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A new method is proposed for determining ion mobility by use of a RF-only quadrupole equipped with a
longitudinal electrical field along its axis (RFQLEF). This method is based on measuring the transmission
threshold for the ions of interest as a function of the RF voltage and frequency. The method is based on the
analysis of the equation of the motion of ions under the RF-only quadrupolar electrical field and the friction
force due to collisions of the ions with the buffer gas molecules. The stability diagram for this equation was
found numerically by a modified matrix method. According to the stability diagram the threshold values of
the RF voltage and frequency determine the mobility coefficient for the ions of interest. Mobility coefficients
for electrosprayed ions of several substances (bradykinin 2�, gramicidin S 2� and 1�, multicharged ions of
apomyoglobin and cytochrome c) were measured and compared with literature values.# 1998 John Wiley
& Sons, Ltd.
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Vacuum RF only multipoles1 are widely used as ion guides
in mass spectrometry. As shown in Ref. 2, gas filled RF-
only multipoles at a pressure of several mTorr have
‘collisional focusing’ properties. The theory of RF-only
multipole ion guides is reviewed in Ref. 1. The theory
describing collisional focusing and energy normalizing
properties of gas-filled RF-only multipoles is reported in
Ref. 3. One disadvantage of an RF-only multipole as an ion
guide is the rejection of light-mass ions. For the vacuum
RF-only quadrupole (RFQ) this is well known as Mathieu’s
light-mass instability.4 The parameters of a vacuum RFQ at
the instability threshold are determined by Mathieu’s
criterion. In the case of a gas filled RFQ the observed
threshold5,6 differs from that for the vacuum case. The
friction of the buffer gas damps the instability and
decreases the threshold for light-mass ion rejection. In the
present paper we describe the ion motion in an RFQ taking
into account the friction force due to collisions of an ion
under investigation with buffer gas molecules, and obtain
the dependence of the RFQ threshold parameters on the
friction force, i.e. a stability diagram. Thus an ion mobility
coefficient, related to the friction force, can be obtained via
the RFQ instability threshold.

These mobility coefficients, as measured in drift spectro-
meters directly via the dependence of the ion drift time on
the electrical field strength, are of interest for many

applications such as ion chromatography, determination of
ion cross sections and ion ‘heating’ (declustering and
fragmentation) while moving through the buffer gas under
an electrical field.

The method proposed here allows determination of the
mobility coefficient� of ions by measuring their instability
threshold parameters.

THEORY

Assuming that the mean velocity of the buffer gas
molecules is zero before the collision with an ion and
equal to the velocity of the ion after collision, one can
obtain from the momentum conservation law for a time�t:

qE��t = M ��u�m� u� k� n� �t (1)
Here E is the electrical field strength;M, u, q are mass,
velocity and charge of the ion;m is the mass of the buffer
gas molecule,n the buffer gas density, andk the collisional
rate constant. Note thatk�n is the number of collisions per
unit time. In the limit�t → O we have:

du/dt� u/t = (q/M)E (2)
where t = M/(mkn) is a characteristic velocity relaxation
time. Under a constant electrical field the steady-state ion
velocity is proportional to the electrical field strength, as in
ion mobility theory:

u = �E = t(q/M)E (3)
where

� = t(q/M) (4)
is the mobility coefficient. In the case of an RF-only
quadrupole, E, is given by:

E = 2(x/R)2URFsin(!t)ÿ 2(y/R)2URFsin(!t), (5)
where! is the angular frequency andURF is the amplitude
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of the RF voltageappliedto the quadrupole rods.R is the
distance betweentheaxisof theRFQandtherods.Eqn (2)
for this casesplits in two independent equations for the x
andy directions:

d2x/dt2� dx/dt/t = q/M� 2(x/R)2URFsin(!t) (6a)

d2y/dt2� dy/dt/t = ÿq/M� 2(y/R)2URFsin(!t) (6b)
Eqn (6b) is identical to Eqn (6a) exeptfor a time shift of
half of a RF period. Substituting t* = !�t one can rewrite
Eqn (6a) as

d2x/dt*2 � dx/dt* � g = (1/2�QM)� x � sin(t*) (7)
where g = 1/(!/t) and QM = 4qURF/(M/!2 R2) is the so
called Mathieu’s parameter. Eqn (7) can have stable or
unstablesolutionsdepending on the valuesof g andQM.

In the vacuumcase(g = 0) the stability areasfor QM are
well known,4 with the first one covering the range
0<QM < 0.906. For the gas filled RFQ with g� 0 we
used the modified transfer matrix method4 to obtain the
boundaries of the stability areas.Stability conditions in
termsof the transfermatrix methodcanbe written as:

j�1, �2j � 1, (8)
where �1, �2 areeigenvaluesof the transfer matrix for one
RF period.This matrix, for particular valuesof g andQM,
wasconstructed from the valuesof (x; dx/dt*) at t* = 2p by
numerically solving Eqn (7) with the initial conditions:

t* = 0, x = 1, dx/dt* = 0 (9a)

t* = 0, x = 0, dx/dt* =1 (9b)
The boundaries of thestability area,in coordinates(g, QM),
for Eqn (7) arepresentedin Fig. 1.

The lower boundary of the first stability areais themost
interesting one for mobility measurements. In order to
determine the velocity relaxation time t we first determine
experimentally QMexp at the instability threshold. Fromthis
QMexp we thenobtaina corresponding gexp by locating the

crossingpoint of the line QM = QMexp and the boundary
curve in Fig. 1. The velocity relaxation time t is:

t = 1/(gexp!), (10)

while the mobility coefficient is:

� = t (q/M) = 1/(gexp!M/q). (11)

and is determined from Eqns (4) and (10) using the M/q
valuemeasuredby the mass spectrometer.

FromEqns(1)–(4)onecanderivethedependenceof the
mobility coefficient:

� = �0 (P0/PRFQ) (T/T0)
1/2, (12)

from the buffer gas parameters. Here �0 is the reduced
mobil i ty coefficient, PRFQ and T are pressure and
temperature of the buffer gas in the RFQ while P0 = 760
Torr andT0 = 273K arestandard pressureandtemperature.

Therearesome limitationsof theproposedmethod.One
of them arisesfrom the discretecharacterof the friction
force, while the friction force described by Eqn (1) is
correctonly if the massof the ion is much greaterthanthe
massof the buffer gas molecule, M >> m. The second
limitation is dueto the finite sizeof theRFQandthe finite
number of RF cycles the ion spendsin the RFQ. This
problemcanbepartially avoidedby modifying thestability
criterion (8) taking into account the real number(N) of RF
cycles and a reasonable estimated magnitude of the
parameterI of the instability derivation, with:

j�1
N; �2

N j< I (13)

In our RFQLEF, which features a DC longitudinal
electrical field additional to the lateral quadrupolar RF
field, ions experiencearound 20–200RF cycles,for which
casethe criterion (8) gives relatively good results. When
theion velocity becomescomparable to, or higher than,the
meanvelocity of the buffer gasmolecules, we havea so
called non-linear mobility in which case there can be
deviationsfrom the stability diagramobtained (Fig. 1).

It is interesting to comparetheapproachdescribedsofar
with the direct numerical simulation of the multipole ion
guide describedpreviously,3 which takesinto account the
randomthermal forces.This approachallows taking into
accountthe buffer gas temperature and estimationof the
ion beamradiusresultingfrom ‘collisi onal focusing’. This
algorithm allows a direct numerical solution for the ion
trajectories.A correspondingPC-based programreportedin
Ref. 7 allows specification of various parameters of the
systemi.e., ion mass,charge, initial energy and position,
RF frequencyand amplitude, dimensions of the ion guide
and, finally, the buffer gas parameters of pressure,
temperature, molecular massand flow speed.The model
wasusedfor the computation of the stability thresholdQM

asa functionof !t. Theresultingcurvewascompared with
experimental data for the stability threshold of myoglobin
ions.6 Experimental points for 5 different pressurevalues
agree well with the theoretical dependence. The cross
sectionthusobtainedfor the15� myoglobin ion is in good
agreementwith the crosssection measuredpreviously8 by
an entirely different method.The results of this model and
theapproachsuggestedin this paperarein goodagreement.
Note that the stability regionsin Fig. 1 wereconfirmedby
numericalcalculationsusing the program of Ref. 7.

At this point we would like to emphasisethat thepresent
approachallows one to considerstability conditions as a
function of simple dimensionless variables g and QM,
disregarding various inessential parametersof the system.

Figure 1.Thestabilitydiagramfor Eqn(7). (&) lowerboundaryof the
first instability region, (�) upper boundaryof the first instability
region,(�) lower boundaryof thesecondinstability region.
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EXPERIMENTA L

Experimentswereperformedusing a molecule–ion reactor
(MIR), i.e. a gas fil led RF-only quadrupole with a
superimposed longitudinal electrical field5,10. This MIR
wasconnected astheAPI interfaceto the orthogonal time-
of-flight mass spectrometer (o-TOF-MS). The quadrupole
aperture was 3.6mm, the diameterof the quadrupole rod
4 mmandthequadrupolelength 25mm.Therodsconsisted
of a number of metal rings divided by thin insulators. A
fused silica capillary with an inner diameterof 0.05mm
wasusedin the electrospray ion source.Gramicidin S and
bradykinin (Sigma) were dissolved in methanol to a
concentration of 10-6 M. The horse heart apomyoglobin
(Sigma) andcytochromec weredissolved in 80:20water/
acetonitrile with 3% of acetic acid. (Sigma, St Louis, MO,
USA).

RESULTS AND DISCUSSION

A cut off of a selectedion peakwasobservedin the mass

spectra if the amplitude of the RF-voltageURF wasvaried
at constantRF frequency nRF = !/2p. From sucha pair of
URF and nRF values one can calculate the corresponding
Mathieu’s parameter QM and t values for the ions of
interest, as described abovein the theoretical part of this
paper. In practice, the ion intensity near the instability
threshold drops sharply by several orders of magnitude
over a 1–5%variation of the RF amplitude or frequency.

The dependenceof the intensity of doubly protonated
bradykinin [M � 2H]2� on URF is presented in Fig. 2. This

Figure 2. The dependenceof the intensity of doubly charged
bradykinin ions [M � 2H]2� on the value of URF, obtained for
nRF = 500kHz, PRFQ= 0.7 Torr andT = 298K.

Figure 3. Velocity relaxationtime t valuesfor bradykinin 2� ions
calculatedfrom URF andnRF by measuringthecut off asa functionof
URF.

Figure 4. Reducedmobility coefficient �0 for singly and doubly
charged gramicidin S ions, calculated from URF and nRF by by
measuringthe cut off asa function of URF.

Figure 5. Reducedmobility coeffitient values �0 calculatedfrom
measuredt values by eqns (4) and (12) for multichargedions of
apomyoglobin(�) and cytochromec(!), dissolvedin acetonitrile
80%/water18%/aceticacid3%, asa functionof thechargenumberZ
(&). The reducedmobility coefficient valuesfor apomyoglobin(*)
aretakenfrom Ref. 9.
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curvewasconstructed from a setof mass spectrarecorded
by varyingtheRF amplitude andkeepingtheRF frequency
nRF constant. The calculated values of t for a set of
different URF values, for bradykinin [M � 2H]2� ions, are
presentedin Fig. 3. The meanvalueof t is 0.43� 0.01ms
for our experimental conditions (the pressurein the RFQ
was0.7 Torr andthe temperatureof the buffer gas298K).

We have measured valuesof t for singly and doubly
chargedgramicidin S ions [M � H]� and[M � 2H]2�, for
several frequencies and RF amplitudes. The calculated
values of �0 for different URF voltages show a weak
dependence on amplitudes and frequencies of the RF-
voltage(seeFig. 4). This may be due to an inaccuracy of
the measurementof that URF which is really appliedto the
quadrupolerods,andto a nonlinearity of the RF amplifier
used in the experiments. The mean values of �0 are
0.47� 0.02cm2/(Vs) and 0.85� 0.02cm2/(Vs) for singly
anddoubly chargedgramicidin S ions.

In Fig. 5 the �0 values of multichargedapomyoglobin
and cytochrome c ions are shown as functions of their
charge states. Thesecurves havebeenobtained by varying
the ampli tude URF of the RF-voltage while the RF-
frequency nRF was kept constant. In Fig. 5 and Table 1
we present�0 valuesmeasuredpreviously9 for comparison.
It canbeseenthatall threecurvesshowverysimilar slopes.
The shift between our result and the result of Ref. 9 for
apomyoglobin is probably due to systematic errors in
pressuremeasurements, and in slightly incorrect valuesof
the RFQ geometric parameters(quadrupole rod diameter
anddistance between the rods)usedfor the calculation.

The accuracyof the velocity relaxation time t corre-

spondsto the accuracy of gexp which improves with an
increasedQmexpi.e. an increase of the friction force in Eqn
(2). Under appropriateexperimentalconditionsthe inaccu-
racy of � can be severalpercent. The reduced mobility
coefficients �0 were calculated using Eqn(12). The
resulting values of �0 for bradykinin 2�, gramicidin S
2� and 1�, and of multicharged apomyoglobin and
cytochromec ions,asmeasuredby the instability threshold
method,areshown in Table 1.
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