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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 (bradykining, 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 multipole’sare widely used as ion guides applications such as ion chromatography, determination of
in mass spectrometry. As shown in Ref. 2, gas filled RF- ion cross sections and ion ‘heating’ (declustering and
only multipoles at a pressure of several mTorr have fragmentation) while moving through the buffer gas under
‘collisional focusing’ properties. The theory of RF-only an electrical field.

multipole ion guides is reviewed in Ref. 1. The theory = The method proposed here allows determination of the
describing collisional focusing and energy normalizing mobility coefficientx of ions by measuring their instability
properties of gas-filled RF-only multipoles is reported in threshold parameters.

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 THEORY

light-mass instability* The parameters of a vacuum RFQ at _ .

the instability threshold are determined by Mathiew’s Assuming that the mean velocity of the buffer gas
criterion. In the case of a gas filled RFQ the observed Molecules is zero before the collision with an ion and
threshold@® differs from that for the vacuum case. The €qual to the velocity of the ion after collision, one can
friction of the buffer gas damps the instability and obtain from the momentum conservation law for a tifiie

decreases the threshold for light-mass ion rejection. In the gE:ét=M-6u+m u- k- n- 6t Q)

present paper we describe the ion motion in an RFQ taking Here E is the electrical field strengthyl, u, g are mass,
into account the friction force due to collisions of an ion yelocity and charge of the iom is the mass of the buffer
under Investigation with buffer gas molecules, and obtain gas m0|ecu|em the buffer gas density, aridthe collisional

the dependence of the RFQ threshold parameters on theate constant. Note thitn is the number of collisions per

frlct|f?_n_ force, I|.e. 3 stark]nlricy_d[agr?m. Thus etljn |okr)1 mob(ljllty unit time. In the limitst » O we have:

coefficient, related to the friction force, can be obtained via _

the RFQ instability threshold. du/dt+ e = (a/M)E _ )
These mobility coefficients, as measured in drift spectro- Where =M/(mkn) is a characteristic velocity relaxation

meters directly via the dependence of the ion drift ime on time. Under a constant electrical field the steady-state ion

the electrical field strength, are of interest for many Velocity is proportional to the electrical field strength, as in
ion mobility theory:

u=kxE=1(q/M)E 3)
where

*Correspondence to: A. F. Dodonov, Institute of Energy Problem of k= 1(g/M) 4
Chemical Physics (Branch), R.A.C., 142432, Chernogolovka, Moscow . - -
Region, Russia. is the mobility coefficient. In the case of an RF-only
Contract/grant sponsor: Russian Foundation for Basic Research;quadrupole, E, is given by:
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Contract/grant sponsor: Volkswagen Stiftung; Contract/grant number: E B 2(dIRY Uresin(st) 2(y/R)2URF§|n(wt), _ ®)
70676. wherew is the angular frequency andkg is the amplitude
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46 ION MOBILITIES BY STABILITY THRESHOLD IN RF QUADRUPQLES

of the RF voltageappliedto the quadupolerods.R is the
distane betweenthe axis of the RFQandtherods.Eqn (2)
for this casesplits in two independat equatims for the x
andy directions:

d?x/df + dx/diT = g/M- 2(X/R*Uresin(wt) (6a)

d?y/dE + dy/dit = —g/M- 2(y/RfUgesin(t)  (6b)
Eqgn (6b) is identicalto Egn (6a) exeptfor a time shift of
half of a RF period. Substitding t = w-t one can rewrite
Egn (6a) as

d*x/dt? + dx/dt - y = (1/2Quy X - sin(t) @)
where y = 1/(w) and Qu = 4qUre/(Mlw? R?) is the so
called Mathieu’s paramé¢er. Egn (7) can have stable or
unstble solutionsdependhg on the valuesof y and Qy.

In the vacuumcase(y = 0) the stability areasfor Qy are
well known,* with the first one covering the range
0 < Qum < 0.906. For the gas filled RFQ with y >0 we
used the modified transer matrix method to obtain the
boundiries of the stebility areas.Stabilty conditionsin
termsof the transfermatrix methodcan be written as:

A1, Ao <1, (8)
where )1, A\, areeigenvaluef the transker matrix for one
RF period. This matrix, for particular value§ of y*and Qwm
wasconstruted from the valuesof (x; dx/dt) att = 2x by
numeically solving Egn (7) with the initial condtions:

t'=0,x=1,dx/df =0 (9a)

t'=0,x=0,dx/df =1 (9b)
The boundaris of the stability area,in coordnates(y, Qu),
for Eqn (7) are preentedin Fig. 1.

The lower bounday of thefirst stability areais the most
interesting one for mobility measuements.In order to
detemine the velocity relaxaton time © we first determire
expeimentaly Quexpat theinstabiity threshotl. From this
Quexp We thenobtain a correspading yex, by locating the
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Figure 1. Thestability diagramfor Eqn(7). ((J) lowerboundaryof the
first instability region, (+) upper boundaryof the first instability
region, (x) lower boundaryof the secondnstability region.
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crossingpoint of the line Qu = Quexp and the boundary
curvein Fig. 1. The velocity relaxaton time 7 is:

7= U (pexpv), (10)
while the mobility coefficientis:
k=1 (M) = 1/ (yexgeM/Q). (1D

and is determired from Eqgns (4) and (10) using the M/q
value measuredby the mas spectraneter

FromEqgns (1)—(4) onecanderivethe depenénceof the
mobility coefficient:

K = Ko (Po/Prea) (T/ITo)Y2, (12)

from the buffer gas parameers. Here kg is the reduced
mobility coefficient, Preqg and T are pressure and
temperatire of the buffer gasin the RFQ while Po=760
Torr and Ty = 273K are standad presureandtemperatire.

Therearesone limitationsof the propogd method.One
of them arisesfrom the discretecharacterof the friction
force, while the friction force descrited by Egn (1) is
correctonly if the massof the ion is much greaterthanthe
massof the buffer gas molecule,M >> m. The seconl
limitation is dueto thefinite sizeof the RFQ andthefinite
number of RF cycles the ion spendsin the RFQ. This
problemcanbe partially avoidedby modifying the stability
criterion (8) taking into account the real number(N) of RF
cycles and a reasonable estimated magnitude of the
parametell of the instabilty derivaton, with:

A AN [ < (13)

In our RFQLEF, which features a DC longitudinal
electrical field addtional to the lateral quadupolar RF
field, ions expeiencearourd 20—200RF cycles,for which
casethe criterion (8) gives relatvely good resdts. When
theion velocity becomesomparale to, or highe than,the
meanvelocity of the buffer gasmolecues, we havea so
called non-linear mobility in which case there can be
deviationsfrom the stability diagramobtaned (Fig. 1).

It is interesing to comparethe apprachdescritked sofar
with the direct numertcal simulation of the multipole ion
guide describedprevioudy,® which takesinto accouwnt the
randomthermal forces. This approachallows taking into
accountthe buffer gastemperture and estimationof the
ion beamradiusresultingfrom ‘collisional focusing. This
algorithm allows a direct numerical solution for the ion
trajectores.A correspading PC-basd programreportedn
Ref. 7 allows specificdion of various paramgers of the
systemi.e., ion mass,chage, initial enegy and position,
RF frequencyand amplitude, dimensons of the ion guide
and, finaly, the buffer gas parameters of pressure,
temperatire, molecular massand flow speed.The modd
wasusedfor the computaion of the stability thresholdQy
asafunction of wr. Theresultingcurvewascomparel with
experimenal datafor the stability threshotl of myogobin
ions® Experimental points for 5 different presure values
agree well with the theaetical depen@nce. The cross
sectionthusobtainedfor the 15+ myodobin ion is in ggood
agreementvith the crosssection measuredpreviousdy® by
anentirdy different method.The resuts of this modd and
theapprachsuggetedin this paperarein goodagreenent.
Note that the stability regionsin Fig. 1 were confirmedby
numericalcalculationsusing the progam of Ref. 7.

At this point we would like to emphasisethatthe present
approachallows one to considerstabilty condtions as a
function of simple dimengonless variablesy and Qy,
disregardng various inesseril paraméers of the system.

© 1998JohnWiley & Sons,Ltd.
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Figure 2. The dependenceof the intensity of doubly charged
bradykinin ions [M + 2H]*" on the value of Ugg, obtained for
vre=500kHz, Preo=0.7 Torr and T = 298 K.

EXPERIMENTA L

Experimentswere performedusing a molecue—ion reactor
(MIR), i.e. a gas filled RF-only quadrupole with a
supeimposel longitudinal electical field>'°. This MIR

wasconnectd asthe API interfaceto the orthogonatime-
of-flight mas spectraneter (o-TOF-MS). The quadrupod
apeture was 3.6mm, the diameterof the quadupole rod
4 mm andthe quadryolelengh 25 mm. The rodsconsised
of a numker of metal rings divided by thin insulatos. A

fusdl silica capilary with an inner diameterof 0.05mm
wasusedin the electrospay ion source.Gramicidin S and
bradykinin (Sigma) were dissolved in methanol to a
concantration of 10° M. The horse heart apomyogbbin
(Sigma) and cytochromec were dissolhed in 80:20 water/
acetonirile with 3% of acetc acid. (Sigma St Louis, MO,

USA).

RESULTS AND DISCUSSION
A cut off of a selectedon peakwasobservedn the mass
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Figure 3. Velocity relaxationtime 7 valuesfor bradykinin 2+ ions

calculatedrom Ugg andvgge by measuringhe cut off asa function of
URF'
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Figure 4. Reducedmobility coefficient o for singly and doubly
charged gramicidin S ions, calculated from Ugre and vge by by
measuringhe cut off asa function of Ugrg.

specta if the amitude of the RF-voltage Ugr wasvaried
at constantRF frequeng vge = w/2r. From sucha pair of
Ugrr and vge values one can calculte the correspading
Mathieu’s parameter Qy and t values for the ions of
interest, as descrited abovein the theaetical part of this
paper In practice, the ion intensty near the instabiity
threshold drops sharply by several orders of magitude
over a 1-5% variation of the RF amplituck or frequency.
The depenénce of the intensily of doubly protonated
bradykinin [M + 2H]*" on Ugg is presenedin Fig. 2. This
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Figure 5. Reducedmobility coeffitient values ko calculatedfrom
measuredr valuesby eqns(4) and (12) for multichargedions of
apomyoglobin(+) and cytochromec(Y), dissolvedin acetonitrile
80%/waterl8%/aceticacid 3%, asa function of the chargenumberz
(). The reducedmobility coefficientvaluesfor apomyoglobin(Q)
aretakenfrom Ref. 9.
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Table 1. The reduced mobility coefficientsfor the investigatedions

Velocity relaxationtime,

Compoundand chargestate m/z [mks]
Apomyoglobin8+ 2117

Apomyoglobin9+ 1882 0.76
Apomyoglobin10+ 1694 0.73
Apomyoglobin11+ 1540 0.70
Apomyoglobin12+ 1411 0.69
Apomyoglobin13+ 1303 0.67
Apomyoglobin14+ 1210 0.66
Apomyoglobin15+ 1129 0.65
Apomyoglobin16+ 1058 0.64
Apomyoglobin17+ 996 0.63
Apomyoglobin18+ 941 0.61
Apomyoglobin19+ 891 0.62
Apomyoglobin20+ 847 0.61
Apomyoglobin21+ 807 0.62
Apomyoglobin22+ 770 0.62
Apomyoglobin23+ 736 0.63
Apomyoglobin24+ 706 0.66
Cytochromec 8+ 1545.1 0.54
Cytochromec 9+ 1373.4 0.51
Cytochromec 10+ 1236.0 0.50
Cytochromec 11+ 1123.7 0.47
Cytochromec 12+ 1030.0 0.47
Cytochromec 13+ 950.8 0.45
Cytochromec 14+ 882.9 0.44
Cytochromec 15+ 824.0 0.44
Cytochromec 16+ 772.6 0.44
Cytochromec 17+ 727.1 0.44
Bradykinin 2+ 531 0.43
Gramiddin S 2+ 571 0.32
Gramiddin S 1+ 1142 0.51

Mobility underexgerimemal

Reduced”nobililty, Reducednobizlity lfrogn Ref.9.

conditions,x [cm?V s} rolem?V~1s7Y ko [cm?V™is™Y

0.68

389 0.45 0.71

415 0.49

437 0.51 0.83

467 0.55

496 0.58 0.86

523 0.61

550 0.64 0.91

577 0.67

608 0.71 0.98

628 0.73

664 0.78

688 0.80

738 0.86

776 0.91

825 0.96

900 1.05

336 0.40

358 0.42

385 0.45

403 0.47

436 0.51

456 0.54

483 0.57

517 0.61

553 0.65

580 0.68

780 0.69

539 0.64

429 0.51

curvewasconstruted from a setof mas spectrarecorded
by varyingthe RF amplituce andkeepingthe RF frequeny
vee consant. The calculated values of t for a set of
different Ugr values, for bradykinin [M + 2H]*" ions, are
preentedin Fig. 3. The meanvalue of 7 is 0.43+ 0.01us
for our experimenal condtions (the pressuren the RFQ
was 0.7 Torr andthe tempeatureof the buffer gas298K).

We have measued valuesof 1 for sindy and doubly
chagedgramicidn Sions[M + H]* and[M + 2H]*", for
sevenl frequencies and RF amplitudes. The calculated
values of kg for different Ugre voltages show a weak
depenénce on amgitudes and frequencies of the RF-
voltage (seeFig. 4). This may be dueto aninaccuacy of
the measuementof that Ugg which is really appliedto the
guadupolerods,andto a nonlinearity of the RF amplifier
used in the expeiments. The mean values of ko are
0.47+ 0.02cm?/(Vs) and 0.85+ 0.02cm?(Vs) for singly
anddoubly chaged gramiidin S ions

In Fig. 5 the ko values of multichargedaponyoglobin
and cytochrane c¢ ions are shown as functions of their
chamge states Thesecurves havebeenobtainel by varying
the amplitude Uge of the RFvoltage while the RF
frequency vge was kept consant. In Fig. 5 and Table 1
we presents valuesmeasued previousy® for comparison.
It canbe seenthatall threecurvesshowvery similar slopes.
The shift betwee our resut and the result of Ref. 9 for
aponyoglohin is probaly due to systenatic errors in
presuremeasuements andin slightly incorrect valuesof
the RFQ georretric paraneters(quadupole rod diameter
anddistane betwee the rods) usedfor the calculation.

The accuracyof the velocity relaxaton time t corre-

Rapid Communiationsin MassSpectromey, Vol. 12, 45-49(1998)

spondsto the accuacy of ye.p Which improves with an
increasemexpi-€. anincrea® of the friction forcein Eqn
(2). Unde approprate expeimental conditionsthe inaccu-
racy of x can be severalpercent The redued mobility

coefficients ko were calculated using Eqn(12). The
resulting values of kg for bradykinin 24, gramicidn S
2+ and 1+, and of multicharged apomyoglobin and

cytochrame c ions,asmeasuredby theinstablity threshold
method,are shown in Table 1.
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