3638

J. Phys. Chem. R008,112,3638-3645

Differential Mobility Separation of lons Using a Rectangular Asymmetric Waveform

Introduction

The fast motion of molecular ions in gases as compared to
their motion in a condensed phase has established ion mobility
as a powerful separation tool, especially in conjunction with
mass spectrometry. Differential mobility spectrometry (DMS),
also known as field asymmetric ion mobility spectrometry
(FAIMS),? serves as a post-ionization method for filtering ions
in a controlled atmosphere, suppressing chemical noise, separat-
ing isobaric mixtures, and characterizing molecular ions based
on their mobility ratios®

In DMS, ions entrained in a gas stream oscillate in the
presence of a high frequency, periodic, asymmetric waveform
that alternates between a high-field and a reversed low-field
applied perpendicularly to the direction of flow. Differences in
mobility between the alternating field polarities result in a net
displacement forcing ions to drift progressively off-axis and
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The performance of a planar differential mobility spectrometer (DMS) is investigated when operated in air
at ambient pressure and driven by a rectangular asymmetric waveform, limited to frequeneieg diHz

and voltage pulse amplitudes ofL kV with steep rise times of the order 6f1L5 ns. Independent control of
frequency, voltage pulse amplitude, and duty cycle allow for characterizing the DMS in terms of transmission,
resolution and separation. The tradeoff between sensitivity and resolution and the effect of duty cycle on
instrument performance are demonstrated experimentally. The dependence of ion mobility on the magnitude
of the electric field determines the displacement of ions measured by the DC compensation voltage as a
function of the duty cycle. Optimum values for the duty cycle exist for the separation of A- and C-type ions,
while, B-type ions exhibit a more complex behavior. An analytical expression for describing the effect of
duty cycle on the separation of the ions, determined by variations in the compensation voltage, is developed
and compared to experimental results obtained in air below 75 Td using estimated alpha parameters for a set
of ketones. In this context, errors associated with the calculation of alpha parameters using polynomials of
even powers are highlighted.

eters investigated using numerical modeling of ion trajectdries.
Asymmetric waveforms employed for DMS and FAIMS
analyses are combinations and/or modifications of sinusoidal
patterns and include (a) the sum of a sinusoidal and its phase-
shifted harmonic, also known as bisinusoiglél(b) clipped
displaced sinusoiddl® and (c) quasi-sinusoidal waveforh$he
estimated time necessary for reaching terminal velocity during
a transient electric field falls into the picosecond time séale,
which suggests that ion velocity and hence displacement and
finally separation are sensitive to details of the waveform
structure. Analytical considerations show that rectangular wave-
forms improve ion separation as compared with sinusoidal
waveformst! Numerical analyses also indicate that rectangular
waveforms offer substantial enhancements in instrument per-
formance in terms of resolution and/or sensitivity.

An essential feature of the asymmetric waveform is its duty

discharge on electrodes confining gas flow. For ions of a specific €YCle, that is, the ratio of the width of the positive or negative
mobility, this displacement can be compensated by a DC pulse and .the repetition period. The positive and negative
voltage. By scanning this compensation voltage at fixed waveform integrals are equgl and asymmetry Is requwed.for
amplitude and waveform frequency, ions are transported throughseparatiort, expressed by differences in the compensation
the DMS channel, and a spectrum is generated either by usingvoltage required to transport ions through the DMS channel.
an electrometer or introducing ions into a mass spectrometer. The ability to separate ions reduces for approximately symmetric
The design of the waveform is an essential feature for the waveforms with duty cycles close to 0.5. Poor separation is also
overall DMS performance, resulting from the dependence of expected at the other extreme when duty cycle approaches zero,
the mobility of the ions with a time-varying electric field. The ~Since in this case the distance traveled by ions during a narrow
characteristics of the waveform alter the periodic displacement high-field pulse is minimized and the dependence of mobility

and influence resolution, transmission, and separation, param-0n electric field disappeafsThese two extremes indicate the
existence of an optimum duty cycle, and numerical modeling
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Although numerical modeling has proven useful in designing  In DMS, the electric field is a time-dependent varialidé),

waveforms operated at a fixed duty cycle, there are no and separation of ions is made possible by small variations in

experimental findings to substantiate such predictions. Further-ion mobility with E/N. In a planar system driven by a rectangular

more, it is not known whether an optimum value exists for all asymmetric waveform, dipolar electric fields are formed with

types of ions, independent of waveform characteristics, molec- alternating polarities of different magnitude. As a result, ions

ular mass, and structure. are progressively displaced as they drift with different velocities
The excessive power load imposed by high frequency, high during the high-field, E/N)y, and low-field, E/N)., conditions.

voltage pulses with steep rise times has hindered the develop-Derivation of an analytical expression to quantify this displace-

ment of electronics that deliver rectangular pulses for driving ment, estimate alpha parameters and further describe the effect

separations based on differential ion mobility. Separation of ions of duty cycle on the separation of the ions in the spectrum

using a rectangular waveform was first attempted during the involves the following steps.

early stages of FAIMS developme¥ityhich was impractical, The condition for transporting ions through the channel of a

however, since in these experiments the frequency was limited planar DMS requires that there is no net displacement over one

to 83 kHz and the electrical pulses could only be applied for period of the asymmetric waveform:

16 ms. In the present article, we report on experiments in which E) +

high frequency, high voltage rectangular pulses were applied T .

to a planar DMS supplied by an electronic circuit similar to fo K( )[E(t) +EJdt= 2

those proposed for driving hyperbolic quadrupole mass fifters

and more recently used in the three-dimensional ion trap mass For the ideal case of a rectangular asymmetric waveform,

spectrometer (IT MS), also know as the digital IT MSSeveral  this integral reduces tx(Eq + Ec)Tw + KL(EL + Ec)TL =

aspects of the DMS performance related to the rectangularWhereEnTy +E T =0,EL <0, andT =Ty + Ty Rearranglng

waveform are addressed. lons of ketones were used to illustratéhe last expression and using thet, = —AEx, and4 = T /

the tradeoff between resolution and sensitivity. Excursions of Tt, We obtain:

ions in the spectrum measured by variations in the compensation

voltage as a function of the duty cycle are demonstrated 1+ —C|k — K =0

experimentally. A simple analytical expression for predicting = W

such variations requires known alpha parameters, which describe

mobility dependence on the magnitude of the applied electric Here, the ion mobility at high- and low-field conditions is

field. defined respectively as:

Theory Ky = K,

EL\2 Ec\2
1+ a2 1+— = +
The average drift velocity of ions dragged by an electric field H
through a gas at pressures-90.1 Torr or higher isig = KE, a (E)4 1+ Ec\* 4
whereE is the electric field and is the “ion mobility” that is 4
1+ (AE )2 -4
N JE,

characteristic of every molecular or atomic ion in a specific
AE, c\4
K(E/IN) = KJ[1 + a,(E/N)* + a,(E/N)* + ..] (1) N 1 ~JE, + .| (4b)

7E,)" ®)

atmosphere at a fixed gas temperatliréAt fixed T and gas
densityN, the ion mobility and, hence, the average drift velocity

can be approximated by a sum of even power&/df:*> K =Ko

whereKo = K(Eo/N) is the ion mobility at low-field conditions. Rewriting eq 3, we obtain:

Alphas are reported in units of Té" (1 Td= 1021V m?) and ,

have no further physical meanifg.he nonlinear dependence

of K, determineg k?/y alpha vaIuegs—, is used to claspsify ions in Aot aZ( ) Aot a4( N) Agt..=0 ®)
three group@:12 For A-type ions, mobility increases monotoni-

cally over small regions witE/N anda, > 0, a; > 0. Alpha where allA terms are conveniently expressed as polynomials
parameters are negative for C-type ioas,< 0, ay < 0, in of the parameteEc/Ex < 1:

which case the ion mobility decreases monotonically kK. E

B-type ions exhibit a maximum sina@ > 0 anday < 0. In A, = (1 + 1)(_0) (6a)
drift-tube ion mobility spectrometry (DFIMS), defined as a A\Ey

first-order separation techniqd@the dependence of mobility ,

on electric field is determined directly by experiménhDMS 2 C 1\[Ec
employs alternating electric fields, which establish second-order Ap=1-2"+3(1+ A)(E_H) (1 + Z)(E_H) (6b)
separatiotf and characterize molecular ions based on their

mobility ratios® Methods for extracting alphas from experi- Ec E.\2

mental data have been propoednd take into consideration A, =1—1*+5(1+ /13)( ) +10(1- /12)( ) +

the detailed structure of the asymmetric waveform. Published s By E\s
results obtained with different DMS units suggest that alphas 10(1+ l)(_c) i (1 T 1)(_c) (6¢)
are independent of instrumental parameters despite differences A\E,

in the raw data obtaine®” nonetheless, the procedure for

extracting alphas is susceptible to combined errors related to  An approximate solution for the compensating field can then
theory and experiment, which complicate the method and makebe derived using eq 5 and neglecting &k(EL)" terms forn
it difficult to ascertain the actual values. > 2
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The alpha coefficients can be estimated by linear regression Gas Flow Inlet { DIMS Plaict y - Exhaust
of eq 5 if Ec, En, N, and4 are known, while eq 7 can be used .
to predict the effect of on Ec. Both tasks are undertaken further
below. T
Instrumentation Figure 1. Schematic diagram and simplified circuitry of the switch

driving the planar DMS.
A schematic diagram of the planar DMS and simplified

electric circuitry is shown in Figure 1. Two 2 kV, 300 W power 1200
supplies (PS1 and PS2) drive the high voltage switch (S) .24
together with a TTL signal that controls frequency and duty 800 | 0.35

cycle. Frequencies in excess of 1 MHz at 10ky can be
delivered to the DMS electrode. Higher frequencies necessaryE 0.50
for improving ion transmission limit the pulse amplitude and o 400 | ™ Vv
distort the rectangular shape. The duty cycle of the waveform, B H
defined as the width of the high voltage pulse to the waveform %

period,d = Ty/T, can be varied within 0.2 and 0.8. The positive £ ¢ |
and negative voltage pulse amplitudes can be controlled <

independently by the two power supplies driving the switch. In j

the present study, the waveform at the exit of the switch was 400 1 mm
applied to the DMS plate through a capacitor removing any dc - T
component. For this configuration, a single power supply was T
sufficient for controlling the relative amplitudes of the wave- -800 ' ‘ \ ‘
form. The low frequency sawtooth voltage, or compensation 0 0.5 1 1.5 2 25
voltage, was taken from the computer controlled NI Card, Time [us]
amplified, and superimposed on the rectangular waveform. A
r(_33|st0r and mduc_tor conpected in series were used to “m'F theat different amplitudes and duty cycles of 0.24, 0.35, and 0.50.
high current associated with the waveform and damp the residual\yayeforms shown are the average of two oscillograms. Arrows indicate
rf protecting the sawtooth amplifier. The superimposed wave- the period of the waveforr, the width of the high voltage pulsg;,
forms were applied to one of the DMS plates while the opposite and the amplitude of the puldé;.
plate remained grounded. Positive and negative ions transported
through the alternating dipolar electric field were collected on ared = 0.24, 0.35, and 0.50, all at the same frequency of 0.8
two plates connected to floating electrometers. Signals were MHz. Duty cycles accessible with current electronics extend
amplified and fed into the data acquisition system. from 0.20 to 0.80. Duty cycles below 0.20 or greater than 0.80
Air was purified through molecular sieve and served as the distort the rectangular shape and were not investigated. For the
carrier gas at flows 0f~0.80 L mim®. Sample vapors were  waveforms shown, the rise time of the positive pulse is
introduced at~0.15 L mim?, so that the total gas flow was  approximately 15 ns, which corresponds to 7% for the narrowest
less tha 1 L min~1. A Teflon sheet was used as a spacer to pulses (200 ns) and only 2% for the widest pulses (550 ns).
establish a 0.5 mm gap between the DMS plates. The volumeThe transition between the high positive pulses and the low
of the channel defined by 15 mm long and 5 mm wide plates negative pulses occurs within less than 50 ns at 0.8 MHz. The

Figure 2. Oscilloscope traces for rectangular asymmetric waveforms

is ~37.5 mn?. At 1 MHz and at gas flowsfol L min~1, ions maximum voltage for each pulse remains constant to within
traverse the DMS plates in2.25 ms and undergo approximately ~3% resulting in a substantially rectangular high-frequency
2000 oscillations. The ion source wasl mCi of 6Ni. All waveform.

experiments were carried out in air at ambient pressure and For any given waveform, a dc offs&t can be introduced,
temperature. The gas pressure in the DMS was estimafed at determined by the following expression:

= 730 Torr using a carrier gas flow &f; = 1 L min™, the

conductance of the chann@l~ 1.132 L mirr?, and a pressure _ Th T

at the exhaust of the channelf = 660 Torr. Moisture levels V= (VHﬂ) f(O) de+ V'-fTL f(0) o/t ®)
were measured by a Panametrics moisture image monitor, and

experiments were carried out &0.150 ppry. whereTy is the width of the high voltage pulse with maximum
. . amplitude Vy, T_ is the width of the negative pulse with
Results and Discussion minimum amplitudeV, V. < 0, andT is the period of the

normalized waveforni(t). For the rectangular waveform, eq 8

Rectangular Waveform. A series of rectangular asymmetric
takes the form:

waveforms at different amplitudes and duty cycles were
monitored by a 100 MHz Tektronix oscilloscope and are shown
in Figure 2. The widthTy, and the amplitudeVy, of the high V=V, d-V(1-d) 9)
voltage pulse, together with the period, are indicated by

arrows for the intermediate waveform. Here, the duty cycle is  The DC component for the oscillograms shown in Figure 2
defined asd = Ty/T and the values for the waveforms shown has been removed aMi= 0, since the waveform is fed through
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Figure 3. Differential mobility spectra of protonated monomers (PM)
of ketones, proton-bound dimers (PBD), and hydrated protons (HP).

whereKy is the ion mobility during the high-field, the pulse-
The waveform operates at 0.8 MHz,= 0.30 andVy = 750 V.

width ratio isA = Ty/T., andf is the frequency of the waveform.
_ o ) . ) The effective gap is proportional to the transmission of ions
a capacitor. Numerical integration of oscillogram traces gives gnd narrows down for higher voltage pulse amplitudes. Such
DC component values of less than 0.01 V. reduced transmission with increasing amplitude is characteristic
The performance of the planar DMS driven by the rectangular of the planar configuration where the alternating dipolar electric
waveform was tested using a homologous series of ketones field exerts no focusing action to the ions. The effective gap is
Ketone vapors were introduced through permeation tubes intoalso inversely proportional to the waveform frequency. The
the main flow of air, and concentrations were adjusted to effect of these two parameters on ion transmission is determined
establish equilibrium conditions between monomer, dimer ions, experimentally for hydrated protons and shown in Figure 4. In
and hydrated protons. The sample/air flow ratio was set at this example, the ratid is kept constant and transmission is
approximately 2:7. Figure 3 shows the achieved separation for monitored at different voltage pulse amplitudes. Increasing
hydrated protons (HP), protonated monomer (PM), and proton- frequency reduces the amplitude of ion oscillation within the
bound dimer (PBD) ions for 2-propanone, 2-pentanone, 2-oc- DMS channel and intensifies ion current measured at the
tanone, and 2-dodecanone. lons were separated by operatingletector. For the lower amplitude examined, = 350,

the waveform at a frequency of 0.8 MH¢ = 0.30, andvy, =
750 V. Hydrated protons appear on the far right of each
spectrum at the same compensation voltag¥®of 11.4 V.
Proton-bound dimer ions appear on the far left. The low
molecular weight 2-propanone exhibits A-type behavior, similar
to hydrated protons, for which the mobility increases with

transmission levels-off at1 MHz and a frequency of 0.2 MHz
is sufficient for transporting ions through the channel. This lower
frequency cutoff increases witi,.

The effective gapge is proportional to the ion current
measured at the end of the DMS channel. Dashed curves in
Figure 4 represent the normalizggat a frequency of 0.8 MHz,

and a greatevc is required to transport ions through the channel. 1 = 0.4286, and the three voltage pulse amplitudes examined
lon behavior in the DMS driven by a rectangular waveform is  experimentally, with correspondirig/N values at 730 Torr of
examined in more detail by determining alpha parameters below.30, 38, and 51 Td. The mobility coefficients used for hydrated
Frequency versus Transmission and Resolutiorin planar protons in air were 2.14, 2.16, and 2.21 a1 s
DMS, ion separation is enhanced at the expense of transmissionrespectively® The effective gap is normalized to 0.5 mm, the
lon losses due to greater electric fields can be tolerated by actual separation between the DMS electrodes, and provides a
increasing the frequency, which is however limited by the measure of the improvement anticipated by increasing the
available electronics. Such a tradeoff is reflected by variations frequency of the applied asymmetric waveform. For hydrated
of the effective gapge, defined as the width of the channel in  protons, the effective gap becomes approximated9% of the
the direction of the electric field where ions avoid neutralization actual separation gap at a frequency of 1.5 MHz. The calculated
on the DMS electrode’$. For the following calculations, the  lower frequency cutoff appears smaller than that determined
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Figure 6. Calculated alpha plot for hydrated oxygen ions using reduced voltage V as a function of the amplitude of the high voltage pulse,

- o ) o .
mobility coefficients determined by DYIMS™ (see caption) and alpha V4. Curves are labeled with the number of carbons in the molecule,

values determined by DMS employing a rectangular asymmetric -
waveform and fitting the complete data set up to 63 Td (dashed curve) ]:(aor:ddozr%fesrg to hydrated protons. Alpha parameters were determined

and part of the data set up to 55 Td (solid curve).

800
experimentally and can be partially explained by losses due to
the fringing fields experienced by the ions prior to entering the
pure dipolar electric field. Transmission efficiency is related to 400
the input current; however, space charge effects are known to s
limit transmission to 10 pA or less. g
Figure 5 shows average spectra of 20 scans for 2-pentanone % 01
monomer and dimer ions in equilibrium with hydrated protons E L
at waveform frequencies of 0.6, 0.8, and 1.0 MHz at the same 400 ] : L
Vi = 690 V andd = 0.30. Frequency enhances transmission N I
but has no effect on ion separation, as suggested by eq 13. - P
Marginal differences in resolution are observed. lon intensity -800 ‘ ‘ ‘
is lower at reduced frequencies, and the width of the peak at 0 05 1 15 2 55
full-width half-maximum for hydrated protons & = 8.8 V Time [ps]
IS AVQ = 0.68 V, andR = 13. At 1.0 MHz, the width of the Figure 8. Oscillogram traces of the asymmetric rectangular waveform
peak increases taVe = 0.72 V, andR = 12. at different of duty cycles. The frequency is 0.8 MHz and the amplitude
Calculation of Alpha Parameters. Existing data for the of the high voltage pulse is fixed at 650 V. Increasing the duty cycle
reduced mobility of hydrated oxygen ions, {B),-O;~, in air results in greater negative voltage pulses to balance the areas of the

at 300 K obtained by DFIMS!® were used as reference to test waveform.

the accuracy of the method for estimating alphas using the reduced, which further demonstrates the limited validity of even
rectangular waveform and egs 5 and 6. The alpha parameterpower polynomials for describing(E/N). In this work, curve
expressed as= ay(E/N)2 + a4(E/N)*, was determined by fitting  fitting was extended t&/N < 80 Td, close to the maximum of
eq 2 to experimentally determined values Ky based on the 75 Td units accessible with the rectangular waveform at 730
method of least-squares. The inset in Figure 6 shows IMS Torr. The estimated values from DTMS data area, = 2.06
data for the alpha parameter plotted as a function of the full x 107> Td=2 anday = —3.83 x 10710 Td~* at 760 Torr and
measurement range BfN. Careful analysis of the data showed 300 K.

that accurate fitting was possible up to 120 Td and that eq 2 The alpha parameters in DMS are determined using dispersion
cannot describe variations Kf for the greateE/N values. The curves where the amplitude of the high voltage pulég, of
alpha parameter is altered significantly when the data range wasthe applied waveform is plotted over the corresponding position



Differential Mobility Separation of lons J. Phys. Chem. A, Vol. 112, No. 16, 2008643

TABLE 1: Alpha Values for Protonated Ketones and Proton-Bound Ketone Dimers

protonated monomers

2—propanone 2pentanone 2octanone 2dodecanone
formula (QHBO) H* (C5Hloo) H* (CgH 150) H* ((.\,31_2H24O)H+
ap (x1079) 1.76 1.16 0.52 0.11
ay (x107°9) —1.05 —0.92 -0.37 —0.13

proton-bound dimers

2—propanone 2pentanone 2octanone 2dodecanone
formula (GHeO)H* (CsH100)H (CeH160)H* (C12H240)H*
ap (x107%) 7.44 4.33 —1.20 —2.16
ay (x10719) —6.94 —7.03 —0.32 —0.84

of the ions in the spectrunvc. Alpha values obtained by DMS  within 0.25 < 1 < 0.50, which corresponds to duty cycles of
analysis employing the rectangular waveform at an estimated0.20 < d < 0.33, withd = A/(1 + A).

pressure of 730 Torr and 297 K using all (;Iata_%vailaMe € The fast switch employed in this work is controlled by a TTL
750 V, EIN <1§’3 T—q;) area; = 1.93x 10> Td*andas =  gjgnal, and the range of duty cycles available runs betveeen
—4.30 x 107 Td™ The corresponding alpha function is  — ¢ 5 andd = 0.8. In planar DMS, the polarity of the waveform

represented by the dashed curve in Figure 6 and shows tha'has no effect on . s
X performance other than reversing the position
DT—IMS and DMS data match fde/N < 50 Td. The difference of the ions relative t&/c = 0 V. Therefore, experiments covered

in the values foly is 6%. The solid curve refers to calculations, ) ; :
s ivole fing ar o e ata s <GS0V, < 1SS TALel e it e bR o 02 0 05
55 Td). Reducing the range of data used in the fitting procedure reversal inV. P 9 y P 9
does not result in a better match for the alpha parameters ¢ o ] o
obtained. The duty cycle of the waveform is investigated by fixing the
Dispersion curves for all ions of ketones examined are shown @MPlitude of the positive pulse and scannihgat a fixed
in Figure 7a,b for protonated monomers and proton-bound freauency. Selected oscillograms of such a scan are shown in
dimers, respectively. Each curve is labeled with the number of Figure 8 forViy = 650 V. The amplitude of the negative voltage
carbons in the molecule. The calculated alpha paramedgrs, Pulse increases with duty cycle so that the areas of the waveform
anday, expressed in units of Td and Td™, respectively, are _remair_1 balan_ced. Therefore, the effectdbbn Ve cannot be
given in Table 1. The gas density at 730 Torr and 297 K is investigated independently.

approximatelyN = 2.373 x 10%* m~3, the analytical gap ig Figure 9a,b shows variations in the position of the ions in
= 0.5 mm, andd = 0.30. Experiments were carried out at the spectrum as a function of the duty cycle for protonated
moisture levels of~150 ppny. monomer ketones and proton-bound ketone dimers, respectively.

Calculations involving the determination of the alpha param- Dashed curves with error bars determined experimentally and
eters are subject to experimental errors, as well as errors relatedolid curves calculated analytically using eq 7 are labeled with
to the method of extracting coefficients using eqs 5 and 6. the number of carbons in the molecule. Error bars indicate
Experimental errors are associated with accurate determinationmaximum and minimum variations in the compensation voltage
of the apex obscured by non-Gaussian peak shapes. They the apex for three sets of measurements. The experimental
rectangular waveform is associated with high current transients gpror appears enhanced for the lower duty cycles, which is
as a result of the steep rise and fall times of the voltage pulsesassociated with limitations in electronics distorting the applied
applied to the DMS electrode. Such high current transients aoymmetric waveform. lons identified as A-type exhibit a
generate electronic jitter, which results in peak drifting relative 2 vimum compensation voltage. The experiment shows that
to Ve = 0. The error ir}_troduced by this jitter was estimated o 4 A-type monomer ions exhibit a maximum excursion from
be+0.2 V. Electronic jitter also causes peak broadening when Ve =0V at approximatelyl = 0.33. In this case, the separation

. . C
averaging spectra, necessary for smoothing peak shapes t%f the ions in the spectrum is maximized and appears indepen-

determ_lne_the position of the apex. - dent of the amplitude of the voltage pulse. C-type ions exhibit
Application of eq 2 and consequently egs 5 and 6 for fitting a minimum at a slightly higher value, = 0.38, as shown by
data is limited and introduces numerical errors, as discussed,_ ) ... 0 204 5 dodecanone dimer ions in Figure 9b. B-type
above for oxygen 1ons. Alternaglgle expressions have been ions exhibit a more complex behavior with a point of inflection,
proposec_j for_ flttlng DT_!,MS data,_ _also applied to FAIMS as shown for the 2-dodecanone monomer and for 2-propanone
for chlorine ions in ait® Curve fitting becomes especially and 2-pentanone dimer ions. The compensation voltage qoes
problematic for B-type ions where ion mobility exhibits a P . ’ P age g
through a maximum for the lower duty cycles to a minimum

maximum. In addition, in the derivation of eqs 5 and 6 the - —0V. Th . | for | ith
transition period between the high positive and the low negative Cr0SSIng zeroVc = 0 V. The experimental error for ions wit
such variations iV precludes an absolute determination of a

voltage pulses was neglected. The accuracy with which alphas : v .

are determined using egs 5 and 6 and fitting the full data range M@ximum excursion; however, it can be seen that for 2-pro-

is tested using eq 7 to predict the effect of the duty cycle. The Panone and 2-pentanone dimer ions the optimum falls around

method requires ions with known alphas and compares estimated = 0.33 atVy = 650 V.

and experimental results, as discussed below for ketones. Solid curves in Figure 9a,b are calculated analytically using
Waveform Duty Cycle. Duty cycle is one of the parameters €d 7 and the alpha parameters given in Table 1. While the

least explored in DMS and FAIMS systems. Waveforms for general trend in the theoretical curves matches that of experi-

driving DMS or FAIMS analyses are usually designed to operate mental data, in certain cases, the error may re@3 V, which

at a fixedA = Ty/T.. The range of values normally used falls partially reflects the accuracy of the fitting procedure using eq
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11 | —hydrated protons
—— 2-pentanone
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Duty Cycle 0 0.1 0.2 0.3 0.4 0.5

Figure 9. Experimental curves (dashed) with error bars and theoretical Duty Cycle

curves (solid) of ion position in the spectrum expressed by the Figure 10. Experimental curves (dashed) with error bars and theoretical
compensation voltagé: as a function of the duty cyckfor protonated curves (solid) of compensation voltaye as a function of the duty
ketones (a) and proton-bound ketone dimers (b). Curves are labeledcycle d for hydrated protons and 2-pentanone monomer ions (a) and
with the number of carbons in the molecule, and O refers to hydrated grs%tci?'bound 2-pentanone dimers (b),\4t = 650 V andVy =
protons. .

2. Theoretical curves are extendedite: 0, where ions exhibit ~ 2-Pentanone proton-bound dimers, shown in Figure 10b for two

no mobility dependence, as observed at the other extréme,  different voltage pulse amplitudes. Despite the rather large
0.50. experimental error of the order &0.3 V, theoretical curves

Calculations of ion excursions in terms ¢ assumes that  fail to describe the actual trend. Such observations further

the alpha parameters remain constant throughout the range offémonstrate that eq 2 is limited in describing variations of
duty cycles examined experimentally. However, since small Mobility with electric field.
variations of alphas do exist as the duty cycle of the waveform
is varied® average values may be used instead. In this study,
experiments with 2-propanone at duty cycles of 0.25, 0.30, and  Differential mobility separation of ions is performed on a
0.35 indicated that alphas decrease witlin accordance with  planar system driven by a rectangular asymmetric waveform at
numerical analysi$and that average values can be obtained at frequencies of 1.0 MHz or less and voltage pulses amplitudes
d ~ 0.30. up toVy ~ 1.0 kV. Experiments demonstrate that the duty cycle
Variations in the values of the alpha parameters with duty of the waveform has a strong influence on ion separation. lons
cycle may partially account for the different alphas reported can be classified into three types, depending on their excursions
for ketones using the quasi-sinusoidal wavefband those in in terms of compensation voltayg versus duty cyclel. These
Table 1, in addition to differences in the rangeEsN used for excursions follow the classification of ions based on their
curve fitting. An example of the importance of choosing the mobility variations with electric field. Experimental results and
most appropriate range for fitting data is made with reference theoretical calculations indicate that optimum operating condi-
to Figure 10a, where excursions\ig by varyingd for hydrated tions for enhancing separation, identified as the maximum
protons and 2-pentanone monomer ions are examined at twocompensation voltage at which an ion can be found, is a function
different amplitudes ofVy = 650 V and Vy = 750 V. of the duty cycle and differs for each type of ion. The more
Theoretical curves for hydrated protons converge to experi- complex behavior exhibited by B-type ions suggests that
mental results by fitting eq 2 using the full data range available. optimum duty cycles may depend on the mixture to be analyzed.
The calculated alpha parameters for hydrated protonsgare
1.78 x 105 Td2 anday = —4.91 x 10719 Td™4. In contrast, Acknowledgment. The authors are grateful to Professor
the behavior of the B-type 2-pentanone monomers cannot beAlexander Kalimov for insightful discussions. The support of
predicted accurately, even if the data range used in the fitting Dr. Sumio Kumashiro and Dr. Shigeru Fukushima is also
procedure is reduced. The effect is more pronounced with acknowledged.
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