion of hex- lon traps are usually designed to exclude chemical
achlorobutadiene do not exhibit a substantial mass mass shifts. However, chemical mass shifts could also
shift. Why the molecular ion of pyrene shows a small be of advantage. Since ions can be separated based on
negative chemical shift, i.e., a shift to higher appar- their shifts, even isomeric ions can be distinguished
ent mass, even in these measurements, is currently[60]. By proper choice of the operating conditions
not understood. Particularly instructive is the case of chemical mass shifts can be enhanced or switched
the molecular ion of hexachlorobutadiene, which had off, and provided two peaks are resolved they can
been reported to exhibit no mass sHit6]. Here it be separated by an arbitrarily large time using an
is shown to shift by about 0.5Th to lower apparent appropriate scan functioi1]. A further application
mass, while its fragment ion of 223 u does not shift. of chemical mass shifts might be the investigation or
Thus, the same mass shift between the molecular ion measurement of chemical properties of ions that are
of hexachlorobutadiene and its 223 u fragment ion is related with their ease of dissociation, such as internal
obtained as the one reported by Syka, but here it is energy transfer characteristics, as indicated here, or
attributed to the molecular ion, which is more likely substituent effectf7].
to undergo fragmentation. The quantitative investigation of the nonlinear fields

in the hyperbolic ion trap that has been presented here

should be useful in the design of RF traps, including
6. Conclusions variant geometries such cylindrical trajgR] and lin-

ear trapg63]. It has been shown that in the inner re-

Chemical mass shifts which can arise in ion traps gions of commercial ion traps positive nonlinear fields

with non-optimized geometry have been examined. are present, while in the outer regions on the axis of
They are shown to be caused by a prolonged de- symmetry negative nonlinear fields dominate. These
lay in ion ejection due to field imperfections in the two regimes are caused (i) by the field imperfections
vicinity of the end-cap holes, which is modified in a introduced by the end-cap holes and to a lesser degree
compound-dependent fashion by collisions of the ions perhaps by other imperfections, such as the truncation
with the buffer gas. Elastic collisions shorten the ejec- of the electrodes, and (ii) intentional changes in the
tion delay for all ions and remove the characteristic trap geometry such as an increased end-cap electrode
peak splitting caused by nonlinear field components. separation or a modified hyperbolic angle. The present
Since differences in collision cross-sections for ions of findings of a compensation of negative and positive
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higher order fields in the optimum trap geometry stand ion traps. Two points should be emphasized: (i) For
in contrast to the widespread opinion that a substan- the first time has it been shown that physico-chemical
tial amount of positive higher order fields are advan- properties of ions in the RF ion trap can be modeled
tageous for the mass-selective instability scan. While accurately, beyond the point charge approximation and
positive higher order fields can sharpen the ejection simple collision models. Thus, it should also be possi-
process for an individual ion, they also introduce an ble to investigate—in addition to mass resolution and
oscillation amplitude dependence of the ejection time mass measurement accuracy—important applications,
which increases the time-span over which a group of such as the collision-induced dissociation of ions in
ions of the same mass-to-charge ratio is ejected, giv- the RF ion trap. (ii) It has been demonstrated that peak
ing rise to broader peaks. Further simulations show shapes of mass spectra can be predicted and repro-
that for the mass-selective instability scan with bound- duced accurately in ion trap simulations. Previously
ary ejection best results are obtained in purely linear ion trap simulations had mostly concentrated on the
fields, and that higher order fields of both signs are investigation of individual ion trajectories that cannot
detrimental[29]. be compared easily with experiments. However, the
Since the higher order fields caused by the end-captypes of simulations of peak shapes shown here can
holes and the increase in the end-cap separation orbe compared directly with the mass spectra acquired
the modified hyperbolic angle are not of the same or- in any RF ion trap mass spectrometer. This makes it
der, they cannot be used for perfect mutual compensa-possible to explore unexplained effects by a simple
tion; only approximate compensation of their effects comparison of simulation and experiment.
is possible. An RF ion trap mass spectrometer with
a geometry that corrects for the field imperfections
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