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Abstract

High-field asymmetric waveform ion mobility spectrometry (FAIMS) separates ions by application of a high-voltage
asymmetric waveform to closely spaced electrodes such that ions experience (transient) electric fields that are sufficiently hig
that the mobility deviates from its low field limit. We describe the use of FAIMS to determine the mobility of the chloride ion,
m/z—35, at~760 Torr and~300 K in fields up to~65 Td. The high-field mobility of chloride was determined from FAIMS
data using linear and nonlinear least squares techniques, and was found to agree well with published values of mobilit
determined by drift tube systems up to 50 Td. (Int J Mass Spectrom 197 (2000) 123-130) © 2000 Elsevier Science B.V.
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1. Introduction

lon mobility spectrometry (IMS) has become an
important technique for the analysis of many com-
pounds, due to high sensitivity, amenability to minia-

important information about the ion-neutral interac-
tion potential. To obtain such information, IMS tech-
nigues have recently been extended [1—-4] to incorpo-
rate a pair of cylindrical plates creating a nonuniform
electric field that can operate at high/N, and a

turization, and ruggedness in operation. A conven- transverse, variable electric field to achieve separation

tional IMS provides ion mobility values in the limit of
low E/N, the ratio of the electric field strengtlk) to
the gas number densityNj. Most commercial IMS
systems are not designed to operate at high@t
values in which the ion mobility deviates measurably
from the low-field limit.

The dependence of ion mobility d&/N provides
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of the ions. This technique is referred to as high-field
asymmetric waveform ion mobility spectrometry or
FAIMS. Recently, a FAIMS device was characterized
using mass spectrometric detection (FAIMS-MS) [2].

2. Instrumentation
Electrospray ionization-FAIMS-mass spectrome-

try (ESI-FAIMS-MS) experiments were performed
using a PE Sciex API 300 triple quadrupole mass
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Fig. 1. Three-dimensional schematic of the ESI-FAIMS-MS system. Gaseous chloride ions are generated in the short inner cylinder vi
electrospray ionization of a dilute methanolic solution of NaCl.

spectrometer (PE Sciex, Concord, ON). A three- cally in Fig. 1 shows the ions exiting the FAIMS at a
dimensional view of the ESI-FAIMS-MS instrument 90° angle.) The diameter of the orifice in the sampler
used in this study is shown in Fig. 1 and in cross cone was~260 um.

section in Fig. 2. lons were transferred to the vacuum  The FAIMS ion filter shown in Fig. 1 was com-
chamber of the mass spectrometer through a “samplerposed of two inner cylinders, which were axially
cone” placed at the end of the FAIMS analyzer at a aligned and positioned-5 mm apart, and an outer
45 ° angle relative to the axis of the FAIMS cylinders. cylinder that surrounded the two inner cylinders [2].
(For clarity, the ESI-FAIMS-MS shown schemati- The outer cylinder and the short inner cylinder of the
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Fig. 2. Cross section of the ESI-FAIMS-MS system. The gas flows are adjusted such that a portion of the “Carrier In” flow acts as a “curtain”
gas to assist in ion desolvation and to prevent contamination of the analyzer region.
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FAIMS instrument were held at the same electrical insulated from the FAIMS device and a separate
potential. The long inner cylinder had a high fre- voltage of—24 V was applied to it. An offset voltage
quency (210 kHz), high voltage (up to 4950pvp), of —49 V was applied to the entire FAIMS unit to
asymmetric waveform applied to it, thereby establish- enhance the sensitivity of the FAIMS-MS.
ing the electric field between the inner and outer  The pressure in the FAIMS system was measured
tubes. The peak voltage during this waveform is using a MKS Baratron Model 170M-6B and pressure
called the “dispersion voltageT)). In addition to this sensing head type 3TOBJ-1000 connected to the
high frequency waveform, a low dc voltage, called the Sample In ($) port (MKS Instruments, Boulder,
“compensation voltage”®) was also applied to the  CO). There was no gas flow through thg Bort in
long inner cylinder. this study. The reference inlet to the differential
The electrospray needle was placed on the centerpressure sensing head was at atmospheric pressure.
axis of the short inner cylinder, terminatingd mm Atmospheric pressure was measured with a mercury
short of the gap between the two inner cylinders. ESI parometer.
generated ions were driven radially outward by the
electric field to the analyzer region through the 5 mm
gap between the two inner cylinders. For the genera-
tion of chloride ions, the electrospray needle was held 3. Results and discussion
at ~ —1950 V, giving an electrospray current of
~ —45 nA. 3.1. The ideal square wave asymmetric waveform
Gas connections to the FAIMS system are also
shown in Figs. 1 and 2. Compressed air was passed The principles of operation of FAIMS have been
through a gas purification cylinder (charcoal/molecu- described by Buryakov et al. [5] for a device consist-
lar sieve) and introduced into the FAIMS device. Gas ing of two parallel plates, with one kept at ground
entered through the Carrier In ( port, and exited potential while an asymmetric waveform was applied
via the Carrier Out (G,) and Sample Out () ports. to the other. The waveforid(t) was composed of a
All three flows could be adjusted independently. In brief high voltage component lasting for timg,y,
this study, the gas was introduced through & a and a low voltage component of opposite polarity
flow rate of 5 L/min. The gas exited through Sat 1 lasting for a longer period of timg,,,. The integrated
L/min and through G, at 4 L/min. A fraction of the voltage-time product of one complete cycle of the
input flow, directed radially inward through the 5 mm waveform was equal to zero.
gap between the inner cylinders, shown in Fig. 2, An anion (e.g., chloride ion) that is transported by
acted as a curtain gas. While the ions formed by ESI a gas stream between the two parallel plates will
were driven radially outward through the gap by the oscillate between the plates as illustrated in Fig. 3.
electric field, the curtain gas prevented neutrals from During the high-field portion of the wavefori(t)
entering the annular analyzer region. The curtain gas the field will cause the ion to move with velocity
is particularly important for FAIMS separation of low
mass ions (whose mobilities increase at high field) Vhigh = KoEnign (1)
because the separation of these ions is very SUSC@ptiwhereEhigh is the applied field ant, is the high-field
ble to the effects of carrier gas contamination [2,4]. jon mobility. The distance traveled by the ion during
The curtain gas portion of the input flow, along with  gpplication of the field is
the neutrals, exited the FAIMS device vig, S The
remainder of the gas flow carried the electrospray ions Ahigh = Vhighthigh = KoEnignthign (2)
along thg length of the anpular spgce between the Similarly the ion travels a distance of
outer cylinder and the long inner cylinder.
The mass spectrometer orifice was electrically dioy = Viowtiow = KS°™Eiouwtiow (3)
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Fig. 3. Motion of a negatively charged ion in a flat-plate FAIMS
during application of a hypothetical asymmetric square wave
having low and high voltage time periotls,, andt,,4p, with a ratio
tiow/thigh Of ~4. The peak voltag® is approximately—3000 V,
with plate spacing~2 mm. The motion of a negative ion whose
mobility increases at high electric field is illustrated by the dashed
line.

during the longer portion of the waveform at which
time the opposite polarity electric field is weak
enough that the ion mobilit)k{°" is closer to its
zero-field limiting valueK{®. If Ey, is sufficiently
strong such thakK, is appreciably higher thaK§°",
the distance traveled by the ion duritgy, is then
greater than the distance traveled durigg. The ion,
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of V(t), the mobility isK, and K{°"™, respectively,
then:

Ko

_ D - C(tlow/thigh)
K(Iow) -
o]

D+C

(4)

whereC andD correspond to conditions of maximum
ion transmission. For chloride ionB, is negative and
C is positive, and the ratio described by Eq. (4}&.

Some analysis of Eq. (4) is necessary to evaluate
the possible use of a square wave asymmetric wave-
form in the FAIMS apparatus for determination of the
ratio of high- to low-field mobility of an ion. The
conditions of large and small ratios g, to tyy, are
quite distinct.

A large ratio oft,, to t,g, would seem, intu-
itively, to maximize the difference in electric field
conditions during the high- and low-field portions of
the square-wave asymmetric waveform, making
Ko™ equal toK” and maximizing the difference
betweenK, and K. Unfortunately, Eq. (4) also
suggests that increasing the ratid,gf, to ty,y, has the
undesirable side effect of decreasing the experimen-
tally observed compensation voltaGe

A small ratio oft,,,, to tyg, (i-€., ratio oft,,, to
thigh approaches 1:1) means that the high and low
voltage periods of the waveform converge to equal

therefore, experiences a net displacement toward theyjtage, and therefore the value 6f°" approaches

lower plate as illustrated by the dashed line in Fig. 3.

K, rather thark(?). Since the difference in mobility

If a negative ion such as chloride experiences a net petween the high- and low-voltage periods of the

migration way from the upper plate, a constant posi-
tive dc voltage may be applied to this plate to reverse
or “compensate” for the drift so that the ion has no net
motion toward either plate. This dc voltage is referred
to as the compensation voltag€)( If two ionic
species respond differently to the applied electric field
(i.e., theirK, to K{* ratios are not identical) the
required to prevent their drift toward either plate will
also differ, thereby allowing selective transport of one
ion over the other.

At the C andD of optimum transmission of an ion,
the magnitude of the distanceh,y, and d,, de-
scribed by Egs. (2) and (3) will be equal. The ratio of
Ko to K{° can therefore be determined from the
electric fields and the time periods of the asymmetric
waveform. If during the high and low voltage portion

waveform disappears, the experimentally meas@ed
approaches zero. The high€sthat is experimentally
observed falls between these extremes of large and
small ratio ofty,, to t,;,. Numerical modeling of the
ion trajectory indicates the maximum measured com-
pensation voltage occurs when thg, to ty,y, ratio is
~2:1.

3.2. Transient effects

The previous section ignored the effects that will
occur during the time it takes for the ion to respond to
the idealized square-wave asymmetric waveform. The
equations assumed that the ion has reached “steady
state” drift velocity immediately after the abrupt
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change in the applied electric field. Fortunately, ve- whered is the distance between the cylindrical plates,
locity and energy relaxation of ions in drift tubes has C is the compensation voltag® is the dispersion
been studied by Lin et al. [6] in the context of high voltage, andv is the angular frequency.
“ping-pong” experiments [7,8]. This theory showed During application of the waveform the mobility of
that, to first order, the time for reaching terminal the ion responds to the changing electric fields, when
velocity could be neglected ifis small relative to the  E/Nis not too large and\ is constant, as:
total drift time t. This ratio of 7/t can be estimated
e Kolt) = K& 3 ¢ &%) (©)
2myy  2mK 7 0
qEt - qt "t ) wherec, = 1. We letd = wt and note that the drift
velocity is the product of the ion mobility and the
wherem and g are the ion mass and charge. Long electric field. Therefore the criterion that the ions
after the transients have died out and the electric field experience no net motion during one full cycle of the

is related to the ion mobilit)K by

o0 2
Vg = KE = NgKo(E/N) (6) > ckf E**1(9) do =0 (10)
k=0
0
whereN, is Loschmidt’s constant, the number density
of a gas at STP. A worst case estimate of the NOte thatitis this criterion of no net ionic motion that

relaxation time may be calculated by choosing- justifies, to first order, the neglect in Eq. (8) of a
1.602x 1072° C, m=1x 1025 kg, K = 3 possible dependence of the electric field on radial
cn?/V s, which gives location.
It can be shown from Eg. (8) that Eq. (10) is
r~4x10 s (7) equivalent to the requirement that
Since the field reversals in a FAIMS experiment occur - ¢, 2t ok 4 1
within a time frame of 1-2Qs, the relaxation time is > e > G|( | )CZKH_IDI =0 (11)
sufficiently short that the fractional error due to the k=0 =0
neglect of transients can be ignored. where the parentheses represent a binomial coefficient
and where

. 1 | | m’ 1

3.3. The actual asymmetric waveform G, = 3 EO (_1)I7m2m< m) 20 i (f:)
m= n=
The constraints placed on power consumption of m-+n

the electronic circuitry force existing FAIMS instru- : ((m " n)/2> (12)

ments to operate using waveforms synthesized by

summation of a sine (or cosine) wave and a harmonic, The prime in this equation indicates that the only
rather than the ideal square-wave asymmetric wave- terms retained in the sum hawe + n even.

form described above. The total electric field as a

function of time at a location equidistant between the
p|ates is approximated by 3.4. Power series for the mOblIlty

C + 2D sin(wt) + D sin(2wt — 7/ 2) Use of Eqg. (11) involves the least-squares deter-
(8) . - .
3d mination of the coefficientg, for systematically

E(t) = 3
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Table 1
ESI-FAIMS-MS data for*®Cl~ ions in air

Maximum Maximum
D (V) C (V) E/N (Td) D (V) C (V) E/N (Td)
0 -0.03 0.00 —1700 5.80 34.60
—500 0.04 10.21 —1800 7.20 36.62
—-600 0.11 12.25 —1900 8.80 38.63
—700 0.25 14.29 —2000 10.60 40.63
—800 0.50 16.33 —2100 13.00 42.63
-900 0.67 18.37 —2200 15.60 44.62
—1000 1.00 20.40 —2300 18.70 46.60
—-1100 1.36 22.44 —2500 25.20 50.55
—-1200 1.78 24.47 —-2700 34.00 54.45
—1300 2.33 26.50 —2900 42.50 58.36
—1400 3.00 28.53 —3100 52.40 62.25
—-1500 3.75 30.56 —3300 61.20 66.15
—1600 4.70 32.58

larger values ok. It is analogous therefore, to using from Eg. (8) and the known number density of the
equation-of-state data to determine successively gas.

higher virial coefficients. To illustrate this method, If we keep only th&k = 2 terms in Eq. (11), we can
we will consider experimental results f&iCl~ ions rearrange the resulting equation as

in air (pressure of 760 Torr, temperature of 300 K,

and number density of 2.4% 10*°cm 3) obtained Y~ ¢t MG (13)

with an annular space af = 2.0 mm in the FAIMS  ith
apparatus. The valu€ of the compensation volt-

age needed to prevent ion motion at each véhad _ —Cd? (14)
the high-voltage portion of the asymmetric wave- c3+ g CD? + é D3

form is given in Table 1, along with the maximum

value of the reduced field streng/N obtained and

. C® + (25/9C3D? + (10/9C?D® + (55/72CD* + (55/486 D° (15)

d?(C® + (5/6)CD? + (1/9) D3)

A linear least-squares fit can be used to estintgte  Eg. (11), and it is assumed thet has the value just

and c,. In practice, however, the results depend determined. The equation is rearranged suchahat

sensitively upon whether all or only a subset of the the intercept of a linear least-squares plot while Bw

data in Table 1 is analyzed. This is because of the and highD values are again systematically removed

limited number of significant figures available fOrat to minimize the 95% confidence interval for the

low D and because of the influence of terms wkith intercept. This approach gavec, = (6.44 =

2 in Eq. (11) at highD. Consequently, low and high  0.46) X 10~ ° (cm/V)*. Repeating this process a

D values are systematically removed until a situation third time gave c; = (—3.80 + 4.45)x 10 3

is reached where the least-squares fit gives a mini- (cm/V)®. The high uncertainty associated with this

mum 95% confidence interval for the intercept. In this value indicates that it would be pointless to proceed to

case data fronD = —900 to —3100 V gavec, = higherk values in Eq. (11).

(1.87 = 0.09) X 10" ° (cm/V)% Fig. 4 shows a comparison between the ESI-
To obtainc,, the terms withk = 3 are retained in ~ FAIMS-MS values (dashed curves) obtained in the
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Fig. 4. Mobilities, K, in cm?/V s as a function of the reduced
electric field strengthE/Nin Td, for *CI~ in air at 300 K and 760
Torr. The solid curve is obtained using a nonlinear functionkigr
(E/N) and adjusting the parameters to match the FAIMS data. The
dashed curves were obtained from the FAIMS data using an
expansion ofK, in powers of E/N)?, truncated to the number of
coefficientsc indicated by the label on the curve. The points are
values from Ref. 9 that were obtained by conventional drift-tube
techniques.

manner just described, with successively higher

terms retained in Eq. (11), and the values (squares) of

the mobility of chloride ions in air at 295.5 K obtained
by conventional drift-tube methods [9]. The agree-
ment with k = 3 is excellent up to 50 Td, i.e,,
approximately the highedt/N value probed by the
FAIMS experiments. However, it must be noted that
when using the coefficients in Eq. (9) to obtairK,,

it was necessary to assume that the zero-field mobility

had the value 2.875 cifV s. Although it is possible in
principle to obtainK{?) from an ESI-FAIMS-MS
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mobility, one that applies to highee/N than the
power series expansion presented above, even if it is
not as theoretically well-founded. Although it has not
been used much in recent years, such a functional
form does exist [11,12]. It is

E o E 271/4
KO N - KO 1+ bl N
E 2 E 47 —1/4

E 2 E 47 —-1/8
X |:1 + al<N) + az(N) :| (16)
The criterion that the ions will experience no net

motion during one full cycle of the FAIMS waveform
is that

JZW
0

where the electric field is given by Eq. (8) and where

E(0) is used as the argument in Eqg. (16) rather than
E/N. The nonlinear least-squares problem is to choose
the five parameters in Eq. (16) so that

&EEJ%

0

KJE(6)]E(8) d6 = 0 (17)

Kol Ei(6)]E;(6) do (18)

has a minimum value; the subscripbn the electric
field indicates that a particular pair of experimental
values are used fa€ andD in Eq. (8). The necessary
five nonlinear equations are obtained by differentiat-

ing Eg. (18) with respect to each of the five unknowns
successively, and setting the partial derivatives equal

experiment with a real asymmetric waveform (but not © Z€ro. A computer program (Fortran-90, Visual
an ideal one! [10]), accurate values are unlikely to be Basic) has been written to implement this nonlinear,
realized unless more data is taken at Dwalues and ~ '€@st-squares procedure and was used to analyze the

unless the correspondir@values can be determined data in Table 1. To six significant figures, the param-
with higher precision. eters of Eq. (16) obtained in this way are given in

Table 2. The mobilities obtained by using these
parameters in Eq. (16) are shown in Fig. 4 (solid line)
to be in excellent agreement with both the values from

An alternative way to analyze the FAIMS dataisto Ref. 9 and with the values obtained by assuming a
match it to a nonlinear functional form for the power series expansion fé(,.

3.5. Nonlinear functional form for the mobility
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Table 2

The parameters of Eq. (16) f6PCI™ ions in air

a, —4.83016x 10°° Td2
a, —1.62365% 108 Td*
b, 2.75541X 10 ° Td 2
b, —2.55173x 1075 Td2
bs —8.61896% 10°° Td*
4. Summary

The ESI-FAIMS-MS apparatus has been demon-
strated to be an accurate way of determining the
high-field mobility of ions in gases. Although it uses

atmospheric pressure gases rather than the low pressuresIS]

used in conventional drift tubes, tl&N range covered

by this apparatus reaches to at least 50 Td. Moreover,

mobility data can be obtained quickly for a wide array of

ions because the apparatus is easily coupled to a coron
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