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Technologies for separating and characterizing ions based on their transport properties in gases have been
around for three decades. The early method of ion mobility spectrometry (IMS) distinguished ions by absolute
mobility that depends on the collision cross section with buffer gas atoms. The more recent technique of field
asymmetric waveform IMS (FAIMS) measures the difference between mobilities at high and low electric
fields. Coupling IMS and FAIMS to soft ionization sources and mass spectrometry (MS) has greatly expanded
their utility, enabling new applications in biomedical and nanomaterials research. Here, we show that time-
dependent electric fields comprising more than two intensity levels could, in principle, effect an infinite
number of distinct differential separations based on the higher-order terms of expression for ion mobility.
These analyses could employ the hardware and operational procedures similar to those utilized in FAIMS.
Methods up to the 4th or 5th order (where conventional IMS is 1st order and FAIMS is 2nd order) should be
practical at field intensities accessible in ambient air, with still higher orders potentially achievable in insulating
gases. Available experimental data suggest that higher-order separations should be largely orthogonal to each
other and to FAIMS, IMS, and MS.

Approaches to separation of ion mixtures and characterization Ko = K(P/760) x (273.151) (2)
of ions in the gas phase based on ion mobility are becoming

commonplace in analytical chemistry. The key advantage of the mopjiity of an ion always depends on the electric field.

gas-phase separations over condensed phase methods is thgyis gependence may be expressed as an infinite series of even
ex<_:e_pt|onal speed _enabled b_y rapld_molecul_ar motion in 9aseS.qwers over E/N, where N represents the gas number
This inherent benefit is made increasingly topical by the growing density?2°
focus of analytical technology on higher throughput. Since their
first demonstration a decade ayd, instrumental platforms
combining electrospray ionization (ESI) or matrix-assisted laser Ko(E) = Ko(O)[1 + a(E/N)2 + b(E/N)4 +
desorption ionization (MALDI) sources with ion mobility c(E/N)® + d(E/N)® + e(E/N)*° + ...] (3)
separations and mass-spectrometry (MS) have undergone a
sustained development that has improved their resolution andRigorously, IMS measurek(E) at a particularE. However,
sensitivity to the levels demanded by practical applicatfofS. typically E/N is under~20 Td, for examplex~5—16 Td in MS/
Recent commercial introduction of such syst&mns is expand- IMS/MS system&24.7.150perated at lowP ~ 1—5 Torr and a
ing interest in ion mobility/MS, particularly for analyses of |ower ~1—4 Td in IMS?8 and IMS/MS €12 with “high” P ~
complex biological samples such as proteolytic digests and 150-760 Torr. Under those condition&(E) varie$®-33 by
lipids, nucleotides, and metabolit€s2* < ~1%. Thus, althoughK(E) could be revealed by IMS
Single-stage ion mobility spectrometry (IMS) was investigated experiments at very low? ~ 0.03-0.5 Torr34 6 in practice
since the 1970%27 with a noteworthy development of ESI/  IMS essentially separates ion mixtures by zero-field mobility
IMS in 1980s28 In IMS, ions drift through a nonreactive buffer ~ Ko(0).
gas under the influence of a modest electric field. The drift ~ The mobility of an ion is related to its size and thus to its
velocity (v) in the field of intensityE is determined by ion massm (especially within classes of homologous or chemically/
mobility (K): structurally similar species), meaning that the orthogonality
between IMS and MS analyses is limited. For example, ions of
v=E x K(E) (1) the same charge statefollow certain trend lines in IMS/MS
plots, depending on the chemical composition and compound
For consistency, measured mobilities are normally converted type. In particular, trend lines have been described for atomic
to reduced valueK, by adjusting the buffer gas temperature hanoclustef§™#? (including carbon, semiconductor, and metal
(T, Kelvin) and pressureR Torr) to standard (STP) conditions: ~ SPecies) and biomolecules (including peptides, lipids, and
nucleotides}-214344Using ESI, complex biological analytes
N - o such as tryptic digests generally yield ions with a distribution
T E;’gﬁi‘ﬁ;‘t‘m?ei? mg{ibﬁéﬁgbégﬁyre'ShvartSburg@pnl'gov' of zthat have different trend lines in IMS/MS sp&te!SWhile
* Schradinger. this increases the apparent 2-D peak capacity of IMS/MS, the
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correlation between ion mobility and mass is a fundamental 1.0 f ——— @11 04
limitation of IMS/MS methodology. //\\\

This limitation has been one driver behind the recent a 03T 7 <o 102
development of field asymmetric waveform IMS § 0.0k // T~< J oo~
(FAIMS),131436-33 \which separates ions by differential S

mobility as a function of electric field using a time-dependent 05 1-0.2
field E(t). In this field, an ion drifts with the mean velocity:

1.0 b 1-04
1.0 f b) 104
to+ At (
=
[ ﬂo K(E)E(t) dt]/ At (4) osl |,
2
The limits of integrals below are algpand (o + At), but are < 00f Na _-1100*~
dropped for conciseness. Witk(E) defined by eq 3, eq 4 R 05t N ,/” ]
expands into: NP
-1.0 p —— l.04
@O=K(0 E(t) dt + (@/N?) [EXt) dt+ 00 02 04 06 08 10
0) < [E® @N?) [E) As
(b/N*) fE5(t) dt + (c/N°) fE7(t) dt+ Figure 1. Optimized time-dependent electric fields for FAIMS (solid
lines, left axis) and the ideal ion trajectories in those fields (dashed
(d/NB) ng(t) dt + (e/N*) fEll(t) dt + ...J/At (5) lines, right axis). There are two possible polarities: (a) and (b).
by f = 2, when

This motion may be offset using a constant fiéld that pulls

ions back with the velocityc: E(t) = Ey{te [0: AU3]}; E() = —Ey/2{t € [AU3; A]}

ve ~ E¢ x K(0) (6) )

. . . (Figure 1a) or a waveform of inverted polarity (Figure 1b).
A FAIMS separation may be achieved by any periodic asym- Equation 9 produces:

metric functionE(t) for which:
= K(0)[(a/N)Ep /4 + 5(b/IN*)ES%/16 + O(cE, IN®)/ At

JEMdt=0; [EXt)dt=0 (7) (10)
with At now being the period d&(t). Condition (7) cancelsthe  E. = —[(a/N})Ep¥/4 + 5(0/IN*)E, /16 + O(CE, NS/ At
1st (but not the 2nd) term of polynomial (5). Settingl= — (11)

ve, one finds from eqs 5 and 6:
Model trajectories for ions experiencing a period &ft] +

E. ~ —[(a/N? fE3(t) dt + (b/N?) fES(t) dt + Ec] by egs 9 and 11 are plotted in Figure 1. This calculation
does not account for ion diffusion or space-charge effects, which
(c/N®) fE7(t) dt+ (d/N°) ng(t) dt + is acceptable for comparing trajectories induced by different

E(t): the form of E(t) influences the diffusion only slightly
(e/N') fEll(t) dt + ...J/At (8) through high-field and anisotropic terms and does not affect
Coulomb repulsiori® All of the above is well-known in FAIMS
The independence & (compensation field) frork(0) allows theory*¢=48 and supported by experiments.
FAIMS to disperse ions by the sum of 2nd and further terms of  In operation, FAIMS conceptually resembles a quadrupole
eq 3, regardless of the absolute mobility. At a sufficiently low mass filter. lons are moved through a gap between two
peak amplitude oE(t) (known as the “dispersion field'Ep), electrodes (the analytical gap) by a gas ff8wA voltage
Ec is mostly determined by the leading term of eq 8, that is, waveform applied to this electrode pair creates the fi&d)][
the coefficienta. Subsequent terms (especially the 2nd) affect + Ec] across the gap. Parallel plarffdigoaxial cylindricati®5!

the FAIMS response at high&p, which in some casékallows and concentric spheri®al electrode geometries (and their
for the measurement of coefficiebt Still, FAIMS separations combination¥’13 have been considered, and other configura-
are mainly controlled by the value af differences betweeb, tions are possible. At any givelc, ideally only one species

c, ... create no significant orthogonality and so are of little with K(E) yielding @ = uc is balanced in the gap and
practical utility. This is parallel to IMS where the value af transmitted. Other ions drift across the gap and are eventually
could be measured, but is nearly immaterial to the separation,neutralized on an electrode. Scannkgproduces a spectrum
as described above. of the ion mixture!® Fundamentally, the value afis not related
Condition (7) is satisfied by an infinite number @&i{t) to m as closely a¥k(0); in particular,a may be both positive
functions. However, FAIMS resolution and specificity are and negativé? while K is always positive. As a result, FAIMS
optimized by maximizing200 fE3(t) dt/At (ignoring higher- is generally more orthogonal to MS than IMS. For example,
order terms)f® That is ideally achieved by a “rectangular” FAIMS and MS separations for tryptic peptides are indepen-
waveform?>46whereE(t) switches between segments of “high  dent2453 while IMS and MS are substantially correlatet®
field” (Ep) over a timetp and “low field” (E.) in the opposite This orthogonality is a major advantage of FAIMS/MS over
direction over a timé,_. The criterion/E(t) dt = 0 of condition IMS/MS.
(7) requiresEp/E, (known as the “high-to-low” ratid) to equal This prompts the question as to whether fundamentally novel
—t,/tp. This quantity may mathematically vary between 1 and ion mobility separations might exist. To be useful, the separa-
+o, but the best FAIMS performance is providéd tions would have to be substantially orthogonal to both FAIMS
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and IMS or outperform them in other respects. Here, we show
that, in principle, there is an infinite number of mutually

orthogonal separations based on the 3rd and higher terms of

K(E) expansion (3) just as IMS and FAIMS are based on the
1st and 2nd terms, respectively.

Fundamental Feasibility of Higher-Order Differential lon
Mobility Separations (HODIMS)

First, we prove the physical possibility of separations based
on the terms of eq 3 beyond any chosen order. Solutions for
E(t) will be sought as a numbek)(of discrete field settingg;

(i =1, k) applied over time segmertswhich fork = 2 reduces
to ideal FAIMS rectangular waveforms. To simplify the
mathematics, alE; andt; values are scaled so that = 1 and

tl =1.

To achieve separations based onhliff'N)* and higher terms
of eq 3, one must cancel both the 1st and the 2nd terms of eq
5 without canceling the 3rd term (proportional f&>(t) dt).

This is impossible using a “rectangulak € 2) waveform with
anyf value. Indeed, the system

JEMdt=0; [EAt)dt=0

reduces to a cubic equatioh3(— f = 0) with rootsf = {—1;
0; 1}; that is, the waveform does not exi$t= {0; 1}) or is
symmetric { = —1), and trivially f/EZ"(t) dt = O for any
separation orden.

However, &E(t) comprising three different field settings may
satisfy the condition (12), yet yieldE>(t) dt = 0. Moreover,
system (12) contains two equations, but four varialptesE;
ts; Es}. Hence, an infinite number of such waveforms exist.
Similar to the FAIMS case, the optimuE{(t) would maximize
JE3(t) dt/At. The two equations of condition (12) allotyand
Es to be expressed in terms BfandE;; then the function to be
maximized is:

(12)

1+ tE,° — [(1 + t,E)Y(1 + t,E)]

JE®) duAt=

1+t,+ /(1 + LE)YA + t,ED
2 \/ 22 22 (13)

The maximum of function (13) is located &t, = 2; E; =

(V5 — 1)/4 = 0.309, yielding{ts = 2; E3 = —(+/5 + 1)/4 =
—0.809%. Because the order 6fandts is not fixed, this solution
produces two waveforms that are mirror images with respect
to the time inversion (Figure 2a and b):

E(t) =E, {t € [0; AUS]}; E,E, {t e [AU5; 3AU5]};

E.E, {t € [3AUS; At]} (14)

E() =Ep {t € [0; AUS]}; ESE, {t € [AUS5; 3AUS]};

E,E; {t € [3AU5; At]} (14)

The polarities of both may also be inverted. The maximum of
eq 13 is 1/16, thus:

D= K(O)[(b/IN*)E, /16 + O(CE, IN?)J/At  (15)

E. = —[(bIN)E;%16 + O(CE, /N%)]/At

= (16)
That is, Ec is rigorously independent of both the absolute
mobility K(0) and the coefficient, creating, in effect, a'$
order IMS that separates ions primarily by the valud.ofhe
waveforms (14) also yield nonzero higher-order terms in eq 5
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Figure 2. Same as Figure 1 for 3rd order differential IMS separating
ions by coefficient (only one polarity is shown for each waveform).

involving coefficients{c, d, ..} that would influence the results,
especially at higheEp where the O¢Ep’/N®) term grows in
importance. This effect is parallel to that found in IMS and
FAIMS, as described above.

Waveforms (14) and (IXare not equivalent because ion
trajectories in the field ofE(t) + Ec] during the E(t) period
differ, even though the final displacements are null in both cases
(Figure 2a and b). Still, maximum amplitudes of ion oscillation
during the period 4r) are equal. This parameter determines
the “tightness” of a given gap width and thus is critical in the
design of FAIMS separatiofisand also HODIMS, as discussed
below. As a corollary of eq 1:

Ar = CcK(E)EpAt a7
whereCg is a numerical coefficient (6< Cg < 1) that depends
on the waveform profile. For eqs 14/1€¢ = 0.3236, which
is slightly lower thanCe = 1/3 in FAIMS.

This approach could be used to deskg) for IMS of still
higher orders. For the 4th order separation, primarily by
coefficientc, a waveform must satisfy:

JEMdt=0; [EX)dt=0; [EXt)dt=0;
JE(®dt=0 (18)

Setting eq 13 to zero yields only the solutions that annihilate
SJEXT(t) dt for all n, so no waveform withk < 3 meets
condition (18). Seeking alf(t) with k = 4 provides six variables
{t2; Ex; t3; Eg; ta; E4} to satisfy three equations in eq 18. Again,
this can be achieved by an infinite multiplicity &{t), but the
number of free variables has prevented a truly a priori
optimization. However, the 1:2 optimum ratioteft, in FAIMS
(i.e., the 2nd order IMS) and the 1:2:2 ratiotgty:t3 for n =

3 appear to reveal a trend, extrapolating to the 1:2:2:2 ratio of
tytoitsity for n = 4. While we cannot rigorously prove this recipe
for maximizing fE(t) dt, the results below support its verity.
The constraint leaves three variablgs,; Ez; Es} for three
equations in (18), which defines a unique solution. Numerically,
we obtain{ —0.223; 0.623:-0.90% . Becausé, = t3 = t4, which
value is assigned to which d,, E;, and E4 is immaterial.
Combinatorial rules allowr( — 1)! = 6 different waveforms
with two polarities each, making three pairs Bft) that are
identical with respect to the time inversion (Figure 3a/b, c/d,
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Figure 3. Same as Figure 3 fon = 4, with ions separated by
coefficientc.

elf). Any of these pairs results in:

E. = —[(c/N®)E, /64 + O(dE,N?)]/ At (19)
that is, the separation is independentk{D), a, and b. By
comparison of egs 11, 16, and 19, the numerical coefficient
with the leading term at separation ordegquals 4" 1/4 for
n=2, 1/16 forn = 3, and 1/64 fom = 4. This trend supports
the above assertion of a 1:2:2:2 ratio for waveform segment
durations. The six ideaE(t) forms are not equivalent and
produce different ion trajectories (Figure 3). Unlike for= 3
above, those may have differeft values Ce = 0.257 for a
and b orCg = 0.321 for ¢-e), which would result in a different
instrumental response.

For the 5th order separation independenk¢®), a, b, and
¢, E(t) must satisfy:

Shvartsburg et al.

JEMdt=0; [EX)dt=0; [EX)dt=0;
JE®Mdt=0; [EXt)dt=0 (20)

These conditions can be met by an infinite number of waveforms
with k > 5. Assumingty:txtaitsits = 1:2:2:2:2 by the above-
formulated rule, a numerical optimization of four variab{&s;
Es; E4; Es} for maximumES(t) dt yields{0.174;—0.500; 0.770;
—0.94@ . Again, ast; = t3 = t4 = t5, these values may be freely
permuted within thg Ey; Es; E4; Es} set, creatingr{ — 1)! =
24 different E(t) with two polarities each, of which 12 are
nonidentical with respect to the time inversion (Figure-fa
Any of them provides separations primarily by coefficieht

E. = —[(dIN*E,%256+ O(E,"/N")J/At  (21)
with the leading term coefficient equal to 1/4 of 1/64 in eq 19,
following the rule asserted above. Again, these waveforms
produce ion trajectories with differetkr values Ceg = 0.209,

Ce = 0.282, orCg = 0.320) and so would yield a different
instrumental response.

The present optimization approach involvas 1) variables,
S0 maximizing/E2"1(t) dt is a growing challenge at higher
We have not examined > 5, but conceptually the procedure
allows designind=(t) to cancel any number of leading terms in
eq 3, enabling separations of arbitrarily high order.

It may be of concern that the series in eq 3 has a finite radius
of convergenceR*).2° By eq 6-1-58b of ref 29, the convergence
condition is|a|(E/N)? < 1. E* then depends on the ion, generally
decreasing for smaller ions with larget. For example, for 17
amino acid ions in aif! the measured (below in 106 Td—2)
ranges from 1.27 to 17.4, allowing* ~240-900 Td. The
values of|a| for peptides are normally lower than those for
single amino acids; hencE* would be yet higher. For smaller
ions,|a| (in air) and corresponding* are, for example, 0.25
31.4 (~180—-2000 Td) for 16 ketone monomers and dim&rs,
5.22-15.1 (~260-440 Td) for 9 small organic ion%, and
0.27-5.09 (~440-1900 Td) for 17 organophosphorus com-
pounds>® As discussed below, the electrical breakdown thresh-
old in HODIMS for air or Ny at 1 atm isEgr/N ~ 160—220 Td
(depending on the instrumental parameters). TRtsy> Egr/N
for all cases considered except one @idetone witha = 31.4)33
and E* would not normally be reached in HODIMS using air
or N2 media.

Further, a theoretical divergence of eq 3 would not affect
the feasibility of HODIMS. This is because the methocdhtif
order requires only the cancellation of £ 1) leading terms of
eq 3, and each of those is of course finite regardless of whether
the series converges. However, the separation parameter reflect-
ing the sum of all nonannihilated terms of eq 3 may have no
relation to the pertinent higher-order coefficient (elgfor n
= 3). To measure the actub] c, d, ... using HODIMS withn
=3, 4,5, ..., one would have to study the limiting behavior
with decreasinde/N, as is presently done to determine tK(@)
in IMS anda in FAIMS. Doing that accurately may in some
cases prove impossible, because the magnitude of the HODIMS
(or FAIMS) effect drops and thus the error margin increases
with decreasinde/N. In any event, we envision the major utility
of HODIMS not in extracting the coefficients in eq 3, but in
providing new gas-phase separations, an objective on which the
issue of convergence of eq 3 has no bearing.
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Figure 4. Same as Figure 3 far = 5, with ions separated by coefficiedt Twelve out of 24 total waveforms are shown; the other 12 could be
obtained via time inversion.

Practical Aspects of Implementing Higher-Order With a planar gap, any voltage waveform produces an electric
Separations field that is spatially homogeneous, except for fringe effects.

With the theoretical feasibility of HODIMS established, we | ¢ fi€ld becomes inhomogeneous in a curved gap, increasing

now discuss the major issues associated with theirexperimentaltowa'“_]| the surface of hlgher (?urvature. In cy_lmdncal and
implementation. spherical FAIMS geometries, this causes focusing that keeps

Mechanical Embodiment. Separation in HODIMS could be lons near Egiggap_ median (cqunteracting dif_fl.JS.ion and Coulpmb
effected by the filtering mechanism used in FAIMS, whereby _repuIS|on_), ’ Wh!Ch greatly |mggrove_s sensitivity and permits
ions are injected between two electrodes that carry voltages'©" raPping at high pressuré2 This effect would become
generating the desired time-dependent electric field between,Stronger with increasing because the dependencekaf on
and species with unbalanced trajectories are neutralized on ond=p gets steeper, as follows from egs 11, 16, 19, and 21.
of the electrodes. Again, ions could be pushed through the gap Therefore, HODIMS could also be performed in cylindrical
by gas flow and/or longitudinal electric field, for example, geometries where ion focusing is critical, and enables the
created by segmented electro8@%. Hence, HODIMS could  operation of atmospheric-pressure ion traps analogous to
utilize any electrode geometry used for FAIMS, including FAIMS.58%9 |n fact, the saturation ion currents of HODIMS
planar, cylindrical, spherical, and their combinatidfs. analyzers and charge capacities tffODIMS traps may
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TABLE 1: Characteristic Parameters of the Optimum Intensity of Electric Field and Separation Power. In
Asymmetric Waveforms for FAIMS and Higher-Order principle, a differential IMS effect (for any) exists at anyE.
Differential IMS up to the Sth Order However, the FAIMS resolution depertlen [2[] which scales
AE/Ep AEw/Ep Ce asEp® (eq 10), and the separation becomes udkfafo.54.61at
FAIMS 1.5 3 0.333 Ep/N ~ 40-50 Td, with optimum performance achieved at
HODIMS,n=3 1.81 3.62 0.324 ~65—80 Td. By the nature of eq 3, the value N at which
HODIMS,n=4 122190  3.80-5.49  0.2570.321 a term exceeds a given threshold tends to increase for each

HODIMS, n=5 127104 3.88-6.42 0.209-0.320 subsequent term. Thus, higher separation orders require greater

E/N, and a steeper dependenceflon Ep at highern means
an increasingly abrupt emergence of a significant effect.

The strongest field allowable in any gas is limited by electrical
breakdown, with the point of onset depending on the gas
properties (identity and\), the gap width g), and, to a lesser
extent, electrode geometfy.In existing FAIMS systems
(including the commercial Selectra and DM&Rr/N (for N>
or air at STP conditions) rang&$rom ~160 Td forg = 2 mm
to ~220 Td forg = 0.5 mm. The increase in requirdth at
higher n will obviously preclude useful operation beyond a
certainn. So, a key concern is whether the HODIMS effect
would be large enough for practical separations at realistic
electric field intensities.

significantly exceed those of FAIMS tFAIMS, %647 because
of more effective ion focusing at higher

Choice of Asymmetric Waveform.As derived above, fon
> 4 some of the optimunk(t) produce ion trajectories with
different Ar. A smallerAr allows'” a narrower analytical gap
(in any geometry) and thus proportionately lower voltages for
the sameE(t). The electrical engineering task is always
simplified by minimizing rf voltages; hence, in genekEt) that
yield minimumAr are best, that is, the waveforms (a, b) for
= 4 (Ceg = 0.257, Figure 3) and (b, e, f, h) for=5 (Cg =
0.209, Figure 4). Other hardware considerations, such as finite
switching speed, may favdi(t) with smallest change between
any consecutive voltage settingsK). The optimumE(t) forms

have definedAE for n = 2 and 3, but not for highen. For n TheEp needed for HODIMS would depend on the magnitude
= 4 (Figure 3), waveforms (e, f) involVAE = 1.22Ep versus of coefficient in eq 3 with the chosen. Unfortunately, the
=1.90Ep for (a — d). Forn = 5 (Figure 4), the lowesAE = information about those values is scarcefior 3 and barely
1.278p is for () versus=1.50 Ep (c), =1.73Ep (a, d, e, g), existent forn > 3. About the only sizable compilation df
and=1.94Ep (b, f, h — k). However, for eithen = 4 orn = yalues comes'from EAIMS data for protonateq and deprotonated
5, none of the ideakE(t) that minimizeAr has the loweshE ions of 17 amino acids in aff, whereb (below in 1029 Td™)

and vice versa. Reducing the cumulative voltage chang;, ranges from-5.95 to 0.79 withb|[= 1.47 and mediafb| =

per period (and thus the average electrical current in the system)!-34. As already stated, in the same set; 1.27-17.4, with
may also be important, for example, because of power con- L= 6.78 and mediaa = 6.00. The similarity of means and
sumption or heat dissipation limitations. The waveformsrfor ~mMedians in both sets suggests a representative selectian of
and=5.4%;, (a, b) forn = 4; and=3.8&; (c, g, j, ), =5.07Ep provide Ec (and thus the resolution) comparable to those in
(d, i), =5.2%F (a, k), and=6.4E; (b, e, f, h) forn = 5. As FAIMS at typical Ep (Figure 5a). In FAIMS using the ideal
seen here, the lowestE, is compatible with the lowesAE, waveform, a hypothetical ion with me4u; b} would haveEc
pointing to options (e, f) fon = 4 and option (I) fomn=5as ~ ~ 100-180 V/cm atEp/N = 65-80 Td. In 3rd order
perhaps the most practical for engineering. However, minimiza- SeparationsEc would reach the same magnitude E/N ~
tion of AE is inconsistent with that oAr, and the latter may ~ 130-150 Td, which is below the electrical breakdown threshold
be preferable. The overall magnitudes AE and AE for even in the worst case gf= 2 mm. Thelb|/|a| ratio for many
HODIMS of 3rd to 5th orders are close to those for FAIMS ions in the set exceeds the mean of 22107° Td™? and a
(Table 1), indicating broadly similar implementation issues. ~ comparableEc would be obtained at lowep. For example,
Each E(t) may have two polarities. In FAIMS, these are H'lysine witt’ a = 3.83;b = —2.51 (bl/la] = 66 x 10°°
interchangeable for planar geometries but not for curved ones Td~?) has a loweiEc ~ 45-60 V/cm atEp/N = 65-80 Td in
where the ion focusing depends on polafity. The proper ~ FAIMS. Achieving equaEc in 3rd order HODIMS would only
polarity is set by the combination of the sign of ion charge and require Eo/N ~ 100-110 Td (Figure 5a), a field already
the sign ofa, creating four mode%4°P1, P2, N1, and N2. This ~ eémployed in some FAIMS studié3>* Recalling that FAIMS
would also happen in HODIMS for ang, except that the ~ becomes useful #p/N ~ 40-50 Td, one may estimate the
p0|arity would depend on the Sign of another higher-order fields needed for similar HODIMS performanCE’a$00_115
coefficient for the chosen. FAIMS measurementsindicate ~ Td for an “average” amino acid and90—-105 Td for H'lysine
that bothb > 0 andb < 0 are possible, and the same should (Figure 5a). Some ions have lojl| that would not yield a
apply forc, d, ... Hence, all four FAIMS modes would likely ~ significantEc at any achievabl&p/N. However, this situation
be mirrored in HODIMS of any order. Signs of the different is not specific to HODIMS but inherent in differential IMS, for
coefficients in eq 3 are generally mutually independent (e.g., €xample, FAIMS for ions witf?>*a ~ 0. We appreciate that
ions with positivea may havé! either positive or negativb, andb in the above set are fd&N < 65 Td and should not be
and ions with negative may havé?® either positive or negative ~ €xtrapolated to higher fields. The aim here is not to predict
a); hence, changing may necessitate switching the waveform separation parameters for particular species, but to gauge the
polarity. electric field strength that may be useful for higher-order IMS
In practical FAIMS analyzers, the idedl(t) of eq 9 is in general.
approximated by either a bisinusoidal (a sum of two harmon- ~ Similar estimates could be derived from the other three
ics)?146.47.530r a clipped displaced sinusoiddl®® Substitution published (less extensive) setshpfalso deduced from FAIMS
of these waveforms for the rectangult) in FAIMS sacrifices measurements in aif:>*55The{ (a|C0b|[} values of those sets
some resolution and/or sensitivityput simplifies the design.  are {16.0; 9.26 for 8 protonated ketones from acetone to
Similarly, HODIMS could uséz(t) forms that are fundamentally ~ decanon® (m = 59-157 Da),{3.94; 8.18 for their dimers33
sub-optimal, but easier or less expensive to implement. {2.57; 1.06 for 10 protonated organophosphorus compounds
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Figure 5. Compensation field for representative ions in FAIMS and
HODIMS computed as a function of dispersion field. Lines in both
panels are for a hypothetical “average” amino acid described in the
text, for separation orders af= 2 in FAIMS (solid),n = 3 (dashed),

n = 4 (dash-dot), andn = 5 (dotted). In (a), filled symbols are for
FAIMS and empty ones are for 3rd order HODIMS: circles for-H
lysine and triangles for an “average” ketone.

(m= 125-267 Da)%*{0.58; 0.73 for 7 of their dimers3* and
{9.61; 7.18 for 9 cations of organic volatiles witm = 78—

169 Da (benzen&-toluidine, dimethyl methylphosphonate, and
six aromatic amines¥ Thus, typicallb| for organophosphorus
ions are close to those for amino acids, and those for the othe

two sets are nearly an order of magnitude higher. Hence, the

3rd order HODIMS for many smaller organic ions would already
become operational &p/N ~ 70—80 Td and as effective as
standard FAIMS at-100-115 Td (Figure 5a).

Feasibility of HODIMS with n > 3. Little is known about
the values ofc, d, ... that control HODIMS fom > 4. The
coefficientsc have been measured only for the above-mentioned
set of nine organic ions (using FAIMS at very higiN).5° The
resulting values (al = 20 °C, in 1014 Td %) are 1.29-4.76
with [c|0= 2.86, which allows projecting typical separation
parameters for 4th order HODIMS. In this scenario, a useful
operation could be achieved Bt/N ~ 110-125 Td, which is
just above the highe&p/N ~ 110 Td employed in FAIM& 54
and well below the breakdown threshold for any gap width.

General magnitudes @f d, ... could be estimated considering

J. Phys. Chem. A, Vol. 110, No. 8, 2008669

(Jd|d= 0.069 for amino acids. The values for ketones would
allow useful HODIMS operation at even lowEg/N than those

for the organic ion set® ~100-115 Td forn = 4 and 125

135 Td forn = 5, that is, not enough for breakdown under any
conditions. On the other hand, separations for amino acids would
requireEp/N ~ 150-170 Td f = 4) and~190-210 Td =

5). These values are slightly below the realidfigz/N range

for n = 4 but within it for n = 5, potentially a significant
complication. While the estimates derived from eq 22 are quite
crude, they show that 4th and even 5th order HODIMS should
be achievable at realistic electric field intensities, at least for
many ions.

All comparisons above have been made versus ideal FAIMS
with a rectangularE(t) that is more effectivE than actual
sinusoid-based waveforms by50%. Thus, HODIMS with the
ideal E(t) considered here would be similarly more effective
by ~50% if benchmarked against conventional FAIMS. Of
course, real HODIMS waveforms would not be optimum either.

HODIMS in Electrically Insulating Media. Like FAIMS,
higher-order separations could use gases other thaor Mir,
some of which are significantly more resistant to electrical
breakdown. For example, a gap of 65 mm filled with Sk
(a common gas-phase insulator in industry) suppBrt$ ~
380410 Td, and yet higheE/N values are accessible using
electronegative gases based on halogenated catbiiile
FAIMS in SFK; has been reported,the values ob, c, d... are
not known for any ion. However, values @f for several
representative ions in $Rre closé’ to those in N and Q,
and there is no reason for other coefficients to be abnormally
low. Accordingly, the ability to rais&p/N to ~400 Td should
allow useful separations up to= 5, and perhaps for yet higher
orders. When operation in pure insulating gases is impractical,
even a small admixture of those to the buffer (such as air or
Ny) raises the breakdown threshold disproportionately to the
fraction of insulating ga& For example, the threshold for 90:
10 No/SFs is ~150% that for pure N

Gap Width and Waveform Frequency. The optimum gap
width in differential IMS is determined bwr for ions of
interest: g less than or close tAr would cause an indiscriminate
rapid elimination of ions, whereas too wide a gap would pass
significantly unbalanced ions resulting in poor separation
quality#” By eq 17,Ar is proportional toCg andEp, and both
parameters differ from those in FAIMS and dependroas
discussed above. However, the decrease of optirdgrand
increase of requirelp with increasing partly offset each other.
For example, with the lowe<e possible for a givem (Table
1) and reasonablEp/N of 80, 130, 160, and 200 Td faor =
2—5, the respectiv€gEp/N quantities are 26.7, 42.1, 41.1, and
41.8 Td. Thus, HODIMS for alh considered would involve
approximately equahr that differ from typical FAIMS values
by a factor of only~1.5, which indicates that separations of all
higher orders could be implemented using one gap width. Other
factors being equal, the gap would ideally be somewhat wider

that, in Taylor expansions describing physical phenomena Suchthan for FAIMS, with the waveform voltage scaled to establish

as eq 3, the ratios of absolute coefficients with consecutive terms

often lie within an order of magnitude. Indeed, for the above
organic ion seb? those ratios (in 1¢° Td™2) are: [c|Ub|0=

40, (b|IJa|C= 75, anddaC= 9.6. Similarly, Jb|ZaC= 58
and [Ja|00= 16 for the ketone& and [b|a|0= 22 anda|0]

= 6.8 for the amino acid¥ Assuming

(| (20| C= i L] U= o| a0 (22)

yields [Jd|C= 1.1-2.1 (in 10718 Td~8) for nine organic ion&>
(c|O= 5.4 and[d|O= 3.1 for ketones, andic|J= 0.32 and

the sameEp. Alternatively, one could increase the waveform
frequency in proportion t&€:Ep/N to produce constankr by

eq 17. Regardless, these estimates suggest that HODIMS could
use existing FAIMS mechanical hardware, allowing a rapid
switching between alh > 2 orders on the software level by
changing only theE(t) profile and possibly adjusting the
amplitude and/or frequency.

Potential Utility of Higher-Order Separations

The preceding discussion has examined the fundamental and
practical feasibility of higher-order differential IMS. The
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Figure 6. Pairwise correlations between ion mass, low-field mobility, and coefficiemtsdb for amino acid cations®) and anions®). Values
are from IMS® and FAIMS! measurements (inf\yas). Slightly differeno(0) values were reported (Beegle, L. W.; Kanik, I.; Matz, L.; Hill, H.
H., Jr.Anal. Chem2001, 73, 3028), but the effect or? is negligible. Absolute mobilities for anions have not been measured.

remaining question is whether HODIMS would be of analytical correlation between coefficiers and m is lower, but still
utility, that is, what advantages and new capabilities would be large: 0.87 for # and 0.71 for * ions (Figure 6b). To the
provided? contrary, the values df are independent ah (Figure 6¢,r2 =

Orthogonality to MS. As mentioned in the introduction, 0.09 for X and 0.04 for t). In the absence of a linear
FAIMS and MS tend to be more orthogonal than IMS and MS. correlation, probing for higher-order statistical correlations is
There also is a significant orthogonality between FAIMS and important. The data in Figure 6¢ do not exhibit such either; for
IMS dimension$364which enables 2-D separations by FAIMS/ example, the quadratie) and cubic (3) correlations are,?

IMS coupling® However, FAIMS is still substantially correlated = 0.09,r32 = 0.15 for H- andr,?2 = 0.27,r52 = 0.28 for 1-.

to MS. For example, in FAIMS in or air buffer, small ions So, unlike FAIMS or IMS, 3rd order separations of amino acids
with masses up to several hundred Da (including monatotfiics, would be orthogonal to MS. In less favorable cases (e.g., for
all amino acid ions$! and other simple organic ioff% are the sets of ketone®, organophosphorus compourfdsand
“A-type”49 (i.e., have a positiva), while large ions (including organic volatile®®), HODIMS with n = 3 and MS remain
all peptided*53636% are “C-type™® (i.e., have a negativa). correlated, but generally weaker than FAIMS and MS. For
The inverse correlation betweenandm is also found within example, for the above $ebf nine organic ions;?is 0.84 and
many homologous series, for example, for the previously 0.58 for the plots ofa versusm (Figure 7a) and versusm
introduced organophosphorus compouffdketones’® and (Figure 7b), respectively.

aromatic amine& halogenate aniorf8, and amino acids From the first principles, HODIMS separations for> 4
(below)3! Classification of ions by types depends on the gas; should be yet more orthogonal to MS than thoserfor 3.

an “A” ion in one buffer (e.g., Csin N or 0,)%%66may become  This surmise is supported by the coefficientsneasured for
“C”in another (e.g., Csin He)5” Nonetheless, the trend af the organic ion se€€ The r? of correlation betweer and m
decreasing with increasing ion mass remains, in agreement with(Figure 7c) is 0.00, indicating a perfect orthogonality of the
basic ion-molecule collision dynamic¥. 4th order HODIMS to MS.

A priori, the orthogonality between HODIMS and MS should Both IMS/MS¥-4268 and FAIMS/MS°-72 are frequently
increase with increasing for the same reason FAIMS is employed for analyses of isomeric/isobaric ions; however, the
generally more orthogonal to MS than is IMS. Measurements correlation between two dimensions is an ubiquitous challenge.
for amino acid cations and anions support this conjecture (Figure More generally, this results in relatively low 2-D peak capacities
6). All ions in these experiments are singly chargedién= that impede analyses of complex mixtures. A high orthogonality
+m. Absolute mobilities are tightly related to mass, with the between HODIMS and MS could make HODIMS/MS preferable
of linear correlation equal to 0.93 (Figure 6a). The of to IMS/MS or FAIMS/MS, even at inferior resolution. For
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example, the mobilities of Heucine and Hisoleucine in N the amino acid sé¥ HODIMS with n = 3 would be orthogonal
differ by 1% (1.618 and 1.632 ci{V-s), respectively}2 which to IMS with r?2 = 0.15,r,? = 0.16, ands> = 0.16 (Figure 6€),
barely allows distinguishing these isomers in IMSThe while FAIMS and IMS are correlated as tightly as IMS and

difference between coefficients(respectively, 4.24 and 4.06) MS (Figure 6dy? = 0.93). Moreover, 3rd order HODIMS would

is greatet! at 4%, but again is just sufficient for FAIMS  be independent of FAIMS with? = 0.25,r,2 = 0.25, andr3?
separatiort®4’ Similarly, for anionsa for (leucine— H)~ and = 0.26 for H andr? = 0.00,r,2 = 0.24, andrz? = 0.24 for
(isoleucine— H)~ differs® by 5% (respectively, 5.43 and 5.15), 1— (Figure 6f). HODIMS then could be usefully coupled to
which is just enough for FAIMS analysé&$ln comparison, the IMS and/or FAIMS to enable 2-D and even 3-D gas-phase
values ofb differ3! by ~560% (0.12 vs 0.79) for cations and separations, either with or without MS analyses. HODIMS could
~220% (1.85 vs —0.58) for anions. This magnitude of also be interfaced with condensed-phase separations such as
difference should allow a complete separation even with a reverse-phase and/or strong cation exchange liquid chromatog-
limited resolution. More accurately, the difference between raphy in front of an ion source, as presently practiced for
separation parameters of two species should be compared tdMS81516and FAIMS?

the separation space width. For cations, that width equals 8.38 A priori, the orthogonality of HODIMS to IMS and FAIMS

in the a dimension and 3.30 in thie dimension! Hence, the (like that to MS) should increase for higher Indeed, for the

peak capacities needed to distinguistilédicine from H- organic ion se®® ¢ anda are fully independent (Figure 7€2
isoleucine are 8.38/(4.244.06) = 47 in FAIMS and 3.30/ = 0.01), whileb anda are moderately correlated (Figure Td,
(0.79-0.12)= 4.9 in 3rd order HODIMS. Similarly, for anions, = 0.58). Finally, lack of correlation betwednand c (Figure

the separation space widtt?ig14.7 fora and 6.45 forb, and 7f, r?> = 0.14) suggests orthogonality between HODIMS
the peak capacities needed are 52 in FAIMS, but only 4.8 in separation of various orders. Thus, separations in further
HODIMS for n = 3. In other words, HODIMS could possibly  dimensions could, in principle, be achieved by stacking
provide a peak capacity 10 times higher than FAIMS at equal HODIMS operated at differemt In particular, multidimensional
resolution or equal to FAIMS at1/10 resolution. This means  methods involving IMS of different orders without MS is a
that HODIMS could potentially operate at roughly one-half the promising route to high specificity in field analyses where
electric field projected in the preceding section based on FAIMS ruggedness, power consumption, weight, and/or footprint are

resolution benchmarks, which would place the requigg(N major concerns.
for all n < 5 in the standard FAIMS range of110 Td. The Effect of Temperature. Each term of eq 3 is a functional
New Multidimensional Gas-Phase Separationsn addition of ion—molecule collision integrals that depend on the gas

to orthogonality to MS, higher-order separations would also be temperaturé® Therefore, as is well-known in IM&,7475the
substantially independent of IMS and FAIMS. For example, for separation parameters in ion mobility methods of any order are
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temperature-dependent. The effect generally increases for highegeometries, and, with proper waveform polarity, would exhibit
n, where small changes of mobility as a function of temperature ion focusing in the latter two. This focusing would allow high-
are magnified by differential measurement. For example, for pressure ion trapping analogous to that in spherical FAIMS.
the benzene cation in di?,heating from 10 to 40C changes The ion focusing in HODIMS could be superior to that in
aby 7% (from 12.9 to 13.8)% by ~70% (from—9.36 t0—16.2), FAIMS, potentially enabling analyzers, guides, and traps with
and ¢ by >300% (from 2.22 to 9.13). For the-toluidine charge capacities above those of FAIMS analogues. The electric
cation®® a changes by 1% (from 7.94 to 8.0®)py 10% (from field strength needed for differential IMS separations would
—5.3810—5.93), anct by 12% (from 1.61 to 1.44). These data generally increase with increasimg for n = 3—5 exceeding
further suggest that the effect of temperature on HODIMS typical FAIMS values by a factor of1.5—2. Such fields could
separation parameters would vary from ion to ion a lot. This be established without electrical breakdown in air or ahd
would enable modifying the separation properties to distinguish some other gases (e.g., S&nd its mixtures) support much

hard-to-resolve species using fine temperature control. higher fields that might allow HODIMS even far > 5. The
waveforms for HODIMS would have somewhat higher ampli-
Directions for Future Work tudes (and perhaps frequencies) than those for FAIMS, but

We have introduced the concept of higher-order mobility should be achievable using similar engineering approaches.

. . : . High-field ion mobility data for amino acid and other organic
separations and addressed the key issues that determine their .
feasibility and potential utility. Follow-up efforts will optimize lons suggest that HODIMS of different orders would be largely

the hardware design and operation for HODIMS implementa- independe_nt c_)f each_other ?”d of FAIMS_’ IMS, and MS, with
tion. First, we are extending the FAIMS molecular dynamics orthogonality increasing at higher separation orders. Hence, the
simulatioriy‘e’47~57 to waveforms involved in HODIMS. That HODIMS/MS combination could substantially outperform IMS/

would permit a comprehensive treatment of HODIMS separa- MS and FAlMS_/MS in terms of 2-D peak capacity, even W't.h.
tions (including an accurate modeling of resolution, ion a lower resol_ut.lon. HODIMS separation parameters are ant|IC|-
transmission efficiency, and ion focusing and trapping) that pated to exhibit strong temperature dependence, allowing fine

would guide instrumental development and choice of experi- control of analyses by adjustment of gas temperature. Multidi-

mental parameters. Second, successful realization of HODIMS mensional gas-phase separations could be achieved by coupling

. : ion mobility methods of different orders (including conventional
would depend on approximating thg |qle_al waveforms by IMS and Ig/AIMS), Wwith or without MS.( 9
superposed harmonics in a way that judiciously balances the
operational efficiency and engineering complexity. Hence,
optimizing the emulation of idedk(t) by harmonic functions
will be a priority for simulations. Finally, non-Blanc effects that

control and often strongly benefit FAIMS in heteromolecular technical implementation. This work was supported by the NIH

gase$ will also appear n higher-order separations. As is National Center for Research Resources (RR 18522). PNNL is
common for nonlinear phenomena, these effects could become

! . . a multi-program national laboratory operated by the Battelle
more pronounced at higher separation orders. We will explore M ial Insti for th D fE h h
this matter using the established formalisms for FAIMS in gas emorial Institute for the U.S. Department of Energy throug
Mixtures? Contract DE-ACO5-76RL0O1830.
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