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The dependence of the mobilities of gas-phase ions on electric fields from 0 to 90 Td at ambient pressure
was determined for protonated monomers [(MH,O),] and proton bound dimers [pHi*(H,0),] for a
homologous series of normal ketones, from acetone to decanore@hHsO to CoH200). This dependence

was measured as the normalized function of mobii(/N) using a planar field asymmetric waveform ion
mobility spectrometer (PFAIMS) and the ions were mass-identified using a PFAIMS drift tube coupled to a
tandem mass spectrometer. Methods are described to @lfi&iN) from the measurements of compensation
voltage versus amplitude of an asymmetric waveform of any shape. SlopefooMH ™ versusE/N were
monotonic from 0 to 90 Td for acetone, butanone, and pentanone. Plots for ketones from hexanone to octanone
exhibited plateaus at high fields. Nonanone and decanone showed plots with an inversion of slope above 70
Td. Proton bound dimers for ketones with carbon numbers greater than five exhibited slopegeisus

E/N, which decreased continuously with increasi@N. These findings are the first alpha values for ions

from a homologous series under atmosphere pressure and are preliminary to explanat{&N)oiith ion
structure.

Introduction increasing values d&/N as shown in eq 2:°

The motion of gas-phase ions in electric fields at pressures
greater than 1 Torr has been explored for over a cefitéiand
velocities of ion swarms in controlled atmospheres of drift tubes . . .
have been used since the 1960s to model interactions betweet/nere terms ar&(0), the mobility coefficient under low field
ions and molecule:’ In recent years, these principles have conditions anday, o4, ..., dzn, specific coefficients of even
been developed in mobility spectrometers for the detection of POWers of the electric field/N is in units of Td (under norlr;]al
chemical warfare agents and explosi¢és general, ion motion ~ ¢onditions 1 Td corresponds to 268.67 Vicm sifice NolO ™,
is measured as velocityd, cm/s) in uniform gradients of electric ~ WhereNo is Loschmidt's constant). The mobility coefficient
fields (E, V/cm) low enough so that velocity is proportional to should be expressed as an even power serigg/lihdue to
the electric field through a constant, the coefficient of mobility SYmMetry considerations (i.e., the absolute value for ion velocity
(i.e., K = vd/E, cn?/Vs). One relationship between the mobility IS independent of electric field direction). When experimental

coefficient, ion structure, and the gas atmosphere is &q 1: conditions are constant, unique patternskorersuse/N exist
for different ions due to characteristic values af,. A

K(E/N) = K(0)[1 + o(E/N)* + o (EIN)* +..]  (2)

3e o 1 simplification of eq 2 has been descriBgavhere an alpha
= T6NA KT ol Q) function is used for the electric field dependence of the
MR e Q™ (Tog) coefficient of mobility per eq 3:
where the terms are elementary chargdy, drift gas density; K(E/N) = K(0)[1 + a(E/N)] (3)
u, reduced ion/neutral mas$gs, effective temperature of the
ion; andQ, collisional cross section. wherea(E/N) = ax(E/N)? + ou(E/N)* + .... This formula is a
The mobility coefficient is characteristic of the structure of function showing the nonlinear electric field dependence of
an ion and the iormolecule interactions in a gas; ald6,is mobility for specific ions.

influenced by collision frequency and energy obtained from  EXxtensive experimental findings exist for the nonlinear
the field by ions between collisions. The average energy dependence of the mobility coefficient on electric field though
acquired from the electric field is determined BYN and is studies were restricted to simple ions or ions containing only a
considered negligible whe&/N is small since any energy few atoms. Results available in the Atomic Data of Nuclear
gained by the ion from the field is dissipated at high pres- Data Tables show th#, is a nonlinear function with increasing
sures by collisions with the supporting gas. Under such E/N at subambient pressur€s' Comparable findings at
conditions, K is a constant and independenEf{. However, ambient pressure (high neutral gas density), where reutral

the mobility coefficient becomes dependent on electric field with processes exert a dominant role in forming mobility spectra,
are not generally available. Only a few studies for the measure-
T SIONEX Corporation. ment of K(E/N) at ambient pressure have been made owing to
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100
the technical difficulties associated with creating high fields with
conventional time-of-flight drift tube®. For example, an electric 501
field of 21360V/cm would be needed to attain value&6f ~ >
80 Td at ambient pressure; this would require a power supply =]
of 106.8 kV for studies wh a 5 cmlong drift tube. In work 0 1
presented below, the high field dependence of organic ions with
molar masses of 50250 amu was determined using a planar -50 ‘ 1 ‘
drift tube operated in air at ambient pressure with asymmetric 0 05 L 1.5 2 25

electric fields. The method of high field asymmetric ion mobility Time

spectrometry is a relatively new technique for ion separations EIIEJXIrI(\a/I g'dﬁf?t/&neqe'tl'rrlucev\sz\\//ifngwsOfsrslg\?va;?:(t)r?eigit{:gfl f('t%'g pl)j:r?)dalgd
baseq_on a_nonlinear, high field depe_ndence for moblllty actual or experimental (bottom part) used in these experiments.
coefficients. The method was proposed in 19&hd experi-
mentally demonstrated in 19919931017 Separations were
achieved through differences in coefficients fof, however,
experimental findings lacked a supporting partwork to interpret
or analyze the spectra from the perspective of molecular struc-
ture. Even today, alpha parameters for atmosphere pressure co
ditions are available for only a few substances such as ariines,
Ch|0rld§‘,18 and positive and negative amino acids idhs. 0,%, anda(EIN) ~ 0 for O,. These plots ana:(E/N) are

In this work, the instrumentation _ar_1d methods to_ dete_rmme_ haracteristic of ions and form the basis for ion separation in
the alpha parameters of large organic ions are described in detalﬁigh field asymmetric waveform ion mobility spectrometry.

n lied in tematic investigation for pr t ions form . . . . . .
and applied in a systematic investigation for product ions formed In this method for ion separation, ions are introduced in a

from homologous series of ketones. These determinations are, v of aas and are carried throuah & narrow gap between two
made by extracting the values faxy, from the plots of 9 9 gap

compensation voltage versus separation voltage obtained fromelectrodes as shown in Figure 2. Under the influence of a high

the amplitude of the applied waveform. In addition, alpha frequenc_y, nonsymm_etric_waveform eIect_ric field, ap_plied
parameters are reported for individual ions which were mass- perpendicular to the direction of gas flow, different species of

identified as protonated monomers and proton bound dimers.ions will exhipit characteristic trajectories. Eor e_xample, an ior]
Such a systematic investigation should enable the creation Ofunder the action of an asymmetric separation field as shown in
predictive models to relate,, coefficients to ion structure and F|gurfe 3 (togl pa:jt |deaI|ze_(|j|, _bottom partd_actlual mehasured
molecular properties. This work also establishes the protocol ¥|vav¢e_ orm) will un eLgo CIJSC' _atlf(_)nlg Qﬁzpep Ilgq a('; tot eo?as
to characterize ion behavior in high fields independent of drift ow In response to the electric field. This field s designed to

tube design and the protocol was validated using results from sat|sf|ed the.condmoEltl - E;tz, €., mFe;graIs above and below
reference data. the time axis are equal. If ion mobility does not depend on

electric field strength, i.eK(Ez) = K(Ey), displacement of ions

during the high and low portions of the applied field will be

equal and opposite (displacement is equaldt, = K(E1)Eits

= —(K(Ep) Eztp). Thus, the sum in displacement of the ions
General Principles. In Figure 1, an alpha function plot is  during one period of the separation field will be zeK(E;)-

shown for the electric field dependence of the coefficient of Ejt; + K(Ez)Ext, = 0). This case corresponds to low strength

mobility for diatomic ions with positive (&), negative (@) field behavior or low mobility dependenegE/N) ~ 0.

charge, and a monoatomic ion of negative charge) (D
oxygen. This plot, drawn from reference datiHlustrates that
that mobility coefficients for gas-phase ions in a weak electric
field (E/N < 20 Td, i.e., the low field conditions) are constant.
r‘Fiowever, mobilities can become dependentEN at values
above 40 Td where((E/N) > 0 for O™ ions, a(E/N) < O for

Analysis of Applied Waveforms and Determination of
Field-Dependent Mobilities
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If ion mobility significantly depends on electric field strength  waveformf(t), and the amplitude of the asymmetric waveform
(i.e., K(E1) = K(E)), the displacement of ions during a period Sare known.
of the separation field will be not zero, d(E1)Eat; + K(Ey)-
Edxt, = 0). The direction of displacement will depend on the Experimental Section
sign of mobility dependenc@(E/N). If a(E/N)>0, then positive ) . . )
ions will be displaced toward the top electrode at a distance nstrumentation. Studies were completed using planar drift
K(E1)Ext: + K(E2)Este. = AKEty. The extent of displacement tubes with field asymmetric vx_/aveform ion mob_|I|ty spectrometry
depends on field amplitudeE(), field waveform (ratioti/ty), (PFAIMS). One_ P_FAlMS d”ﬂ,tUbe was equipped with a gas
and ion mobility dependencaK). lons with negative mobility chromatographic inlet to obtain mobility scans for studies on

dependencex(E/N) < 0, will be displaced toward the bottom field dependence of mobility. A second PFAIMS drift tube was
electrode. interfaced to a mass spectrometer for identification of the core

lons will pass through the gap between the electrodes only ions from peaks in mobility scans. The drift tubes in both

when the net displacement per period of asymmetric field is instrument()s were identical in size and shape to those already
zero; in contrast, ions that undergo a net displacement will described? A width of 0.5 mm was used for the gap between

eventually undergo neutralization on one of the electrodes. A 1€ électrodes and air at 2 L/min was used for gas flow through
displaced ion can be restored to the center of the gap (i.e.the analyzer. Air was provided using a pure air generator (Mode

compensated, with no net displacement for that ion) when a /37, Addco Corp, Miami, FL) and was further purified through
low strength DC electric field (the compensation fie@), is beds of activated charcoal and>3nolecular sieve. The ion

superimposed on the asymmetric waveform. lons with differing source Wfasvl mCi of ®Ni. ) o )
displacement (owing to characteristic dependence of mobility ~ 1he drift tube was operated using specialized electronics
in the high field condition) can be passed through the gap at containing an RF waveform generator, a sweeping voltage
compensation fields characteristic of each particular ion and this 9énerator, and an electrometer. The waveform generator was
is accomplished by applying various strength€ofn this case, based on a soft-switched, semiresonant circuit thgt incorporated
this system can function as continuous ion filter; or a sca@ of @ flyback transformét and allowed variable amplitude of the
will allow a complete measure of ion species in the analyzer. @ymmetric waveform from 200V to 1100V without altering
This resultant scan & with time will be referred to as mobility ~ the waveform shape (i.ef(t) is constant). The operating
scan. frequency of the RF generator was 1.3 MHz. A trace from the
Mathematical Description. A brief mathematical description ~ ctual waveform is shown in Figure 3 (bottom part) whigte

of the method is presented below and a comprehensive treatments constant though the electric field strength could be varied. A
can be found elsewhet.The separation field in a field compensation voltage ramp was synchronized with the data

asymmetric waveform mobility spectromet&(f) = Sf(t), is collection system and provided a scan of compensation voltage
must satisfy the following conditions: from —3510+10 V at a frequency of 1 Hz. The entire PFAIMS

analyzer was housed in an aluminum box approximatelyk 12
T _ 10 x 5 cn®. Total power consumption for the PFAIMS was
1/Tj; Sydt= HHE= BOE=SAHE=0 - (43) abou 8 W at themaximum amplitude 1100V and about 4W at
[ﬁ2n+1(t)D¢ 0 (4b) moderate intensities of 900V. Signal was processed using a
National Instruments board (model 6024E) to digitize and store

where terms ar§t), a normalized function which describes the Spectra for every scan. Custom software was used to display
waveform; S, the maximum amplitude of the waveform; and the results as spectra, topographic plots and graphs of ion
/T, the period of the waveform. Triangular brackets in the INtensity versus time.

equations denote the averaging over the period of the separation The gas chromatograph was a Hewlett-Packard model 5710
waveform. The waveform is designed such that the average€equipped with a splitless injector, a 15 m SP 2300 capillary
period value is zero (eq 4a) while the amplitude of positive column (Supelco, Bellefonte, PA), and a PFAIMS drift tube as
portion is not equal to negative (asymmetry condition, eq 4b). the detectof? The mass spectrometer was a Sciex TAGA 6000

The addition of the compensation field, to the waveforn(t) (Toronto, Ontario, Canada) tandem mass spectrometer (MS).
yields eq 5: When the drift tube was placed against the flange of the MS, a
hole in the drift tube was aligned with the pinhole in the flange
Et)=9t)+C=Sft)+C 5) of the MS. The MS was equipped with an Apple PowerMac

. . ) . 7100/66 computer and API Standard Software, version 2.5.1.
so the average ion yelouty over a period of the asymmetric \yhiie details of this PFAIMS drift tube/MS interface have
waveform can be written as already been givef? refinements were made with miniaturized

_ electronics and mechanics of operation; also, all parts of the

V= NOE= KEEDD ©) instrument were brought under software control so mass spectra

Only ions with average velocity of zer@y(t)C= 0, will pass could be obtained while scanning the compensation voltage or
through the gap without neutralization. An expression for the at a particular compensation voltage only.
compensation field required to enable an ion to pass through Chemicals and ReagentsEight normal ketones with carbon
the gap can be obtained by substituting egSanto eq 6 as numbers from three to 10 (i.e., acetone to decanone) were

shown heré® obtained from various manufacturers in highest available purity.
Stock solutions were prepared as mixtures of the ketone in
c— eSO 2 methylene chloride by diluting &L of each chemical in 800
- o . @) uL of solvent. Working solutions were prepared with serial (1:
1+ ol EES(t)D 5) dilutions of the stock solution and the concentrations of

solutions for most experiments were 2:80.1 mg/mL. In the
The value of this compensation electric field can be predicted GC/PFAIMS studies, retention times were determined for
precisely when the alpha parameter for the ion species, theindividual chemicals prior to any studies.
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Procedures. In GC/PFAIM studies, 1uL of sample was
injected with a split ratio of 200:1 so that 14 108 grams 129.2
per ketone were delivered to the PFAIMS drift tube. The oven MH"
was programmed from 70 to 17 at a rate of 8C/min.
During sample collection, the PFAIMS analyzer was operated
continuously and mobility scans were obtained every second.
Since the widths of individual GC peaks wer8—10 s at base
line during an elution profile, 610 mobility scans were
recorded for each ketone throughout a range of concentrations. MH*
Such measurements were repeated for maximum voltages in L
the as.ymm.e.trlclwaveform from 0 to 1950 V. . 10 80 120 160 200 240 280

lon identification of a peak in a mobility scan was made in miz, amu
PFAIMS-MS experiments by setting the compensation voltage
to pass ions from a single mobility peak to the MS. In these
measurements, individual neat chemical was placed in a vapor
generator and headspace vapors were diluted and split to the
PFAIMS drift tube. The vapor generator was a hermetically
sealed, glass container (200 mL), which was thermostated in
an aluminum block with a Minco CT 137 controller. Glass
diffusion tubes or Teflon permeation tubes was placed in the
glass container and temperatures ranged frofC3for acetone
to 80°C for decanone. All supply lines from the vapor generator
to the drift tube were at 60C or more to minimize wall-
adsorption by vapors. This flow system allowed a constant gas 15 10 5 0 5
flow to be delivered to the drift tube and permitted changes in Compensation Voltage (V)
vapor concentration by adjusting the ratio of sample to diluent
flows or the sample temperature. The diffusion or permeation
tubes were weighed over time to determine gravimetrically
concentrations in the sample flow$ ug/md).

MH*

Intensity, cps

MoH*

Intensity, cps

(H30)(H20,

Figure 4. Mass spectra (top part) and mobility scan (bottom part) from
octanone in the PFAIMS drift tube coupled to a mass spectrometer.

andn = 0); a small amount of a hydrated protonated monomer
(n = 1) is also evident in the mass spectrum. The other ion
peak for octanone = +2 V) yielded a mass spectrum shown
lon Identifications in Planar Field Asymmetric lon Mobil- in the lower mass spectrum of Figure 4 (top part). This mass
ity Spectrometry of Ketones.The ions from &3Ni source in ~ SPpectrum exhibited the same ion as befone,= 129 amu and
a PFAIMS drift tube in the absence of ketones appeared atan additional peak witlm/z of 257 amu. This other ion is the
compensation voltage 6£9.5V with m/z values of 19, 37,55,  Proton bound dimer of octanone,zM* (Hz20), wheren = 0
and 73 amu. These were identified ag@)(H.0), wheren and the peak withw/z of 129 amu was understood as the product
= 0—3 at ambient temperature and moisture~ef mg/rn? of declustering of the proton bound dimer in the interface
Though the identification of the core ion (i.e., a hydrated proton) Petween ambient pressure and high vacuunx (20°° Torr).
can be Considered re|iab|e’ uncertainty existS in the exact Decreasing the potential Of the Oriﬁce, Wh|Ch iS knOWn to af‘feCt
composition of the ion population from clustering and declus- ion fragmentation and declustering in this type of mass
tering in the interface region between ambient pressure and highsPectrometer, tested and confirmed this conjecture. The intensity
vacuum. Thus, the factional composition of ions for values of ©f the peak fomVz of 259 amu was increased relative to that
n may not be quantitative derived from intensities in mass for m'z of 129 amu as the orifice potential was lowered. No
spectra. The mass spectra also cannot accurately account fopther ions of significant intensity were observed and the core
short-lived ion clusters such as 4B)*(H,0)y(N2), which also 10N was assigned to a proton bound dimer.
are altered in the supersonic jet expansion region of the IMS/ The identities of peaks in all mobility scans for the other
MS. Thus, mass spectra from this experiment are suitable for ketones were determined by PFIMS/MS and were found to be
qualitative interpretations and assignment of identity for the core protonated monomers and proton bound dimers with minor
ion. Nonetheless, the ion chemistry of positive polarity ions in amounts of core ions with waters of hydration. Two additional
clean air at ambient pressure is well-studied and these resultsexamples of mass spectra are shown in Figure 5 for acetone
are consistent with such prior finding&2° and heptanone.
When ketone vapors were added to the drift tube, the intensity Mobility Scans for Ketones. All experiments to obtain
of peak for (HO)*(H.0)n(N2), declined (see Figure 4, bottom  mobility scans for ketones were made using a gas chromato-
part) and two other peaks appeared in the mobility scans. Thesegraph-PFAIMS drift tube in order to eliminate or minimize the
peaks were at compensation voltages-8fand+2 V as shown possible complications from impurities in samples. Such impuri-
for octanone in Figure 4. The intensity of these new peaks wasties can alter the observed gas-phase chemistry and the use of
dependent upon vapor concentration and the compensatiorprefractionation was useful in maintaining a link between sample
voltages were not measurably affected by changes in concentrapurity and spectral integrity. Each experiment was made using
tions over a limited range from the detection limit to the working mixtures of all ketones and the results from such an experiment
value. When the compensation voltage was tuned3d/, the are shown in Figure 6. The gas chromatograms shown in the
mass spectrum was found to contain a single peak as shownleft part was obtained from the sum of all ion current from
for octanone in the upper mass spectrum in Figure 4, top part. protonated monomer and proton bound dimers (as marked) and
In this instance, the ion atVz = 129 amu was the protonated the mobility scans are shown as topographic plots in the right
monomer of octanone (i.e., MH(H,0), where M= CgH160 part. As expected for a homologous series, retention times

Results and Discussion
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Figure 5. Mass spectra for acetone (left part) and heptanone (right
part) for different peaks in the mobility scan from the PFAIMS drift 3
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Figure 7. Plots of compensation voltageC) versus amplitude of
separation voltageS for protonated monomers (top part) and proton
bound dimers (bottom part) for ketones. Carbon numbers are shown
on curves for individual ketone.

plateaus above 1000 V, and plots for nonanone and decanone
exhibited a nonmonotonic dependence above 900 V.

The pattern of dependence of C on S for proton bound dimers
occurred on a narrow scale compared to protonated monomers
with changes spanning6.0 V (—2.0 V for acetone at 900 V
to +5.0 V for decanone at1100 V). Nonetheless, the trend
seen above with protonated monomers seemed to continue with
the proton bound dimers when viewed as total mass of the ion.

Retention Time (min)

3 HEE R RE ARy Plots for the ions for acetone and butanone exhibit slightly

i s B R RERI LT negative slopes, which invert above 900 V. However, plots for
SIGieE ™ v W proton bound dimers of pentanone to nonanone exhibit plots
" lon Intensity Compensation with continuous and growing slopes toward positive voltage.
Voltage This means that the mobilities for the proton bound dimers of

Figure 6. Two-dimensional response of mobility scans (right party Pentanone to decanone are decreased with increased field
and chromatogram (left part) from GC/PFAIMS experiments for Strength. These findings are best treated in terms that are inde-
mixture of ketones from acetone to nonanone. pendent of the drift tube dimensions and the preference method
is to express these findings in alpha parameters. However, field
increased with molar mass of the ketone. Significantly, there strengths must be extracted from asymmetric waveform and the
were no detectable levels of impurities that might interfere with quality of the waveform for the planar FAIMS drift tube and
the ion identities and the determination of the alpha functions. methods to treat the signal are described in the next section.

The influence of separation voltage amplitu® ¢én com- Extraction of Alpha Parameters through Processed Asym-
pensation voltageQ) is dependent on the alpha parameter for metric Waveforms. The procedure of extraction o E/N) from
an ion (see eq 7) and the experimental depend&f&e for experimental measurements of the electric field dependence of

ketones is shown in Figure 7 for protonated monomers (top part) the mobility scans has been descriB&tf:1%n this section, some
and proton bound dimers (bottom part). Increased electric field additional considerations regarding the alpha parameter and
strength in the asymmetric waveform, resulted in increasing methods to determine this parameter are described. An important
negative voltage to restore the transport of protonated monomerdistinction is that the alpha parameter is a function (not a
through the drift tube. This polarity is consistent with ions that number) and the physical and chemical information about an
exhibit increased mobilities with increased field strengths and ion is contained in the shape of th€E/N) curve. The method
Cranged from~0 V to nearly—15.0 V for acetone & ~1100 of presenting this curve is incidental to the topic. The only
V. The absolute magnitude of this change increased inverselycriterion critical in these methods is that the calculated values
with mass: compensation voltages were strongly negative for for mobility (i.e., K(E/N) = Ko(1+0o(E/N))) should be as close
ions of small molar mass and less so as molar masses increase@s possible to the experimental values. The function for
Plots for protonated monomers of acetone, butanone, anda(E/N) can be represented as an even power serigs/Nh
pentanone ions increased monotonically with increasing electric according McDaniélor as complex fornd® In both instance,
field, plots for hexanone, heptanone and octanone approachedhe curves of experimental and calculated results should agree
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closely. Thus, the quality of the approximation is limited by
the accuracy of the experimental results as already demon-
strated!® Two parameters were used in these studies and alll
approximations were located within the error &€ (~10%).

In this work, a simple uniform method is described to
represent the function od(E/N), which will be suitable for
comparison of results obtained under different experimental
conditions. These methods could be used for different asym-
metric waveforms or different designs of IMS drift tubes
whether linear, cylindrical, or planar FAIMS. The criterion for
choosing the level of approximation of alpha is principally to
ensure that the method of extracting the alpha parameter
involved the fewest individual parameters of the experimental
device. Also, the result should contain the fewest adjustable
parameters and the approximated curve should be within the
experimental error bars. In the next section, details are given
for a general method to extract the alpha parameter from
experimental findings o€ versusS

The function ofo(E) can be given as a polynomial expan-
sion into a series of electric field strengthdegrees as shown
ineq 8:

00

o(E) = ZaZnEz” (8)

Substituting eq 8 into eq 7 provides a value of the compensation
voltage as shown in eq 9 where an uneven polynomial function
is divided by an even polynomial function. Therefore, an odd

degree polynomial is placed after the identity sign to ap-

proximate experimental results:

00

Z o, S0

- = Czn+lSZn+1Dj2n+1D (9)
1+ $ (2n+ 1)o, SH(1)0

n=

This allows the comparison of the expected coefficient (ap-
proximated) and values of alpha parameter as shown in eq 10:

n—1
Cony1 = a2n[ﬂ2n+lD_ ;1(2(” -k + :I-)C2k+10'~2(n—k)EIjZ(rH()D
(10)

Alternatively, alpha parameters can be calculated by inverting
the formula using an approximation of the experimental results
per eq 11:

n—1
+ ;(zm = K) + 1)Copp 1Oy T
) (11)

1
Oy = WD{ Cont1

Any number of polynomial terms (e.g.ng in principle, can

be determined from eq 11 though a practical limit exists; namely,
the number of polynomial terms in the experimental result of
the approximation &+1 should be higher than the expected
number of alpha coefficients,,. Since the size of depends

on the experimental error, the power of the approximation of
the experimental curved(S) cannot be increased without limit.
Usually N experimental points o€;i(S) exist for the same ion

Krylov et al.
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Figure 8. Validation of the method for determining functions. The
solid line is the alpha fuction for © ions using PFAIMS at ambient
pressure and data reduction methods described in this work. The solid
circles are points for @ from Atomic Data and Nuclear Data Tabfés.

the fitted curves are located within the experimental error bars
is unreasonable. In practice, two or three terms are sufficient to
provide a good approximation as shown in prior findidgs.

The error in measurements must be determined in order to
gauge the order of a polynomial for alpha. The sources of error
in these experiments (with known or estimated error) were

1. error associated with measurement and modeling of the
separation field amplitude~(5%),

2. error in C(S) from a first-order approximation of eq 4
(~3%),

3. Error in measuring the compensation voltag@%). The
approximate combined error may bel0% and there is
therefore no gain with approximations beyond two polynomial
terms; thus, alpha can be expressed@&/N) = ax(E/N)? +
o4(E/N)* with a level of accuracy as good as permitted by the
measurements.

Modern software usually provides the possibility to ap-
proximate experimental data by polynomial function= c;S*

+ ¢S according to eq 9. A standard least-squares method
(regression analysis) was used to approximate or model the
experimental findings. FON experimental points wittCi(S)

and forC = ¢3S + ¢S a functiony = c; + csx can be defined
wherey = C/S%;, x = & socs andcs are given by eqgs 12 and
13, respectively:

N N N
X )Y — N> Xy,
6= — - (12)
G x)?* =Ny %
1 N N
= N( Yi = Cs ) %) (13)

Through substituting experimental values f@r and cs, the
derived values fon, anday can be found per egs 14 and 15:

o= %D (14)

species and experimental data can be approximated by the

polynomial using a conventional least-squares method. Finally,
increasing the number of series terms above the point where

This formula is valid for any waveform and may be described
by form factors{(t)0@H(t)0FP(t)) these can be calculated
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Figure 9. Plots ofa(E/N) for ketones for protonated monomers (top
part) and proton bound dimers (bottom part). Carbon numbers for
individual ketones are labeled.

analytically or numerically. In an alternate approach that was
not employed in this work, harmonic approximation functions
of real waveform may be used in the computationscof
dependencé& An actual asymmetry waveform may have a
complex character as can be seen in Figure 3 (bottom part) an
second, third, and fifth orders in the equations will be needed
to determinex(E/N); any errors in these parameters will increase
errors in the value of the alpha parameter. Therefore, numerical
computation of the real waveform was used to obtain accurate
values of form factors(t)0 {B(t)0 ()01 For the actual
waveform shown in Figure 3, the real field form factors were
determined asfi?C= 0.187066,[%0= 0.093339, andfi®(=
0.08477721. However, validation of this approach was needed.
To verify egs 14 and 15, control experiments were made using
the PFAIMS with simple @ ions in dry (0.1 ppm moisture)
air. In this experiment, the paramet&N was changed from 0
to 80 Td at atmosphere pressure and room temperater@5
°C. A comparison was made between the experimentally
determined alpha function for O ions (solid line in Figure 8,
from actual parameters for the form factors of the real waveform

TABLE 1: Values for Alpha Parameters for lons of Ketones

J. Phys. Chem. A, Vol. 106, No. 22, 2002443

in Figure 3, bottom part) and values faE/N) = [K(E/N) —
K(0)]/K(0) obtained from Atomic Data and Nuclear Data tables
for O,~ ions in low-pressure conditions (page 84 in ref 14).
The reference data values are shown as symbols in Figure 8
and the favorable agreement between the reference values and
results from this method is a direct validation of the instrumen-
tation and procedures to derive alpha parameters as described
in this work.

Alpha Functions for Ketones. The final result from these
efforts are shown in Figure 9 as plots of the function dgE/
N) for individual ketones spanning electric fields of 0 to 80 Td
and in Table 1. These plots are fundamental features of ions
that are independent of the drift tube parameters and could be
used in other mobility spectrometers. These results are surprising
and demonstrate that chemicals with the same functional group,
protonated monomers of a single type, can exhibit a broad range
of behavior vistavis the dependence of coefficients of mobility
on electric fields.

This difference in behavior for a common moiety suggests
that the effect from the electric field must be associated with
other aspects of molecular structure. One possible interpretation
is that ions are heated during the high field and the effect on
the protonated monomer should be striking. These ions with
structures of MH(H20), or perhaps MH(H20)(N2)2, should
be prone to dissociation with slight increases in ion temperature
caused by the high field conditioA%Thus, ions cross-sections
and mobilities would accompany declustered small ions at high
fields. An example is the 20% increase di(E/N) for the
protonated monomer of acetone with high fields. As the
molecular weight of the ketone increases, ion heating should
be less pronounced and reflected in th@&/N) function. The
o(E/N) function for proton bound dimers is consistent with

Odecreases in mobility under high field conditions. Consequently,

the basis for the((E/N) function differs from that of protonated
monomers. Indeed, the proton bound dimer for decanone
undergoes a 5% decrease at high fields. The cause for a decrease
in mobility at high fields has no existing model but could be
due to increased collisional size or increased strength of

interaction between the ion and the supporting gas.

Three final features of these experiments can be observed in
Figure 10. The effect of ion mass afE/N) is shown regardless
of ion formula and is the first presentation of a homologous
series in field asymmetric ion mobility spectrometry. The plot
shows that the curves can be approximated with a common
function though there is no experimental or theoretical back-
ground material for such predictions.

The actual values for alpha coefficients are given in Table 1.
The accuracy of approximations of error was calculated with a

protonated monomer

acetone butanone pentanone hexanone heptanone octanone nonanone decanone
formula GHsOH" C4HgOH" CsH100H" CeH120H" C7H1,0OH" CgH160HT CoH160H" C1oH200H"
m/zamu) 59 73 87 101 115 129 143 157
o2 3.14x 1075 2.7x 10° 2.1x 10° 1.7x 10°° 1.2x 10°° 8.4x 10°® 6.5x 107 46x 10°°
(o —-954x 101 -14x10° -12x10° -11x10° -8.8x10% -69x10% -6.6x101° -52x101°
LSD(%) 4.14 1.89 2.4 1.82 4.14 2.23 1.88 221

proton bound dimer

acetone butanone pentanone hexanone heptanone octanone nonanone decanone
formula (Q;HGO)QH+ (C4H30)2H+ (C5H100)2H+ (C5H120)2H+ (C7H14O)2H+ (C3H150)2H+ (C9H130)2H+ (C10H200)2H+
mizamu) 117 145 173 201 229 257 285 303
a2 1.34x 10°° 8.0x 10°® 19x 10°° 19x 10 25x 1077 —35x107 —-22x10% —35x10°
4 —-177x10° -6.0x101° —-80x10° -68x10° -69x10% -48x101° -32x10%° -12x10°
LSD(%) 2.96 1.23 3.34 3.82 3.48 2.87 2.84 2.15



5444 J. Phys. Chem. A, Vol. 106, No. 22, 2002

Krylov et al.

Terms and Abbreviations
0.15 1 letter dimension name
E Vicm electric field
N cm3 gas density
0.1 Vg, V cm/s ion drift velocity
K cn? Vs ion mobility
© Ko cn?/ Vs ion mobility in weak
Z electric field
0.05 a(E/N) n/d normalized mobility
field dependence
02, 04y Qg ... Td2 Td™ Td™ ... coefficient ofa(E)
o - approximation as an
even power series
in E/N
C Vicm compensation field
-0.05 T T T \ T Cs, Cs, -.. VenmiTd=3, VemTd™5, ... coefficient ofC(S)
0 50 100 150 200 250 300 approximation as an
Mass (amu) odd power series i6
Figure 10. Empirical relationship betweea(80 Td) values and ion S Td separation field
mass for ketone ions. Symbols are solid circles for protonated monomers f) n/d r)ormallzed separation
and open circles for proton bound dimers. field waveform
m triangular brackets

denote the averaging
over the period of
separation field

TABLE 2: Comparison of Compensation Voltages from
Actual and Derived Values

SV C, V exptl C, V theory

782.5 —4.32 —4.455 References and Notes

843.8 —5.49 —5.325

901.3 —6.14 —6.165 (1) Langevin, PAnn. Chim. Phys1903 28, 289-384.

960 —6.92 —-7.02 (2) Langevin, PAnn. Chim. Phys1905 8, 245-288.
1008 —7.44 —-7.7 (3) Tyndall, A. M. The Mobility of Positie lons in GasedJniversity
1056 —7.7 —-8.375 Press: Cambridge, England, 1938.

(4) Mason, E. A.; Schamp, H. W., JAnn. Phys(NY) 1958 4, 233.

(5) Mason, E. A.; McDaniel, E. WTransport Properties of lons in
Gases Wiley: New York, 1988.

(6) Pai, R.Y.; Ellis, H. W.; Akridge, G. R.; McDaniel, E. W. Chem.

least-squares deviation (LSD) .;yglNZQ‘(R—A)Z/A2 whereR

is the experimental value an#l is the approximated value.

Results are shown in Table 1 and the standard deviation for all Phy??)lghzglfjr(\?gisgggo\_/\}.' Mason, E. AThe Mobilty and Diffusion of

ions did not exceed 5%. This supports the prior approximations |ons in Gaseswiley: New York, 1973; pp 266:326.

which were based or10% error. (8) Ewing, R. G.; Atkinson, D. A.; Eiceman, G. A.; Ewing, G. J.
The calculatedo(E/N) dependence was used for direct Talanta2001 54, 515-529.
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i (15) Eiceman, G. A.; Karpas, Zon Mobility Spectrometry CRC
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(17) Buryakov, I. A.;; Makas’, A.; Krylov, E. V.; Nazarov, E. G,
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imperfect waveforms. Error analysis suggests that the determi (19) Guevremont, R.; Bamett, D. A: Purves, R. W.: Viehland, LJA.

nations are better than 10%. These findings show an internal chem. phys2001 14, 10276-10277.
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