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ABSTRACT

Recent literature relevant to the role of ion mobility spec-
trometry (IMS) in analytical chemistry is discussed. Included
are sections dealing with instrumentation, spectral collection
techniques, the theory of ion mobility in gases, and the dy-
namics of atmospheric pressure ionization. The pros and cons
of radioactive ionization, photoionization, laser ionization, sur-
face ionization, and electrofied spray ionization are considered.
Analytical applications are separated into the use of IMS as a
stand-alone spectrometer, and the use of IMS as a detector
following gas, liquid, and supercritical fluid chromatography.

I. INTRODUCTION

Although the potential application of ion mobility spectro-
metry (IMS) to analytical chemistry has been known for over
20 years, only recently have advances in technology, design,
and commercialization enabled the implementation of this sim-
ple and sensitive method of analysis for the detection of trace
quantities of organic compounds. Over the past decade, IMS
has evolved into an inexpensive and powerful technique for
the detection of many trace compounds after chromatographic
separation and direct monitoring of specific compound classes
such as chemical warfare agents and drugs of abuse. The intent
of this review is to provide the reader with an overview of
response mechanisms, instrumentation, and applications of IMS
with a critical look at some of the current limitations and future
possibilities of the method for analytical chemistry.

IMS is a gas phase electrophoretic analytical technique, first
introduced in 1970 under the name plasma chromatography.'-?
Original plasma chromatographs used **Ni radioactive sources
to ionize organic sample vapors through a series of ion/molecule
reactions. Interest in the technique was aroused by the excellent
detection limits, the speed of response, and its applicability to
numerous organic functionalities. Early papers were written on
the detection of alcohols,® alkyl halides,* halogenated aro-
matics,’ alkanes,® nitrosamines,” alkyl acetates,® alkyl amines,”
and nitroaromatics.'® Limits of detection in the parts-per-
trillion or picogram range were reported.

Almost since its inception, IMS has been suggested as a
tuneably selective detector for gas chromatography.’' High
resolution capillary gas chromatography with ion mobility de-

Analytical Chemistry

tection was first accomplished in 1982'? following detector
modifications designed to reduce sample residence times and
thus preserve chromatographic separations. The applicability
of IMS to detection after supercritical fluid chromatography
has also been demonstrated.' Its potential capability of pro-
viding responses when using ionizable supercritical fluid mod-
ifiers is especially valuable. 4

Since 1980, several additional methods have been introduced
as ionization sources for IMS. These include photoionization,'
laser multiphoton ionization,!® electrified spray ionization,'’
and surface ionization.'® Ammonia,'® acetone,? and chloride®!
reactant ions have provided increased specificity of ionization
in Ni sources.

Samples of low volatility have been successfully analyzed
using thermal desorption? and laser desorption® sample intro-
duction techniques. A membrane inlet system has eliminated
some difficulties associated with direct sampling of ambient
air.?* A continuous standard addition methodology has also
been devised® for ambient measurement of toxic vapors in
industrial environments. Several portable field instruments®
have been devised for hazardous waste and chemical warfare
monitoring. A sophisticated second derivative algorithm has
been devised for separation of overlapping peaks.?” Rapid, low
noise, spectral collection is now possible using signal-averaged
or Fourier transform techniques.?®

This review discusses these subjects in some detail in an
attempt to identify the role of IMS in analytical chemistry. As
with any analytical technique, its suitability for a particular
application must be approached on an individual basis. Factors
to be considered include detection limits, response time, matrix
interference, cost, setup time, portability, etc. A comprehen-
sive discussion of IMS with ®*Ni ionization has been pub-
lished.? An additional recent review of IMS instrumentation
is also highly informative.*

Il. INSTRUMENTATION

A. Basic Components

The basic components of an ion mobility spectrometer con-
sist of: (1) a sample inlet system, (2) an ionizer, (3) a reaction
region, (4) an ion gate or gates, (5) a drift region, and (6) an
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ion collector. Figures 1 and 2 illustrate these components in a
conventional bidirectional gas flow, 5Ni ionization, stacked
ring design IMS. Gas to be analyzed is introduced into the
reaction region by an inert carrier gas. Sample product ions
are formed and directed toward the drift region by an applied
electric field. A narrow pulse of ions is injected into the drift
region using an ion shutter grid (see Figures 1 and 2). In the
drift region, ions of different identities are separated based
upon their charge, mass, and size. The analytical signal is
obtained when ions strike a conducting flat plate (Faraday cup),
and the resulting current is amplified with a fast electrometer.
Ancillary equipment needed to provide a functioning IMS
include (1) a high voltage power supply to create the electric
field in the drift tube, (2) a shutter controller, (3) an external
source of clean carrier and drift gases, (4) temperature control
instrumentation, (5) a fast electrometer, and (6) data collection
apparatus including computer, signal averager, and printer.
Ion identifications can be obtained by coupling the IMS to
a quadrupole mass spectrometer via a pinhole aperture in the
ion collector plate. This opening is illustrated in Figure 1.
Attempts to couple gas chromatography to a bidirectional
gas flow IMS were only marginally successful. Excessive de-
tector residence times were noted that sacrificed chromato-
graphic resolution. Figure 3 illustrates a unidirectional flow
IMS designed to alleviate this difficulty. In this design, chro-
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matographic effluent is efficiently swept through the ionizer
and out of the detector with residence times of seconds. No
sensitivity losses were noted. More detailed discussion of IMS
detectors for chromatography is provided later in a chroma-
tography section in this review.

In order to reduce the complexity and expense of the stacked
ring designs, the conductive inlaid tube was designed.> The
conductive inlaid tube is composed of a ceramic material (ma-
cor or alumina) coated internally with resistive ink to provide
a linear resistance along the length of the tube. This instrument
is illustrated in Figure 4. Comparative studies between this
tube and one of a stacked ring design of similar dimensions
revealed no significant differences in sensitivity, resolution, or
total ion current. Its primary advantage would seem to be its
simplicity, providing greater ruggedness and stability for use
in a portable device.

B. Sampie Iniets

Several methods have been described for introducing sample
vapors into the jonization region of an IMS. These include
sample wire probe,* syringe injection,*® exponential dilution
flask,'® permeation tubes,* diffusion tubes,?* thermal desorp-
tion ovens,?>3¢ laser desorption,* and suction of ambient air
into the instrument either directly or through a membrane in-
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FIGURE 1. Detailed diagram of an ion mobility spectrometer. Note the opposing gas flows in the reaction and drift regions. (Reprinted from
Spangler, G. E. and Carrico, J. P., Int. J. Mass Spectrom. Ion Phys., 52, 267, 1983. With permission.)
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FIGURE 2. Three-dimensional drawing of conventional ®Ni ionization, bidirectional gas flow, stacked ring design ion mobility spectrometer.
(Reprinted from Spangler, G. E., Campbell, D. N., Vora, K. N., and Carrico, J. P., ISA Trans., 23, 17, 1984. With permission.)

let.%*-*® Chromatography, which could be considered as merely
an inlet, is discussed separately.

The thermal desorption oven technique has been used for
analysis of surface contamination of electronic components,?
and for sampling for residue from drugs of abuse.>® In the first
case, the surface sample was placed in a temperature-pro-
grammable inlet oven. Flowing through the oven is the carrier
gas of the IMS, so that as the surface sample is heated up,
sample vapors are introduced directly into the ionization re-
gion. In the drug-sampling scenario, persons suspected of han-
dling drugs are sampled on their palms, fingers, injection sites,
and/or nostrils for residue. The sampling device was a small
nickel tube (6 X 0.3 cm) containing a fine mesh platinum
filter. This probe was connected to a battery-powered, hand-
held pump. During sampling, the probe was applied to the skin
surface, and drug particulates are sucked into the tube and
adsorbed on the filter. The tube was then inserted into the
heated inlet of an IMS. Volatile substances evaporate imme-
diately and are flushed with the carrier gas into the ionization
region of the instrument.

Laser desorption has been used to volatilize thermally labile
explosive materials for subsequent analysis by ion mobil-
ity/mass spectrometry measurements.>” The laser desorption
was performed at relatively low power (<107 W/cm?®) so that

mainly neutrals were produced, which were subsequently ion-
ized by **Ni-induced ion-molecule reactions at atmospheric
pressure. A thin layer of sample paste was applied to the end
of a ceramic rod which was then inserted into an IMS. The
sample was irradiated with the 532-nm second harmonic of a
Nd:YAG laser, at a laser power sufficient to desorb the sample
in 15 s to several minutes. This slow desorption was used, so
as not to saturate the ®*Ni reactant ions. A minimum detectable
limit of 280 pg trinitrotoluene (TNT) was obtained.

Direct sampling of ambient air is complicated by changes
in the identity of reactant ions when introducing laboratory air
directly into an IMS. Ambient water and ammonia cause highly
clustered ammonium reactant ions of high proton affinity to
be formed in the positive ion spectrum. Highly clustered nitrate
and chloride reactant ions of high electron affinity were seen
in the negative ion spectrum.* This clustering places limita-
tions on the ability of IMS to analyze sample constituents of
low proton or electron affinities and introduces other
ion/molecule reactions, €.g., nucleophilic attachment reactions
for ammonia. A membrane can be used on an IMS inlet to
sample ambient air and discriminate between organic vapors
and water/ammonia, thus minimizing complications in ion cre-
ation and mobility analysis caused by clustering reactions.

A schematic of a single stage membrane inlet system is
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FIGURE 3. Unidirectional gas flow ion mobility spectrometer used as
a detector after capillary gas chromatography. (Reprinted from Baim,
M. A. and Hill, H. H., Jr., Anal. Chem., 54, 38, 1982, With permission.)

illustrated in Figure 5. The ambient air containing the sample
is drawn across the external surface of the membrane by a
suction pump. The sample permeates the membrane in ac-
cordance with the following equation.

A.P.P P,
Py = FH + PA_P D
where P, is the partial pressure of the sample interior to the
membrane, P, is the partial pressure external to the membrane,
P, is the permeability coefficient of the membrane, and P is
atmospheric pressure. A is the cross-sectional area of the
membrane, and H is the membrane thickness. F. is the carrier
gas flow rate which carries the sample internal to the membrane
into the IMS. Permeability coefficients for various membranes
have been studied.***! A dimethylsilicone membrane (25 pm
thick) has been found to significantly reduce effects from am-
bient air on both positive and negative reactant ions.?* Figures
6 through 8 are positive reactant ion spectra using purified air,
unfiltered laboratory air, and laboratory air filtered with a di-
methylsilicone membrane, respectively. Total ion mass spectra
associated with each ion mobility spectra identify the contam-
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inated spectra of Figure 7 to be primarily due to water-am-
monium ion clusters. These clusters are largely eliminated when
using the dimethylsilicone membrane.

IMS with a dimethylsilicone membrane has been used to
detect 2,4,6-trinitrotoluene vapors in ambient air. A limit of
detection of approximately 500 ppt was reported.** This rep-
resents a loss in sensitivity of greater than an order of magnitude
from earlier reported TNT detection limits.*°

C. lon Gates

Two basic approaches have been used to control ions. They
both involve creating an electric field between fine wires strung
across the drift tube. The voltages used to create the gate field
are electrically referenced to the gate’s position in the drift
field. The gate is opened by removing the gate field, allowing
the gate wires to assume the potential of their location in the
drift field.

The two approaches differ in the positioning of the fine
wires. In the Tyndall gate,*® two independent grids composed
of finely spaced wires were separated by 1 mm and placed
across the drift tube. The gate was closed by applying a voltage
across the two grids which reversed the drift field in the vicinity
of the gate. This reversed field directed the ions to the gate
wires of the first grid where they were neutralized.

In the Bradbury and Nielsen gate,* the ions were passed in
a single plane of the drift field. The gate consists of a single
grid of finely spaced wires, alternate wires being biased +
and - the gates reference voltage, creating an orthogonal gate
field to the drift field. This orthogonal field is some three times
the drift field, directing the ions into the wires where they are
nuetralized.

D. Drift Rings

Ions are directed down the drift tube toward the collector
by an electric field created by the voltage differential between
a repeller plate and the grounded collector. This field is main-
tained and guarded from stray fields by enclosing the drift
space within a cylindrical tube composed of identical equally
spaced stainless steel guard rings. Voltages suitable to the
rings’ position within the field are applied by tapping a string
of resistors, connected in series down the length of the tube.

Uniformity of the drift field in such a system has been pre-
viously studied.?? It was found that field uniformity is primarily
a function of ¢/h, where ¢ is the radius of the guard ring, and
h is the distance between the centers of the gaps of successive
rings. Expressed algebraically, h = 2b + 2f, where 2b equals
the height of the guard ring and 2f is the gap between the rings.
Figure 9 displays the radial position, r/c, where the maximum
distortion in the electric field, AE, is 1% for different values
of ¢/h. Field uniformity is improved by increasing the value
of ¢/h. This can be done by increasing ¢, the guard ring radius,
or by decreasing h by using a greater number of thinner rings
separated by smaller gaps. The dotted line in Figure 9, relates
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FIGURE 4. Ceramic tube design ion mobility spectrometer. A linear resistance is created along the drift tube by an internal coating of resistive
ink. (Reprinted from Spangler, G. E., Campbell, D. N., Vora, K. N., and Carrico, J. P., ISA Trans., 23, 17, 1984. With permission.)

VITON TEFLON TEFLON RETAINING
GASKET Tu8E BOLTS/ TS

THERMOCOUPLE

@c/

INLET
Tube

LW% /

CARRIER GAS

+
” 1 —— sampre

/ C (T M)
MEMBRANE J []—\

SAMPLE SWAGELOX TO
SUCTION

PUMP "w

CARRIER
AS MALE NPT
CONNECTOR

FIGURE 5. Schematic of membrane inlet system. (Reprinted from Span-
gler, G. E., Campbell, D. N, Vora, K. N., and Carrico, J. P., ISA Trans.,
23, 17, 1984, With permission.)

to dimensions of a commercial ion mobility spectrometer. This
instrument had a c/h value of 2.12; 1% error occurred at r/c
= 0.58. Ions introduced from the 1.41 c¢m diameter of the

1990

reaction region into the 4.25 cm diameter of the drift region
thus saw less than 1% distortion of the electric field. A detailed
discussion of the electrical field near the ion gate has also been
published.** This same report touches upon problems of im-
perfect gating, including static leakage, gate depletion, and
dynamic leakage.*

E. Aperture Grid

In order to maintain spectral resolution in single-scan or
signai-averaged spectral collection, an aperture grid must be
placed approximately 1 mm prior to the ion collector. The
aperture grid is designed similarly to a Bradbery/Nielsen ion
gate, consisting of thin, finely spaced parallel wires, or it can
be a fine mesh. An appropriate voltage is applied to the wires
or mesh in order to maintain the drift field near the collector.
As an example, for a drift field of +300 V/cm, the aperture
grid 1 mm from the collector would be held at +30V. The
function of the aperture grid is to capacitively decouple the
collector from the approaching ion swarm. Without the aperture
grid, the ion swarm is coulombicly feit by the collector several
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FIGURE 6. Positive reactant ions for IMS/MS without a membrane inlet
system using purified air for carrier and drift gases. (Reprinted from Span-
gler, G. E. and Carrico, J. P., Int. J. Mass Spectrom. lon Phys., 52, 267,
1983. With permission.)

millimeters prior to its actual arrival. The result is a broadening
of the ion peaks and a loss in spectral resolution. Decreases
of total ion current and sensitivity of up to 2.5 times have been
measured with the aperture grid installed,* probably due to
neutralization of ions on the fine wires or mesh. Microphonics
of the aperture grid to the detector plate contribute major por-
tions of noise to the IMS signal.*” An aperture grid is not
necessary when using Fourier transform spectral collection (as
is discussed in the section entitled Spectral Collection).

lil. ION MOBILITY IN GASES

In IMS, ions are separated and detected based upon the
differing velocities attained when accelerated down an electric
field against a counterflowing neutral drift gas. Mason et al.
have published several reviews of ion mobility in gases.*®-%
The average velocity of the ion, v, is determined by the number
of collisions that the ion makes with the molecules of the drift
gas and, at low field strengths, is directly proportional to the
electric field, E.

vy = KE (2
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FIGURE 7. Positive reactant jons for IMS/MS without a membrane inlet
system using unfiltered laboratory air for carrier gas and purified air for
drift gas. (Reprinted from Spangler, G. E. and Carrico, J. P., Int. J. Mass
Spectrom. lon Phys., 52, 267, 1983, With permission.)

where v, is the velocity of the ion (cmy/s), E is the electric field
(V/icm), and K is the mobility of the ion (¢cm?V-s). The mo-
bility, K, is a combined property of the ion and the drift gas.

K = 3/16 ¢/N Qu/pkT)"? (1 + a)Q, 3)

This is known as the Mason-Schamp mobility equation; q is
equal to ze, where z is the charge on the ion and e is the unit
electronic charge (1.602 x 107! C). N is the number density
of the drift gas (molecules/cm). w = mM/(m + M), the re-
duced mass of a colliding ion-drift gas pair, where m is the
mass of the ion, and M is the mass of a neutral drift gas
molecule. k is Boltzman’s constant (1.381 X 10-2 J/K), and
T is the temperature in degrees Kelvin. a is a correction term
which is less than 0.02 when m > M, generally the situation
in organic analysis using the most common drift gases, N, or
air. {), is the ion-neutral cross section which is derived through
a series of integrations averaging the ion-neutral collisions over
all possible scattering angles and energies. For spherically sym-
metric forces, the integrations are as follows

Q, (M) = 12 (D)3 J; i Qp (€) exp (—e/kT)e* de  (4)
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Qp (e) = 27 jo ) (I-cosB) s (0,€)sin6d0 )

€ is the relative kinetic energy of a collision, and s (8,€) is the
differential cross section for scattering through an angle 6 when
the collision energy is €. For rigid sphere collisions, integrating
analytically yields, {};, = wd?, where d is the sum of the ion
and drift gas radii. From Equation 3 for the mobility, K, it can
be seen that what is essentially measured in the IMS experiment
is the g/p'/?Qdy,. For small atomic ions in the same neutral drift
gas, mobility is largely controlled by the reduced mass. For
heavy ions, p. is essentially equal to M, the mass of the neutral
drift gas molecule, thus the distinguishing property upon which
large ions are separated is ionic size through the €}, term. For
those ions falling between these extremes, which includes most
of the polyatomic ions for which ion mobility spectra have
been reported, mobility is a function of both mass and shape.
Analysis of mass-mobility correlations®* revealed a standard
error of +20% for structurally unrelated compounds, but only
+ 2% for a series of similar polynuclear hydrocarbons. Figure
10 demonstrate mass-mobility correlations for phosphorus es-
ters, monohalogenated benzenes, halogenated nitrobenzenes,
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FIGURE 9. Solid line indicates the fractional radial position at which
the maximum distortion of the electric field equals 1%. Details in text,
section entitled Drift Rings. (Reprinted from Carr, T. W., Plasma Chro-
matography, Plenum Press, New York, 1984. With permission.)

aliphatic n-nitrosamines, oxygenated compounds, 2-alkyl, and
normal alkanes.*? Clearly, mass measurement from an ion mo-
bility experiment is a very approximate process.

The primary reason for the approximate nature of mass-
mobility correlation curves is the effect of size and shape of
the molecule. As described in the Mason-Schamp equation,
ions with larger coilisional cross sections travel slower. In early
mobility work where mobilities of inorganic ions were mea-
sured, effects of size and shape were minimal relative to those
of mass. Differences in collisional cross sections of organic
ions and their effect on mobilities are best observed for the ion
mobility separations of isomers. Karasek and Kane** demon-
strated isomer separation by IMS using 4-bromonitrobenzene
and 3-bromonitrobenzene. Other examples of isomer separa-
tion were noted in the early literature,*** but the first system-
atic study of the subject was reported by Hagen, in which he
concluded that meta-substituted positional isomers are gener-
ally larger than the para- and ortho-isomers.*

More recently, Karpas et al. have empirically investigated
the effects of size and shape on mobility. Using IMS coupled
with mass spectrometry, they were able to show that the soft
ionization process of the ®*Ni source did not usually lead to
isomerization of the compounds, and that the separate identities
of isomeric structures were retained after ionization.”” They
also demonstrated that not only structure, but also charge dis-
tribution was important for ion mobility.’® In an extensive
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permission. )

investigation of amines, Karpas concluded that structural ef-
fects increased ion mobility in the following order:*®

primary <secondary <tertiary
linear<branched
normal <secondary
aliphatic<<aromatic
amine<<amide

The mobility equation also reveals an inverse relationship
between K and N, the number density of the drift gas. This is
as expected since it is collisions with the drift gas that ultimately
limits the ionic velocity. Increased number density, N, yields
increased number of collisions, decreased ionic velocity, vy,
and decreased mobility, K. Standard procedure is to measure
the drift time, t,, of an ion through a specified drift length, I,
under a known electric field, E.

v, = Ity = KE 6)
K = I/t,E O]
This mobility value is then corrected to standard gas density,

2.687 x 10" molecules/cm, corresponding to 273 degrees
Kelvin and 760 torr, and reported as the reduced mobility, K.
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K, = K (P/760) (273/T) ®

This is a simple ideal gas law conversion, correcting for changes
in the number density of the drift gas at different pressures and
temperatures. A comprehensive table of reduced mobility val-
ues, reported in the open literature from 1970 to 1984, has
been previously compiled.® This table is probably best used
as an identifier of potential interferents, rather than for qual-
itative identification. Interinstrument comparisons have re-
vealed variations in K, potentially due to several factors,
including (1) imprecise determinations of the electric field, (2)
imprecise temperature measurements of the drift space, (3)
temperature gradients, (4) pressure fluctuations, especially when
the drift gas flow rate is pump controlled, and (5) variable
water content of the drift gas, affecting primarily the water
content of the clustered reactant ions. Additionally, much of
the data was obtained using sample introduction techniques
that overloaded the system and did not guarantee sample purity.
Under these saturated conditions, multiple peaks due to con-
taminants in the sample, dimer formation, and ion-molecule
reactions in the drift space are not uncommon. Samples intro-
duced via high-resolution capillary gas and supercritical fluid
chromatography in low and subnanogram amounts have rarely
exhibited multiple peaks.

In addition to the temperature dependence of the number
density, N, the mobility equation shows a variation in K with
T-"2. The ion-neutral cross section, {},, for most systems
varies as T2, thus K, is approximately independent of T, as
has been found experimentally for laser and %*Ni-produced
product ions for temperatures ranging from 85 to 220°C.52

Other work with a %3Ni ionization sourceS® has demonstrated
increasing K, values for reactant ions as the temperature in-
creased from 150 to 300°C. These variations probably reflect
decreased H,O content of the hydrated reactant ions at higher
temperatures.

K, values have also been compared using different drift
gases, including N,, air, argon, argon-methane, and CO,.%
The reduced mobility was found generally to change as a func-
tion of the polarizability, a, of the drift gas. Mobility in IMS
is essentially determined by the number of collisions between
the analyte product ions and the neutral drift gas. For drift
gases of high polarizability, the attractive forces between the
product ion and the induced dipole moment of the drift gas
would be increased, leading to a greater number of collisions
and consequently a lowered mobility. This was found to be
true upon switching from N, to argon drift gas. The signifi-
cantly lower mobilities in CO, could not fully be accounted
for by polarizability differences, and clustering of CO, around
the product ions was suggested. 364

As previously stated, Equation 2, v, = KE, is true only at
low field strengths, the definition of which was derived by
Wannier® and Mason.*® Their calculations found that low field
behavior is exhibited when:
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Using Cl~ as the product ion, m, and 4.0 X 10"8 cm as a
representative d for a singly charged ion in nitrogen drift gas,*
the right hand side of Equation 9 equals 3.12 X 10716V cm?
at 150°C.% The number density, N, at this temperature and
700 torr is 2.09 X 10 cm 3. The electric field, consequently,
must be greater than 6521 V/cm for the above equation to not
hold. Commonly used electric fields in analytical applications
of IMS are in the range of 100 to 350 V/cm, very safely in
the range for which the drift velocity, v, is directly propor-
tional to the electric field, E, and the mobility, K, is inde-
pendent of the electric field.

IV. RESOLUTION

Resolution, R, measures the ability of an instrument to dis-
tinguish two closely spaced peaks from a single broad peak.
A practical measure of resolution in IMS? is

R = t,/2T,, (10)

where t, is the drift time of the peak, and T, is its temporal
width at half height. Experimentally, a number of factors po-
tentially contribute to T,, and to peak shape. These include
(1) initial pulse width and shape, (2) diffusional broadening,
(3) Coulombic repulsion, (4) capacitive coupling between ap-
proaching ions and the collector, (5) field gradients, (6) tem-
perature gradients, (7) gate depletion/dynamic leakage, (8)
pressure fluctuations, and (9) ion-molecule reactions in the drift
space. Current work in the authors’ laboratory*® addresses these
issues; the general discussion that follows describes the ap-
proach being taken to separate the measured width at half
height, T,,,, into components of initial pulse width, to broad-
ening due to diffusion, t,,, and broadening due to other fac-
tors, t,.

Effects due to Coulombic repulsion are generally disregarded
for reasons demonstrated by the following calculation. Reactant
ion current in the system used was approximately 6 x 1071
A, which corresponds to 6 X 107" C/ms. Dividing by Far-
aday’s constant, 96500 C/mol, yields 6.2 X 10~'* mol of ions
or approximately 4 X 10° ions reach the collector per milli-
second. The drift velocity was on the order of 0.7 cm/ms, and
the ion pulse diameter was about 1 cm. A 1 ms long ion pulse
thus corresponds to a volume of about 0.6 cm®. Each ion
occupies about 1.5 X 1077 cm?®, and the average distance
between ions is roughly 5 X 1072 cm. Using Coulombs law,
an ion at this separation would produce an electric field of
about 5 X 1072 V/cm at its nearest neighbor. This can be
compared to a drift voltage of =240 V/cm.

Diffusional broadening is not insignificant and has been pre-
viously investigated in some detail.*® Imagine an infinitely thin
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pulse of ions being admitted through the entrance gate of a
drift tube, this pulse having no ions per unit area. After a time
t, the plane of ions have traveled a distance x = v,t and has
changed by diffusion to a Gaussian distribution. The ion con-
centration at time, t, at any point, x, along the drift axis is

n(x,t) = exp ~ (x-x)%4Dt {an

M
2 (mDt)!2
where D is the diffusion coefficient of the ion, and x, is the
center of the Gaussian ion pulse. The half-height spatial width
of this Gaussian® is

S,, = 4 (Dt)"? (In2)? (12)

The mobility, K, is related to the ionic diffusion coefficient,
D, by the Nemst-Townsend-Einstein relation:5®

K = qD/AT (13)
Rearranging:

D = KkT/q (14)
Where K is the mobility, k is Boltzmann’s constant, T is the
absolute temperature, and q is the charge on the ion. When t,
in Equation 12, is equal to the drift time, t,, of an ion peak,
S, is the spatial half width when the center of the Gaussian
distribution (Equation 11) has just reached the collector.

Recall Equation 6:
vy = lt, = KE

Multiplying both sides by the drift time, t,, yields:
Kt; === =1V (15)

where 1, is the drift length, and V = El,, the total voltage
drop across the drift length. Substituting first Equation 14 and
then Equation 15 into Equation 12, yields:

) (In2)2 (16)

S, =4

5——12) " azTvye an

Note that the spatial half width, S,,, is independent of drift
time, t;. All ion pulses have the same spatial width when
arriving at the collector. This follows from the direct relation-

ship between mobility, K, and the diffusion coefficient, D, in
Equation 13. The faster moving pulse will spread more rapidly
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by diffusion; however, the faster pulse arrives at the detector
sooner and consequently has less time to diffuse.

Extracting the drift length, 1, from the square root and
moving to the left side of the equation yields:

» In2\ 12
S, = 4 (lf—q—) vy (18)
Inverting:
1 12
1/Sia = 3 [(k .qm)] V"2 (19)

For singly charged ions:
148, = 32.3 (VIT)? (20)

If the spatial width of the peak does not change significantly
during its collection:

Si2 = Vit 2n

Substituting Equation 21, and 1; = v, into Equation 20,
yields:

Jda _ b - 33 vy @)

Vatiz  tip

Dividing by 2 provides the resolution equation.
t
R, = =% = 16.15 (V/T)\? (23)
2t1/2

Equation 23 is the theroretical expression for diffusion-con-
tolled resolution. The initial pulse duration is assumed to be
zero and no broadening occurs by any process except diffusion.
It should be noted: (1) resolution is independent of drift time,
ty. At a specific drift voltage and temperature, the ratio of t,/t,,,
is equal for all single species peaks; (2) resolution depends
only on the voltage across the drift space, rather than any
combination of electric field and drift tube length; (3) higher
voltage yields a higher resolution; (4) resolution varies as T~ 12,

Practical experience suggests different trends than the first
three noted above. Actual data®” reveal (1) resolution increases
with drift time as demonstrated in Figure 11; (2) resolution is
field dependent rather than voltage dependent (Figure 12); (3)
in most cases, lower voltage yields higher resolution; (4) Figure
13 reveals that there is, in fact, a linear relationship between
resolution and T2,

These apparent contradictions are explained when the initial
pulse width is included in the calculations. If the initial pulse
had a Gaussian shape with half width, t,, then the measured
pulse width, T2, would be related to the initial pulse width
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FIGURE 11. IMS resolution measured as a function of drift time at an
entrance gate width of 0.2 ms. (Reprinted from Rokushika, S., Hatano,
H., Baim, M. A., and Hill, H. H., Jr., Anal. Chem., 57, 1902, 1985.

With permission.)
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FIGURE 12. IMS resolution measured as a function of electric field at
different entrance gate widths. (Reprinted from Rokushika, S., Hatano,
H., Baim, M. A., and Hill, H. H., Jr., Anal. Chem., 57, 1902, 1985.

With permission.)
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FIGURE 13. IMS resolution measured as a function of drift gas tem-
perature at different entrance gate widths. (Reprinted from Rokushika, S.,
Hatano, H., Baim, M. A., and Hill, H. H., Jr., Anal. Chem., 57, 1902,
1985. With permission.)

and the diffusion controlled pulse width, t,,, by the following
relation:

T2 = t2 + t,5° (24)
Solving Equation 23 for t,,:
2
Substituting into Equation 24;
t2
Ta' =t + 5 (;43 (T/V) (26)

If measured peak width, T, 2, is plotted vs. drift time squared
divided by voltage, t,V, Equation 26 should give a straight
line with an intercept of the initial pulse width squared, t2.
Figure 14 shows such a plot for a major negtive reactant ion
peak with the voltage varied from —2000 to —4000 V in 100
V increments, at an entrance gate width of 0.20 ms.

The least-squares line fit to the data points in Figure 14 has
an intercept of 0.06923 ms? for t,?, corresponding to a value
of 0.263 ms for the initial pulse, width, t,. This is compared
to the actual pulse width applied to the gate of 0.200 ms. This
extrapolated value may be associated with peak broadening by
all processes except diffusion. The magnitude of these effects
can be estimated by modifying Equation 24 to:

T> =t + 4,2 + 2 (27)
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FIGURE 14. IMS peak width squared vs. drift time squared divided by
the voltage. The value at the intercept allows calculation of peak broadening
caused by factors other than initial pulse width or diffusion. Details in
text, section entitled Resolution.

where t, is the half width associated with broadening from
effects other than diffusion and the initial pulse width. In the
above case, t,> + t,2 = 0.0693. Using 0.200 for t,, band
broadening due to other effects, t,, can be estimated at 0.171
ms.

The experimental curves in Figures 11 and 12 can now be
explained. The shape of the resolution vs. E2 curves in Figure
12 is related to the relative contributions of the diffusional
width, t,,,, and the initial width, t,, to the overall peak width,
T,,. At low electric fields and with narrow gate pulses, the
diffusional width is dominating and experimental resolution
increases with voltage, as expected from Equation 23. As the
electric field increases, however, the diffusional width de-
creases and the initial pulse width becomes dominant. Once
the initial width becomes the major component of the total
pulse width, increasing the voltage moves the drift time, t,,
closer to the origin without appreciably narrowing the total
pulse width, T,,,. Thus, resolution (R = t/2T,,, decreases with
increasing electric field.

In Figure 11, the increasing resolution with drift time can
be accounted for by the decreasing importance of t, in the total
pulse width at longer drift times. At approximately 16 ms, the
curve is approaching the result expected from Equation 23 for
diffusion-controlled resolution, i.e., resolution being inde-
pendent of drift time.

V. ATMOSPHERIC PRESSURE IONIZATION
— DYNAMICS

An excellent discussion of the chemical dynamics of at-
mospheric pressure ionization with a ®Ni source has been
previously published.® This article pointed out that atmos-
pheric pressure ionization is determined by the interplay be-
tween five major chemical rates:
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1.  Primary ionization, providing reactant ions and/or ther-
mal electrons

2. Ion-molecule reactions between reactant ions/thermal
electrons and analyte molecules yielding product ions

3.  Recombination reactions between positive and negative
ions

4. Diffusion of positive and negative ions to the walls of
the ionization source

5.  Ventilation, which can be separated into three compo-
nents: first, the flow of neutral gases and analyte mol-
ecules into the source, second, the flow of reactant and
product ions out of the source, finally, the flow of neutral
gases, unionized neutral analyte molecules, and neutral
recombination products out of the source

A. Reactant lon Formation

In one step or several very rapid steps, primary ionization
from B-rays produces from the carrier gas both positive and
negative reactant ion species, R* and R~. R may denote dif-
ferent molecular structures and very often R~ will represent
thermal electron, e~. The rate of reactant ion formation per
unit volume is estimated from the activity of the B-ray source
using the approximation that one positive-negative ion pair is
produced for each 35 eV of primary energy.”® A radioactive
source of C, mCi, and W eV mean 3-ray energy thus produces
C, x (3.7 x 107) disintegrations per second X W, eV per
disintegration X one ion pair per 35 eV = one X 10° C,W
reactant ion pairs per second.

S =1 x 105 C,W/V, (28)

S is the reactant ion pairs formed per second per unit volume,
Vs is equal to the ion source volume, C, is the source activity
in mCi, and W is the mean B-ray energy in eV per disinte-
gration. Under conditions where no sample is present, reactant
ions are lost by recombination, diffusion to the walls, and flow
out of the source. The steady-state reactant ion concentration
for positive ions, R*, can be expressed:

D
(X?)

d[R*)/dt = O = § — KglR*][R™] ~ [R*]

- Fepe
v, R"] (29)

S is the reactant ion production rate. Kg,[R*][R ~]is a positive-
negative recombination term. D[R*)/(X?) expresses the loss
of reactant ions by diffusion to the walls, D being the ionic
diffusion coefficient and (X?) is the mean square distance from
points in the ion source volume to the walls. F[R*]/Vy is the
loss of reactant ion density due to flow out of the ion source,
F¢ being the volumetric carrier gas flow rate.

A similar equation holds for negative ions, R~. Under typ-
ical B-ray source activities (1 to 20 mCi), reactant ion density
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is dominated by the production and recombination terms, with
diffusion and ventilation essentially negligible.%

B. Product lon Formation

Product ions are produced by ion-molecule reactions be-
tween reactant ions and analyte molecules. Product ions are
lost by recombination, diffusion, and ventilation. The steady-
state rate equation for positive analyte ions, A*, can be
expressed:

d[i 1= 0 =K., R'IA] - Ky [R7] [A*]
_ yeasi _ DIAT]
Keo [A7] [A*] - S
_ F(A*]
o (30)

Successive terms represent product ion formation, recombi-
nation between positive product ions and negative reactant
ions, recombination between positive and negative product ions,
diffusion of positive product ions to the walls, and the flow of
positive product ions out of the source. Simplifying (detailed
in Reference 69) yields an equation for the sample ion con-
centration per sample molecule concentration.

[A*] _ K. R,*]

(Al D F
K+ [A] + KR [Ro ] + (Xz) + Vs

€2))

where [R,*] = the reactant ion concentration with no analyte
molecules present and K, is a generic recombination rate. From
Equation 31, estimates of the minimum and maximum de-
tectable quantities can be made. Substituting typical values
will show that

D
K R,*] >> 25 + f,— 32)

Therefore, the trace sample signal is controlled by the ratio of
the product ion formation constant, K* to the recombination
rate constant, K.

i oAT KR

[Al K, [A] + Kg [R,"]

K.,
X (33)

The maximum measurable signal is limited by the reactant ion
concentration.

Am AT KR,

[A] ~ K, [A] + Kg [R?]

(34
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K, [R,"JA

lim [A*] = KA

= [R,*] (35

VI. IONIZATION SOURCES

A. Radioactive lonization

The most common source in IMS, and the one used in the
original plasma chromatographs'-? is a radioactive ®Ni foil,
analogous to those used in electron capture detectors. Other
radioactive sources which have been or could be employed are
listed in Table 1, along with several important parameters.
These parameters include the type of particle emitted, the en-
ergy of the particle, the energy of gamma (y) emission, and
the half-life. The ideal source would be of low particle energy,
producing a small number of ion pairs per disintegration thus
minimizing fluctuations in ion current and hence noise level.
An o-emitter, producing approximately 10° ion pairs per cen-
timeter of travel, could be expected to generate high detector
noise.” +y-emitters present a significant radioactive hazard.
Low energy B-emitters thus appear most suitable. Commer-
cially, tritium and %*Ni are most important. Tritium has the
advantages of lower energy, and higher specific activity foils
are readily prepared. ®*Ni is most commonly used, due to its
high temperature operation stability (400°C) compared to Ti*H,
(225°C) and Sc*H, (325°C). The discussion that follows refers
to 3Ni radioactive ionization.

Table 1
General Characteristics of Possible
Radiation Sources

Energy ¥ Half-life
Source Particle (MeV) (MeV) (years)

‘H ¢ 0.018 0 12.5
»Tec B 0292 0 5108
26Ra a 4.795 0.64 1622
4.611 0.420
4.21 0.260
0.188
%Am a 5.476 0.06 457
5.433 0.04
0.10
%0gy 8 0.55 0 28
5Ni B 0.067 0 85
SKr B 0.67 0.25 10.8
“7Pm B 0.23 0.121 2.6

53Ni emits B particles of energies forming a continuous dis-
tribution from 0 to 6.7 X 10* e¢V.”2 The B particles lose energy
during collisions with the drift gas; the average energy loss per
ion pair formed in N, is 35 eV, with ionization occurring as
long as the energy of the P particles remains above the ioni-
zation potential of N,, 15.58 eV.” The process is summarized
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in the following equation:
N, +B—=N,* +B +e- (36)

B’ is a B particle of reduced energy following the reaction,
and e~ is the electron produced upon ionization of the N,. The
N, ™ initiates a series of reactions, subsequently leading to the
formation of three positive reactant ion species, (H,0),H*,
(H,0),NO™*, and (H,0),NH, *. Under typical N, drift gas flow
rates, 600 to 1400 ml/min, the (H,0),H* predominates. Reac-
tant ion distributions have been found to vary with the drift
gas flow rate.”

The formation of (H,0),H* was studied using a pulsed elec-
tron-beam mass spectrometer,” at source pressures of 0.5 to
3.5 torr, with trace water concentrations of 0.3 to 10 mtorr.
The postulated mechanism at 300 to 420K follows:

N,* + 2N, > N,* + N, 37)
N,* + H,0 > 2N, + H,0* (38)
H,0* + H,0 —» H,0* + OH (39)
H,0* + H,0 + N, > (H,0),H* + N, (40)

(H,0),H* + H,O + N, —» (H,O),H* + N, (41)
Etc.

The number of clustered waters, x, in (H,0),H* is a function
of the temperature and the partial pressure of water in the gas.
At the conditions of the above experiment, x = 2, 3, or 4
predominated. At 298 degrees Kelvin, 700 torr, and 5 torr
partial water pressure (21%, relative humidity), the clusters
contained 5 to 8 water molecules.” At 433 degrees Kelvin,
ambient pressure, and 5 X 1073 torr partial water pressure (7
ppm), the (H,0),H* ion peak contained x = 2 or 3 water
molecules in a ratio of approximately 7:3.7

The mechanism for the formation of the (H,0) NO* reactant
ion has been hypothesized based on processes known to occur
in the atmosphere.” N,* and ‘OH, are produced according to
reactions 34 to 37, the OH radical then initiates the following
reactions leading to the hydrated nitric oxide ions:

N, * + OH— OH* + N, (42)
OH* + H,0 - H,0* + O 43)
N,* + 0> NO* + N (44)

NO* + H,O0 + N, —» (H,O)NO* + N, (45)
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y = 0 or 1 were the predominant species observed in IMS-
MS studies.”

The final reactant ion, (H,0),NH,*, z = Oor 1,”” is probably
obtained via proton transfer from the (H,O),H* reactant ion
to NH, contaminants from the atmosphere or NH, outgassing
from the stainless steel drift rings.

NH, + (H,0),H* - NH,* + xH,0 (46)

NH,* + H,0 + N, > (;ONH,* + N, (47

1. Reactant lons, Negative

With nitrogen used as both drift and carrier gas, the negative
reactant species is the thermal electron. Using nitrogen as the
drift gas, but air as the carrier gas, the principal charge-carrying
species has been identified by IMS-MS studies as CNO~ and
O(H,0),~.” With air used as both carrier and drift gas, O,
predominated.”™ Studies done by atmospheric pressure ioni-
zation-mass spectrometry identified primarily O,~ when using
dry air as carrier gas, but (H,0)O,~ with wet air carrier gas.™
Several trace reactant ions have also been identified including
(H,0)0H-, ClI-, NO,~, CO,~, and CN~.78

2. Product lons, Positive

Four basic ion-molecule reactions have been identified in
the positive mode of IMS leading to the formation of positive
product ions.

First, proton transfer reactions can occur if the proton affinity
of the sample molecule is greater than that of the reactant ions.

(H,0)H* + A— AH* + xH,0 (48)

Tables of gas phase proton affinities are available for numerous
organic species.®® A protonated water reactant ion will transfer
its proton to most organic functionalities including alkenes,
alcohols, ethers, aldehydes, ketones, carboxylic acids, esters,
thiols, sulfides, nitriles, and amines. This reaction is rapid and
highly efficient. Ionization efficiencies measured in the au-
thors’ laboratory for tributylamine, a species of high proton
affinity, are approximately 0.003 (or 0.3%).%

By doping the system with NH, vapors, a single reactant
ion of the type (H,0),NH,* has been formed.!® This reactant
ion selectively ionizes those functionalities having greater pro-
ton affinity than ammonia.

(H,O),NH,* + A— AH* + NH, + 2H,0 (49)
In general, this includes only the nitrogen-containing com-
pounds, amines, diamines, pyridines, and anilines.

Second, charge transfer reactions have been observed be-
tween the (H,0),NO™ reactant ion and benzene derivatives.®

a) (H,0),NO* + A— A* + NO + yH,0
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Ex) (H0)NO* + CH,— (CHy*
+ NO + yH,0 (50)

Third, electrophilic addition of NO* to nitroaromatics has
been observed. %28

a) (H,0)yNO* + A — ANO* + yH,0
Ex) (H,0)yNO* + O,N-CH,~OH
— [O,N-C,H,~OH] NO* + yH,0 5D
Finally, hydride transfer from alkanes to the nitric oxide
reactant ion has also been observed.®
(H,0),NO* + CH,,,, — (CH,,.)* + HNO

+ yH,0

3. Product lons, Negative
The major negative reactive ions (H,0),0,~, and thermal
electrons selectively ionize molecular species of high electron
affinity by one of three general pathways.
1. Associative electron capture.®
AB + e~ — AB-
Ex) OON-CH, + e~ — (O,N-CH;)~ (52)
2. Dissociative electron capture.5-®
AB + e — A + B~
Ex) CH,Cl + e~ — CH, + CI- (53)
3. Proton abstraction.®?
ABH + e — AB~ + H'e"
Ex) O,NCH,OH + ¢~ — (O,NC,H,0)~ + H*e~ (54)
Iodobenzene and bromobenzene also have been found to
form halide product ions through a dissociative electron capture
mechanism. Aromatics with two different halogen substituents
dissociate only the most reactive halogen ion in the order I >
Br > C1.*® Chloronitrobenzene and decachlorobiphenyl undergo
both associative and dissociative electron capture.*® Mildly

acidic species, such as substituted phenols, have been observed
to form product ions by a proton abstraction mechanism. A
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complex fragmentation/addition mechanism is suggested by the
[OCH,NO,]~ product ion found for para-chloronitroben-
zene.® Several comprehensive works have been published on
the electron capture process.” 7283

Acetone?™*¢ and chloride***? reactant ions have been used
to improve selectivity and specificity of ionization providing
simpler and more sensitive ion mobility spectra. The most
common negative reactant ion in purified air has been shown
to be O, clustered with H,0. For chloride ion chemistry, the
electron affinity of chlorine (3.58 to 3.70 eV) is greater than
that for O, (0.15 to 1.20 eV).*” This allows the charge to
transfer from the oxygen ion to the chlorine neutral molecule.
It has been postulated that for the chloride ion to lose its charge
to a sample molecule the molecule must have a larger electron
affinity.*? Since only a limited number of compounds exceed
chlorine on the electron affinity scale, selectivity in IMS can
be achieved by using chloride ion/molecule reaction chemistry.

Nitrocompounds, such as explosives, can be observed in the
presence of chloride ion due to their high electron affinity. For
example, Figure 15 demonstrates spectra of ethylene glycol
dinitrate (EGDN), a common impurity in dynamite. The lower
spectra was obtained in zero grade nitrogen and exhibits five
mass identified peaks, indicative of complex ionization chem-
istry involving dissociation, electron capture, and dissociation
adduct chemistry. The upper spectra obtained in the presence
of C1~ reactant ions displays much greater specificity of ion-
ization, with a large peak due to associative adduct reaction
predominating.

B. Photoionization

When a compound is irradiated with UV light, ionization
occurs if the ionization potential of the compound is less than
or equal to the photon energy.

R+mh—>R* +e” (55)

This type of ionization process has two fundamental advantages
over %Ni ionization. First, it is a primary ionization process
and consequently its linear range is not limited by reactant ion
concentration. Linearity over five orders of magnitude has been
demonstrated.®* Second, ion mobility spectra created via pho-
toionization contain no reactant ions. Consequently, the entire
mobility spectrum from O to 25 ms can be used for monitoring
product ions. Thus, the region of a mobility spectrum normally
occupied by reactant ions in a $°Ni source is free of background
ions with PI-IMS and can be used for detection of ions which
drift in this region.

Response characteristics of the photoionization detector, PID,
used in gas chromatography for selective detection of aromatics
and other unsaturated organics have been reviewed by several
workers.®°! PID design consists of a UV lamp separated from
the ionization region by a transparent UV window, typically
composed of MgF, or LiF. The analyte is swept into the ion-
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FIGURE 15. Lower tracing is negative ion mobility spectra of EGDN
in nitrogen. Upper spectra was obtained using chloride reactant ions. (Re-
printed from Proctor, C. J. and Todd, I. F. 1., Anal. Chem., 56, 1794,
1984. With permission.)

ization cell by an inert carrier gas and exposed to the mono-
chromatic UV photons (common lamp energies are 9.5, 10.2,
and 11.7 eV). When the analyte’s ionization potential is less
than the energy of the photons, ionization occurs. Positive ions
formed are collected at the cathode and photoejected electrons
are collected at the anode to create the analytical signal. The
same general process occurs in photoionization-IMS, except
the positive ions are directed into the IMS to be separated and
detected via their mobility characteristics.

The processes involved in photoionization are summarized
below:

AB + hu—> AB* R, =1° -1 (56)
AB* — AB* + e~ R, = K,[AB*] (57)
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AB*—> A + B R, = K, [AB*] (58)
AB* + C— AB + C R, = KJAB*] [C]  (59)
AB* + e~ + C— AB + C R, = Ki[AB*][e"] (60)

AB* + Cathode — i, signal R = K,[AB*] 61)

AB is the analyte molecule, C is the carrier gas, R is the reaction
rate, * indicates an excited state, I° is the initial photon flux,
I is the transmitted radiation, I°-I thus being the number of
photons absorbed per second.

The probability that a photon will be absorbed (Equation §57)
depends on the absorption cross section, o, of the molecule
AB as defined by the Beer-Lambert Law.

I = I’exp (—oN_VL[ABIL) (62)

N, is the Loschmidt number (2.69 x 10'° molecules/cm®), Vy
is the volume of 1 mol of gas at stp, and L is the photo path
length (cm). The transmitted radiation, I, decreases exponen-
tially with increasing cross section and analyte concentration.
Since absorbance is equal to —In II°, it will increase linearly
with absorption cross section, o, and concentration.

The probability of ionization after photon absorption depends
on the photoionization efficiency, 7.

K,

"KTK +K 63)

mn

This efficiency is the ratio of the excited analyte molecules
that are ionized to the total number of excited molecules. Once
excited by absorption of a photon, analyte molecules can pro-
ceed to ionize (Equation 58), they can dissociate into neutral
fragments (Equation 59), or they can be quenched by collisional
relaxation with the carrier or drift gases (Equation 60). If re-
combination of ionized molecules is minimized by using a high
electric field,® the ionization current of the detector can be
wriften:

i =I"maN,FL [AB] (64)

N, is Avagadro’s number, and F is Faraday’s constant. {AB]
is the gas phase concentration of the analyte molecule. While
reported detection limits®® using photoionization-IMS are some
two orders of magnitude less sensitive than %Ni ionization,
response is concentration dependent and sensitivity improve-
ments are possible by further reduction of the cell volume.
Detection limits of femtograms have been reported for a PID
of <50 ul cell volume.*?

Two basic photoionization cell designs have been reported
for use with IMS, one with a 10.0-eV krypton lamp perpen-
dicular to the drift gas flow, as illustrated in Figure 16. This
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FIGURE 16. Schematic drawing of photoionization source. UV lamp is
perpendicular to drift axis.

system provided reliable response using N, drift gas and has
been used as a detector after capillary gas chromatography. 5%
The second design®® consisted of an on-axis 10.2-eV hydrogen
discharge lamp, as illustrated in Figure 17. Ionization of analyte
molecules beyond the entrance gate and photoejection of elec-
trons from the collector probably limit the usefulness of the
on-axis design. Detection limits of the on-axis design were
reported to be 0.1 to 50 ppb with working ranges of 10° to
10*.%® Minimum detectable amounts using the perpendicularly
positioned krypton lamp were approximately 1 ng, with re-
sponse linearity of five orders of magnitude.
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FIGURE 17. Schematic drawing of ion mobility spectrometer with on-
axis hydrogen discharge lamp for photoionization. (Reprinted from Lea-
sure, C. S., Fleischer, M. E., Anderson, G. K., and Eiceman, G. A.,
Anal. Chem., 58, 2142, 1986. With permission.)
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C. Laser lonization

A laser ionization IMS is illustrated in Figure 18. Selective
ionization for IMS is sometimes possible using a tunable
Nd:YAG pumped pulsed laser system,'s%* If a laser source is
tuned to an excited electronic energy state of an analyte mol-
ecule, a multiphoton ionization process is greatly enhanced.
Since the density of energy states above the excited interme-
diate state are usually quite high, subsequent absorptions are
resonant or nearly resonant. Excitation from the intermediate
state to the ionization continuum is quite rapid and may involve
the absorption of up to six additional photons. The transition
to the lowest intermediate state is generally the rate-limiting
step. If the laser is not tuned to an intermediate state, the
probability of ionization is slight. In resonant two-photon ion-
ization (R2PI), the first photon excites the molecule into the
intermediate state, while the second photon ionizes the mol-
ecule. Figure 19 illustrates a nonresonant multiphoton ioni-
zation process and a resonant enhanced two photon ionization
process.

HI VOLTAGE LASER
ELECTRODE APERTURE GUARD RINGS
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INLET e

'IIIlIIiSIGNAL

NI souncsb / A-10N CONTROL ELECTRODE
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FIGURE 18. Plasma chromatograph modified for use with laser ioni-
zation. (Reprinted from Lubman, D. M. and Kronick, M. N., Anal. Chem.,
54, 1546, 1982. With permission.)

An ArF excimer laser operating at 194 nm has been intro-
duced as a general ionization source, capable of ionizing the
vast majority of organic compounds.” At the power levels
required to ionize the organic molecules, stable atmospheric
gases such as O,, N,, and CO, were not ionized.

Figure 20 demonstrates selectivity in IMS based upon the
wavelength of the ionizing laser light.** Figure 20 shows the
laser-induced mobility spectrum of p-xylene and n-methylan-
iline at a wavelength of 266 nm. Two overlapping peaks are
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FIGURE 19. Multiphoton ionization processes: (a) nonresonant multi-
photon ionization; probability of ionization is low. (b) Resonant enhanced
two-photon ionization; much greater probability of ionization. (Reprinted
from Lubman, D. M. and Kronick, M. N., Anal. Chem., 54, 1546, 1982.
With permission.)

evident. At a wavelength of 310 nm (Figure 20b), n-methy-
laniline has been selectively ionized. The same reference®s
demonstrates selective ionization of m-toluidine (K, = 1.94)
from 2,4-lutidine (K, = 1.95), and diisopropylamine (K, =
1.93) from hexylamine (K, = 1.95) based upon the energy of
ionization. The potential usefulness of the technique is certainly
demonstrated.

A study®! comparing the reduced mobilities of ions produced
by resonance-enhanced two photon ionization to *Ni-produced
ions found little variation (+2.5%). This was confirmed in an
additional study®* using N,, air, argon, argon-methane, and
CO, as drift gases. Laser-produced ions introduced into a quad-
rupole mass spectrometer revealed the molecular ion M™* or
MH* with no fragmentation, in almost every case, for aro-
matics, polyaromatics, and substituted aromatics.%

The effects of various laser beam parameters on IMS sen-
sitivity and resolution have been studied.*® Response varied
directly with laser beam energy and inversely with laser beam
size. Quantitative accuracy in laser-IMS with a pulse ND:YAG
laser was limited by inhomogeneity of the beam cross section
and variations in beam energy between pulses.* Increased
spectral band broadening, relative to 5Ni spectra, was also
reported.®®
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FIGURE 20. Laser-induced ion mobility spectrum. (a) Ionizing wavelength of 266 nm.
Two peaks are product ions of p-xylene and n-methylaniline. (b) Ionizing wavelength of
310 nm. Selective ionization of n-methylaniline demonstrated. (Reprinted from Lubman,
D. M. and Kronick, M. N., Anal. Chem., 54, 1546, 1982. With permission.)

D. Surface lonization

An ionization source has been designed'® for the detection
of N- and P-containing molecules, based upon the principles
of the thermionic ionization detector.®” The ion source includes
an alkali-metal impregnating a thermally stable glass or ceramic
bead. The bead is immersed in a gaseous mixture of H, and
air and resistively heated to 200 to 1000°C. Selective ionization
of P- and N-containing molecules is obtained upon contact
with the bead.

A related source has also been described.*® Selective ioni-
zation via electrolytic reactions is accomplished by introduction

of inorganic/organic salts into the source. Reactions between
the sample molecules and electrolytic salts create product ions.
Salts may be alkali/halogen, alkali acid, ammonium, alkaline
earth, transition metal, or complex organic salts. An electric
field is applied to the surface of the electrolyte to assist the
movement of ions from the surface into the gas.

E. Electrified Spray lonization

The driving force to this research is the desire to develop a
universal and sensitive detector for liquid samples. The appli-
cability of electrified spray-IMS as a detection method for
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high performance liquid chromatography (HPLC), ion chro-
matography, capillary zone electrophoresis, and field flow frac-
tionation is currently under investigation.” A solution carrying
the analyte of interest is sprayed from the tip of an electrically
charged needle, producing charged-droplets in an inert gas at
atmospheric pressure.® As the solvent is evaporated from the
drop, a residual molecular jon is formed. Recent studies'®
seem to indicate a secondary ionization process of the analyte
molecule, the product ion being formed via a charge transfer
process from a solventreactant ion. An excellent discussion
of the behavior of evaporating electrically charged droplets has
been published.'® The electrofied spray phenomena can be
subdivided into two regions, coronaspray and electrospray. The
distinction is determined by whether the electric field on the
ionizing needle is sufficient to produce a continuous corona
discharge, in which case it is referred to as coronaspray. The
process at lower fields is electrospray. While reduced noise
characteristics are evidenced at lower fields, the electrospray
region has exhibited less reliable ionization properties.'®! Mass
spectroscopic studies of sprayed ions have demonstrated var-
iations in the ions formed dependent upon temperature, field
strength, and the gas in which the electrospray occurred.!®®
Electrospray ion mobility spectra have been obtained for ly-
sozyme in ethanol,'® polystyrene, and polyvinylpyrolidine,'™
although resolution was poor.

Coronaspray-ion mobility spectra of several large polar mol-
ecules have been obtained using a unidirectional flow IMS. !
Improved resolution was demonstrated, relative to the earlier
electrosprayed spectra. Resolution comparable to that achieved
by ®Ni or photoionization methods has not yet been achieved.
Initial results with coronaspray IMS as a detector for HPLC
are presented in the chromatography section.

VIl. SPECTRAL COLLECTION

Five general methods are available for the recording of ion
mobility spectra. These include single scan, signal averaging,
moving second gate, Fourier transform,? and a method based
on nonlinear electric fields.'%®

A. Single Scan Method

The single scan method acquires an entire ion mobility spec-
trum from one entrance gate pulse. The exit gate is held open
throughout the entire scan time or can be removed entirely
from the drift tube. Total data collection time is rapid (25 to
50 ms), and this method can thus be used to monitor concen-
trations varying quickly with time. Unfortunately, the speed
of collection requires a consequent sacrifice in sensitivity. This
method, as well as the signal averaging method, requires ex-
tremely fast electrometers with rise times of less than 0.1 ms.

B. Signal Averaging Method
Signal averaging is similar in operation to the single scan
method, except that a succession of scans are stored and then
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averaged to produce a single ion mobility spectrum. Signal
averaging enhances the ion signal relative to the random noise.
Very rapid data collection (1.6 s for 64 scans of 25 ms) was
achievable with a detection limit of 200 ppt TNT.* The method
is inherently limited, however, by the spectral resolu-
tion/sensitivity trade off connected with the duration of the
entrance gate pulse, t,. The resolving power of the system can
never be less than the entrance gate pulse, thus a desire for
short entrance gate durations. The maximum sensitivity, how-
ever, is a function of the entrance gate pulse divided by the
total scan time, t/T,. As resolution is enhanced by reducing
t,, the sensitivity is sacrificed. For example, with an entrance
gate pulse of 0.25 ms, and a total collection time of 25 ms,
the maximum current possible is

i= /T
i = (0.25/25) (i,)
i= 11004, (65)

The current sampled is only 1/100 of the total available current,
i,. The value of t /T, is known as the spectral sampling fraction.

C. Fourier Transform Method

In order to make better use of the available ion current, the
Fourier transform method of spectral collection was devised.?®
Fourier transform spectral collection is unique in several ways:
(1) the gate signals are controlled by a binary (on, off) scanning
square wave generator; (2) the entrance and exit gates are driven
simultaneously by the same square wave with zero phase delay;
(3) the scanning parameter is the square wave frequency; (4)
Fourier transformation of the frequency dispersive interfero-
gram produces the familiar time dispersive ion mobility spectra.

With this method, both the entrance and exit gates are open
50% of the time. Half of the ions pass the entrance gate, 50%
of those pass the exit gate, so 25% of the total available ions
are sampled. Since the signal/noise enhancement increases with
the square root of the ratio of the sampling fractions, the pos-
sible enhancement is V25%/1% = 5 over the signal/noise
obtained for the previously mentioned signal averaging param-
eters. Experimental comparisens of Fourier transformation to
signal averaging spectral collection under conditions of equal
instrumental resolution and data collection times show en-
hancement factors of 1.4 to 2.4 for the FT method.* The
maximum theoretical enhancement was not obtained due to
increased noise levels in the interferogram, portions of which
appear to be signal related. Small improvements in resolution
were also measured with the FT methodology.

A related method uses a software second gate. In this method,
all the ions admitted through the entrance gate reach the col-
lector producing a sampling fraction of 50%, and a possible
enhancement factor over the signal average method of
V50%/1% = 7. In this method, the data are exit gated with
a software multiplication factor, forming two interferograms

339



14: 33 17 January 2011

Downl oaded At:

180° out of phase. After transformation, the two spectra are
averaged to produce the enhanced signal. The theoretical en-
hancement has not yet been achieved. FT spectra with data
collection times of 0.25 s have been obtained.*®

D. Scanning Second Gate Method

The scanning second gate method' is electronically simple
but extremely slow. To obtain the ion mobility spectrum, the
entrance gate is pulsed open for a preselected length of time
at a fixed frequency. For example, it can be pulsed open for
0.25 ms every 25 ms. The time delay between the closing of
the entrance gate and the opening of the exit gate is slowly
increased from O to 25 ms. In this manner, ions with increas-
ingly longer drift times are allowed to reach the collector. A
complete ion mobility spectrum typically takes a few minutes
to produce, limiting the usefulness of the technique to those
situations where the qualitative and quantitative concentration
is invariant over several minutes.

E. Other Methods
A recent article'® presented ideas for enhancing sensitivity

and selectivity using nonlinear electric fields, and bidirectional
fields (a forward field moving ions toward the collector, a
reverse field moving ions back toward the entrance gate). Al-
though these ideas are interesting, no experimental data, in-
strumental details, or collection times were presented.

VIil. IMS AS AN ANALYTICAL
SPECTROMETER

IMS has several strengths that enhance its suitability as a
technique for trace air quality monitoring.?* First, it is an ex-
tremely sensitive technique with sub-parts-per-billion or pi-
cogram detection limits for many compounds. Second, it has
a selectivity factor based on ion mobility and/or field polarity
that allows specificity of detection in the presence of matrix
interferents. Third, IMS has continuous real-time monitoring
capabilities with virtually no time delay between sampling and
measurement. Fourth, the system can be easily automated to
perform suitable sampling, calibration, and data analysis of
one or more compounds at below parts-per-billion concentra-
tion levels for extended time periods.

Unfortunately, IMS also has some serious weaknesses that
limits its applicability to trace air quality monitoring. First,
IMS has a limited linear range. A response vs. concentration
plot (Figure 21) for hexafluoroacetone is substantially linear
from the lower detection limit of 3 to 50 ppb, after which the
response begins to level off; above 100 ppb the response is
essentially constant. This response pattern is due to the limited
number of reactant ions available for ion molecule reactions
with analyte molecules.

A second major weakness of IMS is the response variation
that occurs with different background gas composition. Figure
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FIGURE 21, Peak intensity vs. molecular concentration of hexafluo-
roacetone (HFA) in laboratory air. Product jon measured was identified
as HFA (O, — by IMS/MS. (From Dam, R. J., in Plasma Chromatog-
raphy, Cam, T. W., Ed., Plenum Press, New York, 1984. With permission.)

22 shows the changing peak intensity for 10 ppb of N-nitro-
sodimethylamine (NDMA) as varying types and concentrations
of contaminants were introduced into the detector. Peak inten-
sity of the ion of interest depends on complex ion-molecule
equilibria among all species. The net extent of ionization de-
pends on the reaction kinetics of the analyte, as well as reaction
properties of the contamination. Consequently, in a changing

NDMA PEAK INTENSITY, ARBITRARY UNITS
0

200

150

0 L L " 2

100 150
ELAPSED TIME, MIN

FIGURE 22. Peak intensity of 10 ppb of N-nitrosodimethylamine (NDMA)
in the presence of varying contaminants. Experiment began with clean
laboratory air; added were dimethylamine, 10 ppm, at t = 0 min; cthyl-
benzoate, 1 ppm, at t = 39 min; bis-2-methoxyethyl ether, 50 ppm, and
ethylenediamine, 25 ppm, at t = 50 min; and 1,2-dimethyoxyethane, 50
ppm, at t = 140 min. NDMA peak intensity changed significantly with
the addition of contaminants even though its concentration was constant.
(From Dam, R. J., in Plasma Chromatography, Carr, T. W., Ed., Plenum
Press, New York, 1984. With permission.)
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background matrix, peak intensity alone is insufficient to pro-
vide quantitative analysis. This problem can be circumvented
using a prior clean up/separation step such as gas chromatog-
raphy, but real-time monitoring is then sacrificed. DuPont Cor-
poration has devised a calibration technique that minimizes the
effects of background variation.?® Its basic concepts follow;
derivation of the method is provided in the original reference.

This calibration technique takes into account the possibility
that every sample contains a unique background composition
against which the concentration of one or several molecules of
interest is to be measured. Each IMS measurement is accom-
panied by a calibration. The calibration technique consists of
known additions being made directly to the sample stream and
the combined analyte/addition response is used to calculate the
analyte concentration. It is referred to as the trace addition
method and resembles the well-known standard addition method,
but several features unique to IMS are used in its derivation.
A major advantage of this method is that it does not require
specific knowledge of the background composition and reaction
kinetics.

Let A be the molecule of interest, and B, C, ... be other
molecules in the background gas. C(A), C(B), C(C) are the
concentrations of A, B, and C, respectively. I(A) is the mea-
sured ion intensity of the peak corresponding to A. Consider
a hypothetical response function for A:

I(A) = C(A) - F[C(A), CB), CO), ...] (66)

The value of the response, I(A), is a function of the concen-
tration of A multiplied by another function, F, of the concen-
tration of all the molecules present (including A). The function,
F, may be a very complex function and is implicitly a function
of time since all the molecular concentrations are assumed to
vary with time. It includes all ion-molecule interactions that
affect the response. The equation derived for calculation of the
concentration of analyte molecule A, C(A), was

A (0I(A)) aops
C@ ”'[ AC (A)

A (Inl (A))ADD:B] -
4 AC (B) (67)
A(InI(A)) \pp: is the natural logarithm of the change in inten-
sity of the response for A upon addition of a small standard
concentration of A, AC(A). Likewise A(Inl(A)).pp.s is the
natural logarithm of the change in intensity of the response for
A upon addition of a small standard concentration of B, AC(B).
The molecule B should have a response mechanism similar to
A, in which case a change in background gas composition will
affect both ion-molecule reactions similarly. In other words,
if a change in the background matrix occurs, A and B will be
affected in a like manner, both increasing or both decreasing,
although potentially at a different rate, K,.
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This two-step standard addition accounts for both terms in
Equation 66. AC(A) allows one to calculate AI(A) as C(A)
changes and AC(B) allows one to estimate the change in F[C(A),
C(B), C(C),...] as C(A) changes since B and A have similar
ion-molecule reaction properties. This is generally true with
structurally similar compounds of the same organic functionality.

Within the linear range of sample A, the F[C(A), C(B),
C(C),...] term is essentially constant with changes in C(A), so
Equation 67 reduces to the more familiar one-step standard
addition:

 [AIRQ (A) appa]-!
C @A) = [————AC 7 ] 68)
or
- I1(A)
C (8 ~ 3w x AC(A) 69)

When the response is linear, the relative change in peak in-
tensity is equal to the relative change in concentration. Use of
the one-step addition can provide quantitative information only
in the linear range, but can still provide alarm capabilities
beyond this point. AI{A)/AC(A) is a constant within the linear
range. If AI(A)/AC(A) is less than normally obtained in the
linear range, an alarm can be sounded indicating that either
the C(A) has risen above the linear level or that reactant ions
have been depleted to a level providing unreliable information.
The effectiveness of the one-step technique is demonstrated in
Figure 23, showing the corrected response of 10 ppp NDMA
in varying background matrices.
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FIGURE 23. Application of the single-step calibration technique to the
NDMA experiment of Figure 22. Whereas the raw signal intensity varied
by a factor of 15, the corrected intensity varied by only 12% and exhibited
less correlation with addition of background contaminants. (From Dam,
R. J., in Plasma Chromatography, Carr, T. W., Ed., Plenum Press, New
York, 1984. With permission.)
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An additional advantage of the trace-addition calibration
method is that it eliminates the need for relying on a single
drift time or mobility value to identify a given ion in the drift
spectrum. The precise drift time of the ion of interest can be
determined from a difference spectrum of the sample plus ad-
dition and the sample. The analytical peak is typically the
maximum in such a difference spectrum (Figure 24). Small
variations in temperature, pressure, or other variables that af-
fect ion drift times do not affect the identification of peaks
used for analysis.
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FIGURE 24. Spectrum PC3 is air in the negative-ion mode. To this
sample was added a calibrant of 20 ppb perfluoropropionyl chioride, and
a second spectrum was taken. The difference between the two spectra is
shown at the top of the figure. Peak 2 of the difference spectrum is the
peak used for analysis. (From Dam, R. J., in Plasma Chromatography,
Carr, T. W., Ed., Plenum Press, New York, 1984. With permission.)

DuPont Corporation has used the technique to monitor air-
borne chemicals in work place environments. Table 2 shows
a partial list of chemicals monitored. As with all analytical
techniques, the suitability of IMS for a particular monitoring
application must be approached on a case-by-case basis. Ques-
tions to be addressed include (1) limits of detection of the
molecule in clean air; (2) identity and mobility of analyte prod-
uct ions; (3) identities, concentrations, and mobilities of major
background contaminants; (4) effect of contaminants on the
sensitivity to the molecule of interest.

Several real-time monitoring applications are discussed in
the literature. There is considerable current interest in detection
of explosives,*>1971% chemical warfare agents, and drugs of
abuse.3¢-110-111 IMS systems are under consideration as screen-
ing devices for these substances on people and in materials.
Additional applications include measurement of nickel car-
bonyl in air,''*!1* sensing of petrochemical fuels in the head-
space of soils,''* and the analysis of water, polymer outgassing,
and surface contaminants in semiconductor devices and mi-
croelectronic packages.?*11%11¢ An example application of IMS
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Table 2
Plasma Chromatograph Toxic
Monitoring Applications

Chemical Detectivity*
Hexafluoroacetone 100 ppb
Dimethylcarbamy! chloride 0.5 ppb
Dimethyl sulfate 100 ppb
N-Nitroso dialkyl amines, C1-C4 0.5 ppb
Dimethylformamide 1.0 ppm
4-Aminodipheny! 0.5 ppb
Hydrogen sulfide 30 ppb
Tetraethyl lead 0.01 mg/M?

*  Approximate lower detection limit on a V/V basis in
clean laboratory air, except for tetraethy! lead which is
on a weight basis as inorganic lead; detection limits will
vary with different background conditions.

used as a preliminary screening device or as a tentative iden-
tifier is the use of skin surface sampling and IMS as a method
for detecting drug residues on emergency room patients sus-
pected of drug overdose. 3 The reduced mobility value provides
tentative identification of a specific drug. Figure 25 shows
representative spectra from a semiconscious patient who had
taken an overdose of doxepin, a tricyclic antidepressant. A
serum drug screen was positive for tricyclics. Advantages of
the technique lie in its speed, sensitivity, and noninvasive method
of sample procurement. Out of 101 instances of drug-related
ingestion, 38 positive drug identifications were made.3® This
application demonstrates that for well-defined conditions IMS
can be suitable for separation and tentative identification. How-
ever, for many trace analytical problems, matrices are com-
plex, and high resolution preseparation processes, such as
chromatography, are required.

IX. IMS AS A CHROMATOGRAPHIC
DETECTOR

Many difficulties associated with IMS as an analytical tech-
nique are alleviated when using high-resolution chromatogra-
phy as the method of sample introduction. Difficulties associated
with unstable spectra under conditions of sample overload
are easily controlled. Problems associated with competing re-
actions between matrix interferents and the analyte of interest
are largely eliminated with an efficient chromatographic
separation.

The potential advantages of IMS as a detector for gas, su-
percritical fluid, or liquid chromatography are numerous. It is
a highly sensitive technique, capable of producing flame ion-
ization detector (FID)-like or ECD-like responses in a nonse-
lective positive ion mode or a nonselective negative ion mode,
respectively. Selectivity is achievable by monitoring a specific
mobility window. In supercritical fluid chromatography (SFC),
its stable ECD-like response under pressure programmed con-
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FIGURE 25. Ion mobility spectra obtained from (a) a clean hand, (b) a doxepin standard, (c) the right

hand of a patient admitted with a doxepin overdose. (From Lawrence, A. H., Anal. Chem., 58, 1269,

1986. With permission.)

ditions and its potential suitability with numerous modifiers
are especially valuable. In liquid chromatography, the corona-
spray nubulizer/ionizer potentially extends the range of detec-
tion to nonchromophore-containing compounds that are not
monitorable by a UV-Vis detector.

A. Gas Chromatography

IMS was first coupled to a gas chromatograph in 1972.'"
Ton mobility spectra of 3 ng samples of musk ambrette were
collected. Sensitivity was significantly better than that obtained
with a FID. The separation used packed column technology
and contamination from column bleed was reported.

The first chromatogram was presented in the literature in
1977.1* This packed column separation of p-chlorotoluene, 2,4-
dichlorotoluene, and 2,4-5-trichlorotoluene is seen in Figure
26. Increased residence times in the detector were noted, and
a reduction in the ionization volume was suggested to facilitate
sweeping of neutrals from the detector.

The problem of column bleed was addressed more closely
in 1978,'1® as the effect of 19 common liquid phases on IMS
reactant ions was examined. The positive mode of IMS was
found to be extremely sensitive to many stationary phases and
was thus somewhat restricted in a choice of columns for use.
With the introduction of permanently bonded fused silica cap-
illary columns, this problem has been large circumvented. We
have found column bleed from properly conditioned capillary
columns to only be a factor when working very near to the
producer’s suggested temperature limits.

Cognizant of the need to efficiently sweep neutrals from the
ionization region, in order to maintain the resolution of cap-
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FIGURE 26. Packed column gas chromatography with ion mobility detec-
tion. Column; 4 ft X 4 mm I.D., borosilicate, 0.2% carbowax 20 m on
Chromosorb W, 100 to 120 mesh, 60 to 150°C at 10°C/min. Detector; drift
gas — 560 mi/min N,, 140°C, 214 V/cm. (From Karasek, F. W., Hill,
H. H., Jr., Kim, S. H., and Rokushika, S., J. Chromatogr., 135, 329, 1977.
With permission.)

illary gas chromatography, a new detector design was intro-
duced in 1982.'2 Modifications to standard designs included
(1) unidirectional gas flow, (2) an enclosed drift tube, (3) a
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reduced ionization cell volume, and (4) introduction of samples
between the ionization region and the first ion gate. A sche-
matic is illustrated in Figure 3. With this detector, the first
high resolution capillary chromatograms were obtained. Figure
27 is a nonselective positive mode chromatogram of orange
extract.
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FIGURE 27. Capillary gas chromatography — ion mobility detection,
using detector design of 1982, Figure 3. Nonselective chromatogram of
orange extract. Column; 15 m, SE-54, 60°C — 2 min, 4°C/min, 150°C
— 10 min. Detector; drift gas — 600 ml/min N,, 155°C, 215 V/cm. (From
Baim, M. A. and Hill, H. H., Jr., J. High Resolution Chromatogr. Chro-
matogr. Commun., 6, 4, 1983. With permission.)

Selective, negative mode capabilities of this detector were
demonstrated in 1983 for halogenated species**® and for quan-
tifying 2,4-dichlorophenoxyacetic acid (2,4-D) residues in
soils.'?® Figure 28 compares a FID chromatogram, an ECD
chromatogram, and a selective IMD chromatogram for a typical
soil sample. Due to the associative electron capture of the
2,4-D methyl ester, as opposed to the more typical dissociative
electron capture of chlorinated species, virtually perfect selec-
tivity was obtained by the IMD mobility monitoring. Doping

Critical Reviews In

of the drift gas with 0.5% O, has been shown to enhance the
sensitivity of chlorinated and brominated benzene compounds
that respond via a dissociative mechanism.'!® By replacing the
Teflon insulators of the detector with glass insulation, it proved
suitable for higher temperature separations (300°C) of opiate,
acidic analgesic, benzodiazepinone, tricyclic antidepressant,®
and barbituate'?! extracts from human urine.

A new detector design was again introduced in 1988.'%
Design modifications were directed toward continued improve-
ment in chromatographic resolution and stability. A schematic
of the detector is illustrated in Figure 29. Major modifications
include (1) a direct axial introduction of the capillary column
into the ionization region of the detector; (2) a variable capillary
insertion distance, providing a sensitivity/resolution interplay
that can be modified dependent on the needs of the assay; (3)
a reduction in ionization cell volume to 0.8 cm?; and (4) an
inert gas flow external to the drift cylinder, preventing atmos-
pheric impurities from infiltrating the detector.

The capabilities of the system are evidenced by Figures 30
through 32, gas chromatograms of orange extract, petroleum
ether, and a commercial perfume. Several additional chro-
matograms of complex samples are presented in a recent review
of ion mobility detection after capillary gas chromatography.!?
Continued improvement in the use of IMS as a detector for
gas chromatography is readily apparent by comparing the packed
column chromatogram of 1977 (Figure 26), the orange extract
chromatogram using the design of 1982 (Figure 27), and the
chromatograms from the design of 1988 (Figures 30 through
32).

Initial studies with the design of 1988 addressed previously
reported inadequacies of IMS for the qualitative and quanti-
tative detection of ethers. An earlier work,* using a traditional
bidirectional flow IMS and direct injection of microgram quan-
tities of ethers into the ionization source, reported spectral
instabilities in drift times and intensities, with residence times
exceeding 1.7 h. The recent data, with GC sample introduction
of nanogram quantities of ethers, reported stable spectra, an
exponential response over greater than two orders of magni-
tude, and residence times of seconds. The earlier reported
difficulties appear to be problems related to experimental and
instrumental design, i.e., the sample was present in severely
overloaded amounts of questionable purity, and the instrument
displayed inefficient sweeping characteristics.

Minimum detectable limits (MDL) obtained were 100 fg/s
for tributylamine and diphenylsulfide. The MDL for tributyl-
phosphate was 200 fg/s.*¢ These values are roughly an order
of magnitude better than those reported for a FID or a flame
photometric detector (FPD), and roughly equivalent to those
reported for a thermionization detector (TID).!** Noise mea-
sured was 2.0 X 107 A. Current work is directed toward
determining the applicability of ion mobility detection for mi-
crobore (<100 wm I.D.) gas chromatography. It would appear
to be ideally suited for detection after microbore GC as the
needs of microbore GC emphasize IMS’s primary strength,
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FIGURE 28. Comparison of FID, ECD, and IMD detector responses to a soil sample. The arrow denotes the retention time of 2,4-D methyl ester. (From Baim,

M. A. and Hill, H. H., Jr., J. Chromatogr., 279, 631, 1983. With permission.)

ultrasensitivity, and minimize its primary weakness, limited
linear range.

B. Supercritical Fluid Chromatography

SFC has been found to be compatible with a wide variety
of detection methods commonly used in liquid or gas chro-
matography. For quantitative information the most common
detectors in SFC are the UV-Vis absorption detector and the
FID. For qualitative information, FTIR and mass spectrometry
are being investigated.

Unfortunately, each of these detection methods is limited to
specific conditions. The UV-Vis detector is limited to chro-
mophore-containing analyte compounds and nonabsorbing mo-
bile phases. The FID is limited to the use of mobile phases
which do not contain ionizable species. FTIR is limited to
mobile phases not absorbing in the information-rich region of
the spectra. MS is limited in the molecular weight that can be
detected, and both MS and FTIR are costly. A common sit-
uation in SFC is that detector requirements rather than sepa-
ration requirements determine the chromatographic conditions.
Recent work demonstrates IMS to be a sensitive detection
method under a variety of SFC conditions.

The first attempts to interface SFC to IMS used the standard

two-directional flow ion mobility spectrometer.'*' With this
ion mobility spectrometer, it was found that, because of the
two directional nature of its flow design, considerable mixing
of the CO, mobile phase and N, drift gas occurred producing
reactant ions that varied with pressure. CO, was consequently
investigated as the IMS drift gas. Product ions from a series
of fatty acid methylesters displayed considerably lower mo-
bilities in CO, than in N,. These mobilities increased with
temperature suggestive of a clustering phenomena, i.e., as the
temperature increases, the average size of the cluster decreases,
and the mobility increases. The IMS sensitivity was signifi-
cantly better than that observed by a UV-Vis detector at 210
nm.'? Solvent clearance times of greater than 30 min were
reported.

Using a unidirectional flow IMD (described in gas chro-
matography section), difficulties with N, as the drift gas and
excessive residence times were ¢liminated.'?® Figure 33 dem-
onstrates the effect that the CO, mobile phase had on the
reactant ions when using a bidirectional flow IMS. Figure 34
shows the results from a similar experiment using the unidi-
rectional flow detector. Note that, with the unidirectional flow
design, reactant ions were unchanged when CO, was intro-
duced into the detector. More importantly, agreement was ob-
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FIGURE 29. Ion mobility detector for capillary gas chromatography.
Note, direct introduction of capillary column into ionization region. (From
St. Louis, R. H., Siems, W. F., and Hill, H. H., Jr., J. Chromatogr.,
479, 221, 1989. With permission.)
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tained from mobility values of testosterone, esterone,
progesterone, diazepam, nitrazepan, and flurazepan when com-
pared after introduction by capillary GC and capillary SFC.'¥

The potential utility of IMS with several ionizable modifiers
was recently demonstrated.'® A stable baseline response was
evidenced in both the positive and negative modes using meth-
anol, acetone, methylene chloride, dichlorodifloromethane, and
dichlorofloromethane modified CO, as the SFC mobile phase
under pressure programming conditions.

An ECD-like response was demonstrated for 15 chlorinated
pesticides.!?® Figure 35 is a SFC chromatogram of 10 of those
pesticides obtained with negative mode ion mobility detection
using a unidirectional flow detector. The ECD chromatogram
under similar pressure programmed conditions is illustrated in
Figure 36. Other applications of IMS after SFC inciude the
sensitive and selective detection of 2,4-D, cholesterols and
cholesterol esters, di- and triglycerides, and polydimethylsil-
icone oligomers.'”® Individual methylsilicone oligomers of
greater than 3000 amu were detected. A more complete review
of IMS as a detection method for SFC is availabie. 3¢

C. Liquid Chromatography

IMS was first evaluated as a detector for liquid chromatog-
raphy in 1973.'*! The sample was introduced with the moving-
wire technique illustrated in Figure 37. The method involves
wetting the surface of a wire with a thin film of column effluent.

ST

e

40 55 75

115 162 225

TEMPERATURE

FIGURE 30. Capillary gas chromatography — ion mobility detection using detector design of 1988. Nonselective chro-
matogram of orange extract. Column; 22 m, DB-5, 40°C — 5 min, 1°C/min, 120°C — 1 min, 3°C/min, 150°C — 1 min,
5°C/min, 225°C — 5 min. Detector; drift gas — 1400 ml/min air, 200°C, 340 V/cm.

346 Volume 21, Issue 5



14: 33 17 January 2011

Downl oaded At:

5 X 1012 AFS

Analytical Chemistry

30 a7 65 83

101 119 137 150

TEMPERATURE

FIGURE 31. Nonselective chromatogram of petroleum ether. Column; 22 m, DB-5, 30°C — 1 min, 0.6°C/min, 150°C — 5 min. Detector; 1400 mV/min air,

200°C, 340 Vicm.
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FIGURE 32. Chromatogram of White Linen fragrance. Column; 22 m, DB-5, 60°C — 1 min, 1.5°C/min, 200°C — 5 min. Detector; 1400 ml/min air, 225°C,

340 V/cm.

The solvent is allowed to evaporate and the sample coated wire
is then momentarily inserted into the heated inlet of an ion
mobility spectrometer. Spectra were successfully obtained for
halogenated benzenes, DDT, Endrin, and Dieldrin. Spectral
collection times approximated 2 min, and no chromatograms
were shown.

Current studies are evaluating the direct interfacing of liquid
chromatography and IMS using electrified spray nebulization
and ionization. The first ion mobility spectrum obtained for an

organic with electrified spray was of lysozyme in an ethanol
solvent.'® This was followed by attempts to separate oligomers
of electrosprayed polystyrene and polyvinylpyrolidine.'® Re-
sults were less than satisfactory due to the limited resolution
of the system. This low resolution is possibly -attributable to
inefficient sweeping of neutrals out of the system, leading to
ion-molecule reactions in drift region, or to incomplete evap-
oration of the solvent prior to entering the drift region. Inves-
tigations in the authors’ laboratory attempted to solve these
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FIGURE 33. Bidirectional flow IMS used as a detector after supercritical
fluid chromatography. Note changes in reactant ion spectrum as CO, is intro-
duced from SFC column.

problems using a unidirectional flow ion mobility detector.
Early results are encouraging. Figure 38 shows an electrified
spray ion mobility liquid chromatogram.'3? It is a separation
of approximately 10 ng of methylparaben, propylparaben, and
butylparaben.

The unidirectional flow, electrified spray ion mobility spec-
trometer is also being evaluated as a detector following cap-
illary zone electrophoresis (CZE). Figure 39 is a schematic of
the CZE-IMS system. One end of the capillary is momentarily
placed in a vial containing the sample and a suitable buffer.
A small plug of sample enters the capillary which is then
inserted into a vial containing buffer only. An electrophoretic
separation occurs in the capillary column which is directly
interfaced to the ion mobility spectrometer. Figure 40 illustrates
the background reactant ions with only phosphate buffer pres-
ent, pH 7.0. The depletion of reactant ions and formation of
product ions are seen as tetramethyl ammonium iodide and
tetrabutyl ammonium iodide are introduced into the system.
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FIGURE 34. Unidirectional flow IMS used as a detector after super-
critical fluid chromatography. (a) Positive mode reactant ions, CO, flow,
2 ml/min. (b) Negative mode reactant ions, CO, flow, 2 ml/min. (c)
Positive mode reactant ions, no CO, flow. (d) Negative mode reactant
ions, no CO,. Note that reactant ion spectrum is essentially unchanged.

X. CONCLUSIONS AND FUTURE
DIRECTIONS

No matter how you calculate IMS efficiency, IMS is a low
resolution ion separation technique. In chromatographic terms,
it has a plate number of around 5000; in mass spectrometric
terms, it has a peak position/peak width ratio of about 30; and
in electrophoretic terms, it can separate mobilities which differ
by more than about 0.2%. Because it is a gas phase ion sep-
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FIGURE 35. Negative ion mobility detection of chlorinated pesticides after pressure programmed supercritical fluid chromatography.

aration technique, it is often compared to mass spectrometry
which is unfortunate because it is a low resolution instrument
and, at best, it provides only approximate mass information.
Its unique advantages relative to mass spectrometry rest only
in that it is an atmospheric pressure device and that in many
cases it can provide structural information for isomers. As a
general analytical tool, however, it is better to compare IMS
to UV-Vis absorption spectrometry rather than mass
spectrometry.

Although the mechanism of response is different, the quan-
tity of information provided by an ion mobility spectrum is
similar to that of a UV-Vis spectrum. As with UV-Vis spec-
trometry, IMS is best suited for the analysis of simple mixtures
in which the content of the mixture is well known or of complex
mixtures after component separation. Because IMS is a gas
phase ionization technique rather than a light absorption tech-

1990

nique, the quality of information is complimentary to UV-Vis
spectrometry, providing analytical information on compounds
which do not contain chromaphors and do not contain large
molar absorptivities. Thus, we see IMS developing as an an-
alytical technique, taking its place alongside UV-Vis spectro-
metry as a detection method for well-defined systems such as
in process control applications and flow injection analyses and
as a detection method after chromatographic separation of com-
plex mixtures.
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FIGURE 36. Electron capture detection after pressure programmed su-
percritical fluid chromatography. Baseline instabilities limit usefulness of
ECD under pressure programmed conditions.
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FIGURE 37. Schematic of moving wire sample introduction. (From
Karasek, F. W. and Denny, D. W., Anal. Lett., 6(11), 993, 1973. With
permission. )
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FIGURE 40. Representative spectra obtained after capillary zone elec-
trophoresis. (a) Background reactant ions. (b) Product ions, tetramethyl
ammonium iodide. (c) Product ions, tetrabutyl ammonium iodide.

LIST OF SYMBOLS

A = Analyte molecule.

A* = Positive analyte ion.

A~ = Negative analyte ion.

A, = Cross-sectional area of a membrane.
a = Correction factor in mobility equation.
AB =  Analyte molecule.

AB* = Excited analyte molecule.

B = Beta particle.

B’ = Beta particle of reduced energy.

2b = Height of a guard ring.

C = Third body molecule.

C. Activity of a radioactive source.

Analytical Chemistry

DoUeQ
z

o pB>ma
o

E;ﬂ"ﬂm e

Tme w

Io

p—
a

22 %8

]

I

]

It

Concentration of molecule A.

Radius of a guard ring.

Diffusion coefficient of an ion.

Diffusion coefficient of the ion A™*.

Sum of ion and drift gas radii.

Electric field.

Distortion of electric field.

Charge on an electron.

Electron.

Energy of collision.

Faraday’s constant.

Carrier gas flow rate.

Function of {].

Gap separating guard rings.

Gamma energy.

Membrane thhickness.

Distance between the gaps of successive
guard rings.

Planck’s constant.

Electromagnetic radiation with no absorbing
species present.

Transmitted radiation.

Measured ion intensity of a peak correspond-
ing to molecule A.

Measured ion current.

Total ion current of the system.

Mobility of an ion.

Reduced mobility of an ion, corrected for
pressure and temperature.

Generic recombination rate constant.

Positive-negative recombination rate
constants.

Reactant ion-analyte molecule formation rate
constant.

Reaction rate constants.

Boltzmann’s constant.

Photo-path length.

Drift length.

Mass of an ion.

Mass of neutral drift gas molecule.

Number density of the drift gas.

Loschmidt number (2.69 X 10'°
molecules/cm?).

Avagadro’s number.

Tons per unit area admitted through entrance
gate.

Ions per unit area.

Photoionization efficiency.

Ion-neutral cross section.

Atmospheric pressure.

Partial pressure of analyte molecule interior
to a membrane inlet.

Permeability coefficient of a membrane.
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P, = Partial pressure of analyte molecule exterior
to a membrane inlet.

q = lonic charge.

Q = Integral involved in derivation of {}p,, con-
cerned with collision energy and scattering
angle.

R = Experimentally measured resolution.

R, = Diffusion controlled resolution.

R* = Positive reactant ion.

R~ = Negative reactant ion.

R,*] = Positive reactant ion concentration with no
analyte molecules present.

R, = Reaction rates.

r = Radial distance.

S = Reactant ion pairs formed per second per unit
volume.

s = Differential cross section for scattering.

Sz = Half-height spatial width of a Gaussian peak.

g =  Absorption cross section of a molecule.

T = Kelvin temperature.

T.n = Measured peak width at half height.

T, =  Spectral collection time.

t = Time.

ty = Drift time.

t, = Half-width of initial ion pulse.

t2 = Diffusion controlled half-width.

t, Portion of half-width measurement not due to
initial pulse width or diffusion.

0 = Scattering angle.

i = Reduced mass.

A% =  Applied voltage.

Vn = Volume of 1 mol of gas at stp.

\A = Jon source volume.

V4 = Drift velocity.

v = Frequency of electromagnetic radiation.

w = Mean (3-ray energy per disintegration.

X = Drift distance.

X4 = Drift distance of the center of a Gaussian ion
pulse.

X% = Mean square distance from all points in the
source volume to the walls.

z = Unit ionic charge.
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