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Abstract

Two types of ionization have been compared for ion mobility spectrometry. The first U3e=rdtter to initiate pro-

ton exchange between an amine reactive gas and the analyte, whereas the second is based on electron exchange be
photo-generated radical cations and the analyte. The latter method uses a 266-nm microchip laser in combination with na
thalene vapor to form naphthalene radical cations via two-photon ionization. Under ideal conditions, the laser-based meth
selectively ionizes analyte molecules on the basis of their ionization potential whereas the former does so on the basis of th
proton affinity. Analysis of both pure and complex mixtures of compounds, including a variety of controlled substances suc
as cocaine, result in different response characteristics that are dependent on the given type of ionization employed. This gi
rise to the possibility that a single instrument package can be equipped with two drift tubes to provide simultaneous analy:
via the two types of ionization and thereby improve the overall detection selectivity.

Published by Elsevier Science B.V.
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1. Introduction are generally of low resolution, the portable size and
robust design of IMS instruments have nevertheless
1.1. Background allowed for its widespread commercial application

to detect narcoticf2—4], explosives[2—4], chemical
lon mobility spectrometry (IMS) is an atmospheric warfare agentg5], and industrial process chemi-
pressure means to detect trace levels of chemical va-cals[6], often under harsh operating conditions. The
pors[1]. Although the recorded ion mobility spectra primary drawback of IMS, other than the limited res-
olution, is chemical interference that can occur when

e — _ used in richly contaminated settingg]. Although
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charge exchangé8]. However, the high collision  discharge. The reaction sequence is describdd]as
rates (>18s~1) at atmospheric pressure mean that, in

most cases, thermodynamic equilibrium is obtained [Carrier](> 99.99%) + [Dopant]

between the ions and the neutrals in a very short pe-
riod of time. This has been used as an advantage in
ion mobility spectroscopy to selectively ionize whole  H[Carrier],™ + [Dopant]

E; H[Carrier],* + [Dopant] (1)

classes of compounds by virtue of their collectively © n[Carrier] + H[Dopant]* @)
unique thermodynamic properties (i.e., high proton

affinity or high electron affinity, for example[9] H[Dopant]" + [Analyte]

and provides the basis for the selective detection of < [Dopant]+ H[Analyte]" (3)

chemical classes in IMS.

It was the purpose of the current research to in- Where the functional component of the carrier gas is
vestigate the possibility of creating a two-channel typically nitrogen, often in combination with residual
IMS equipped with separate drift tubes each using water, and the dopant gas is ammonia, methyl amine,
different gas-phase ion chemistries thereby increasing dimethyl amine, or a similar compound. lonization
selectivity [10]. Although conceptually similar IMS ~ selectivity is obtained for compounds whose proton
approaches have used either simultaneous detectiorgffinities are greater than that of the dopant gas through
of both positive and negative ions or else multiple an equilibrium shift ofEq. (3) to the right; i.e., the
positive-ion IMS channels using dopants of varying €quilibrium position ofEqg. (3)is determined by the
proton affinity to act as a proton affinity filt§t1], this relative proton affinities of the dopant and analyte, re-
study looks at the simultaneous use of two positive-ion Spectively. Fortuitously, mostillegal drugs exhibit pro-
channels using different ionization mechanisms. ton affinities greater than the common dopants and are
Through the use of appropriate data fusion algorithms, hence readily ionized using this technique. Although
the channel outputs could then be used to increase thethe overwhelming majority of common organic com-
specificity of the instrument and thus provide an im- pounds are not ionized by this method, there are cer-
proved means to detect vapors, such as those produced@in classes of compounds commonly found in field
from controlled substances, in contaminated field set- Settings, such as the organonitrogen compounds (e.g.,
tings. The main challenge was the identification of acridine), found in some petroleum-based materials at
ionization pathways that are sufficiently different, de- 0.1-2%, that are ionized by this method and act as
spite the myriad of ion—-molecule reactions, to make interfering compounds for instruments based on this
this approach attractive. We chose the standard exist-detection principle. This has been a limitation in the
ing ionization method for one “channel” and focused successful use of IMS in all deployment settings (i.e.,
most of our effort on developing a complementary ©On ships where petroleum products are prevalgfit)
ionization mechanism. For this feasibility study, the
two “channels” were actually stand-alone instruments. 1.3. lonization method two: multiphoton ionization

of a reactive ion followed by charge exchange
1.2. lonization method one: amine mediated (MPI-CE)
proton-attachment chemical ionization (Am-ClI)
The nature of the second form of ionization used

For the detection of illegal drugs, the principle in this study is less well studied in the context of
form of ionization currently in use produces positive ion mobility spectrometry. Certainly, the use of direct
ions by proton exchange mediated by an organoamine photoionization, either by single-photon ionization
dopantion. The ionization cascade is often initiated by using continuous wave sourcgk2,13] or by multi-
either the radioactiv@-emitter 3Ni, or by a corona photon ionization using pulsed lasgf&14—-16] has
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been previously demonstrated. Less common are re-2. Experimental

ports of the use of photogenerated radical cations as

reactant ions for electron-exchange ionization. This 2.1. IMS detector based on 83Ni

mechanism was the focus of an earlier st{i@lyand ionization—"* Am-Cl”

was identified as the reason for minimal selectivity in

direct photoionization IMS. Specifically, the reported The IMS channel using®®Ni ionization and
selectivity loss in direct photo-ionization is from elec- amine-based reactive gas chemistry was an Itefflizer
tron exchange of the photo-generated ion with other lon Trap IMS provided by lon Track Instruments and
chemicals in the analyte mixture that possess a lower it was used as received. It was configured for narcotics
ionization potential. This process can be described mode (positive ion detection) and used ammonia as
as the reactive gas. The reactive gas concentration, sam-

[Dopan] hy [Dopant?* + e @) ple flow rate, drift tube counterflow, and operating
temperatures were-3 ppm, ~100 sccm,~150 sccm,
[DopantP™t + [Analyte] and 200°C, respectively and were preset at the factory
< [Dopant]+ [Analyte]** (5) and not varied as part of this study.

where the equilibrium irEq. (5)is determined by the 55 | MS detector based on multiphoton
relative ionization potentials between the dopant and gnization—chemical ionization at 266

the analytg17]. nm—"* MPI-CE” : hardware

1.4. The two-channel concept The IMS channel using photoionization was a cus-
tom modified Mark If instrument provided by lon
The benefits of using a two-channel IMS equipped Track Instruments. The modifications involved re-
with separate drift tubes based on both proton moval of the3Ni ionization chamber and replacing it
affinity-based equilibria and ionization potential-based with a resonant optical cavity consisting of two par-
equilibria can be realized only to the extent that allel dielectric mirrors, coated for normal-incidence
these thermodynamic parameters are unrelated. For-266-nm reflection and spaced approximately 1-cm
tunately, most compounds’ proton affinities and ion- apart. An ion reflector plate was inserted orthogonal
ization potentials are not related, or only loosely to and between the mirrors, parallel to and about
related at best. Both proton affinifit8] and ioniza- 0.5cm away from the entrance grid to the drift tube.
tion potential[19] data for a wide variety of organic  This plate was wired to the Mark II's power sup-
chemicals have been tabulated. Plotting one value vs.ply such that is was at the same potential as the
the other (some of these values are shown later in entrance grid between pulses (creating a field free
Fig. 4) for a representative subset of common com- “ion trap”) and was positive relative to the grid for
pounds selected from those tables gives very poor initiating the ion drift spectrun{2]. A 1/8in. o.d.
correlation ®2 = 0.15), hence our assertion that sample line was inserted through an end plate into
ionization dominated by one mechanism or the other the space between the reflector plate and the entrance
should provide complementary detector responses.grid such that the ionization chamber was a volume
The challenge in the current study is to identify the approximately 1 cmwidex 0.3 cm highx 1cmlong.
extent to which competing ionization pathways take The only place that gas could exit was through the
part in dictating the overall ionization selectivity drift tube and through a small opening for the laser
of a given channel, as this would be the primary beam. Other than the ionization chamber, the drift
limitation to realizing the proposed benefits of this tube geometry and electric fields were approximately
approach. the same for all experiments in both devices unless
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otherwise noted. The drift tube electric field for both 2.3. IMS channel based on multiphoton
instruments was-220 V/cm but slight differences in  ionization—charge exchange ionization at 266
drift time were observed between the two stemming nm—* MPI-CE” : reactive gases
from difference in temperature and ionization region
geometry. Several reactive gases were initially tried, including
The carrier gas was nitrogen at a flow rate of aniline, xylene, azulene, and naphthalene. The most
105 sccm. The counter flow was also nitrogen and its critical desired property was a low enough ioniza-
flow rate was 240 sccm. The nitrogen was obtained tion potential to enable facile multiphoton ionization.
by liquid nitrogen boil off and delivered to the in- The two-photon energy at 266 nm is 9.2eV. The
strument using electropolished stainless steel tubing. ionization potentials for the listed dopant ga$&3]
The oxygen level was<10ppb and the water level were azulene (7.4 eV), aniline (8.05eV), naphthalene
was 35+ 5ppb, but the levels measured near the (8.15eV), and xylene (8.57 eV), which are all below
drift tube were as high as200 ppb at times due to 9.2 eV. Another desirable property is to have a low
adsorption of moisture on the inside of the delivery proton affinity to avoid activation of parallel ioniza-
lines following system maintenance. The moisture tion pathways dominated by proton attachment. In this
levels were determined by both an Edgetech Dew- regard, the desirability order in ascending values of
trace Model 1-C Trace Moisture Analyzer and by a proton affinity[16] was xylene (8.4 eV), naphthalene
Meeco Aquavolt+ sensor. Experiments were also (8.47eV), aniline (9.1eV), and azulene (9.56 eV). An-
tried using dry air (wate 50 ppb) as both the car- other consideration is the absorption coefficient and
rier and counter flow gases and no differences in excited-state lifetimes of each of these compounds
the response sensitivities were observed. As a result,at 266 nm, as it has been reported that these factors
for simplicity, nitrogen was used unless specified figure prominently in two-photon ionization probabil-
otherwise. The drift tube operating temperature was ities [23]. In this regard, the polycyclic compounds
220°C. naphthalene and azulene appear most desirable as
The laser used was a custom manufactured mi- they both have very strong one-photon absorption
crochip ultraviolet lasej20]. The laser head consisted coefficients at 266 nm. When considering all these
of a Nd:YAG solid state laser operating at 1064 nm factors, we chose naphthalene as our dopant gas and
along with the necessary crystals to produce the sec-all data presented was obtained using this gas. Naph-
ond harmonic at 532nm and the fourth harmonic thalene efficiently undergoes multiphoton ionization
at 266 nm. The output energy per pulse at 266 nm under our conditions. Given the relatively long life-
was 8-12.J and the repetition rate was varied from time of the intermediate excited std@4] (~200 ns)
between 0.5 and 3kHz. With a beam diameter of and based on previous reports of naphthalene mul-
only 0.02cm and a pulse duration 6f200ps, the tiphoton ionization[21,25] we expect the overall
peak power density at the output of the laser head photoionization efficiency to be between 1 and 10%.
was in excess of Fon/cm?. This is high enough to
provide near unit quantum efficiency for multipho- 2.4. Test reagents
ton ionization of many strongly absorbing aromatic
compoundd21]. Physically, the laser head was only All regular test chemicals were purchased from
3in.long x 1in. in diameter and was connected via Aldrich Chemical and used as received. The controlled
a fiber optic link to an infrared diode laser, which substances were obtained from Cerilliant as solutions
acted as the optical pump. The optical pump was in methanol and/or acetonitrile and were either used as
an 808-nm diode laser manufactured by Limo Laser. received or diluted in the appropriate research grade
These microchip lasers can be quite robust and havesolvents mentioned above. The naphthalene reactive
been deployed in a variety of field applicatig2g]. gas used for initiating electron-transfer ionization
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was received enclosed in a calibrated permeation tube Upon placement of the aluminum disk in the desor-
from VICI Metronix and the tube was heated to be- ber, the resultant temperature ramp caused the sample
tween 100 and 13TC. It was calibrated at the factory to heat, desorb, and be drawn into the inlet by an
for a permeation rate of 2377 ng/min at 1@ Us- air diaphragm pump. After being drawn into the air
ing our carrier flow of 105 sccm, this corresponded to inlet, some fraction of the sample struck and diffused
4 ppm of naphthalene. At temperatures between 110 through the heated inlet membrane and entered the
and 130°C, the permeation rate was not calibrated but nitrogen carrier gas stream. This is the standard in-
we expect the naphthalene concentration increased tolet design for lon Track Instruments commercially
between 6 and 10 ppm. For most of the presented data,available units and has been described elsewi#re

a temperature of 130C was used, corresponding to For analysis of mixtures, we used the process just

a naphthalene concentration-ofL0 ppm. described but now employed a two-step sample ap-
plication to the aluminum disk. For example, in order
2.5. Sample introduction and measurement to examine the impact of a 1000-fold higher level

of contaminant we would first apply 10ng of co-
Each detector was equipped with the standard lon caine followed by 10ug of the contaminant. In this

Track Instruments thermal desorber designed for use way we could examine the degree to which chemical
with 3in.-round cloth wipes. Rather than use cloth interference occurs for the two ionization types.
wipes that may irreversibly adsorb some of the test
chemicals, we used thin aluminum100pm thick) 2.6. Data acquisition and derivation of
disks of the same diameter. Solid samples were pre- sensitivity factors
pared by placing microliter quantities of solutions of
various dilution onto the aluminum disk followed by For each sample introduced into either instrument,
evaporation of the solvent on a hotplate. After evap- the total signal generated as a function of the injection
oration, the disk was introduced into the instrument mass was recorded. The total signal detected (in C)
for thermal desorption of the analyte. This procedure for a given injection is given by
was used for the 22 solid samples of the 27 total
samples tested. The five liquid samples were intro-
duced into the instruments by direct injection of small
(~microliter) neat quantities (benzene and toluene)
or liquid-liquid solutions (pyridine, pyrazine, and
1,4-diaminobutane). Typical solvents were acetoni-
trile, diethyl ether, and methanol, with acetonitrile

Rtres

G

whereA is the integrated peak area (in V-s) in a sin-
gle given ion mobility spectrunRis the rate at which
these scans are obtained (in'} tres is the sample
residence time in the instrument and is determined by

) 7~ the desorption profile of the compound (in s) (usu-
being the preferred solvent. The use of solvents raised ally between 2 and 30's and limited by adsorption on

potential concerns regarding their participation in tubing walls), andG is the preamplifier gain in V/A

charge-exchange reactions, but we first tested the soI—(G — 10BV/A for these measurements). The sensitiv-
vents neat to determine their propensity to charge ex- ity factor is then obtained from

change with the dopant. At the injection sizes we used,

we typically observed very weak (less than typical Sensitivity(C/mol) = _
analytes) signal. This is because nearly all the com- Number of moles injected
pounds tested had higher proton affinity than the sol- For more accurate determination of the sensitiv-
vents. Finally, the measurement of mixtures of cocaine ity factors, multiple injections were performed over a
and several petroleum-based products were all donerange of injection sizes and the total signal (in mC)
neat (from the aluminum disks) and hence solvent was plotted vs. the injection size (in mol). The slope
contributions were non-existent for those experiments. of the graph yielded the sensitivity.

Al
Total signakC) =

Total signal
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3. Results

3.1. Dopant ions produced by multiphoton
ionization: naphthalene

The commercial maturity of the instrument used for
Am-CI allowed for a straightforward evaluation, but
the experimental nature of MPI-CE led us to investi-
gate in greater detail its ionization processes.

RR. Kunz et al./International Journal of Mass Spectrometry 226 (2003) 379-395

value of 1.8crd/V-s agrees well with the published
values for naphthalene of 1.85é/-s [28]. Based
on the slightly higher mobility of the second peak,
we expect it to be a £or Cg compound, possibly the
radical cation of bicyclo[4.2.0]octa-1,3,5,7-tetraene
formed by the electrocyclic reaction of the inter-
mediate product formed from acetylene elimination.
Although fragmentation such as this is not expected
from straightforward two-photon ionization, excited

Naphthalene has a very high one-photon absorption state absorption or 2 1 ionization processes involv-

cross-section at 266 nm of2 x 10~17 cn? (ref. [26])
likewise, it is possible that the excited-state and/or
radical cationic form of naphthalene may absorb the
532 nm light as well. Although it has been reported that
visible radiation £560nm) can influence photo-ion
fragmentation during the UV-induced multiphoton
ionization of substituted aromati¢87], we made no
attempt to either limit the amount of 532 nm light in
the ionization chamber or study the impact it had on
our mobility spectra. Nevertheless, the illumination
intensity of 266-nm radiation alone allowed for high
ionization efficiency and would result in severe peak

ing the 10-fold more intense 532-nm radiation may
contribute to these more energetic processes. Further,
when a compound was introduced that had a lower
ionization potential than naphthalene, it was the ion
at 2.2cn?/V-s whose signal decreased first due to
charge exchange neutralization, indicating either that
that compound had a lower ionization potential than
naphthalene or that the relative lifetimes play an im-
portant role in the ion-exchange kinetics. We cannot
speculate further on the reason for this, but we can
note that bicyclo[4.2.0]octa-1,3,5,7-tetraene has an
ionization potential well below that of naphthalene

broadening if the naphthalene concentration was not (7.87 eV vs. 8.15eV for naphthalen@g].

limited to less than a few parts per million. This behav-
ior is consistent with that described in previous, similar
experimentd16]. Although molecular fragmentation
is not expected from two-photon ionization at 266 nm,
we observed two peaks in the MPI mobility spectrum
of naphthalene at reduced mobilities of roughly 1.8
and 2.2 cri/V-s, respectively Fig. 1). We were able
to determine that the lifetime of the ion at a mobility
of 1.8 cnf/V-s was considerable shorter than that for
the ion at 2.2 cfiV-s; we estimate the latter was on
the order of the ion extraction pulse (0.2 msThe

3.2. Sengitivity factors of pure compounds

The simplest way to compare the two detectors
relative characteristics was to measure a number of
pure compounds whose ionization potentials and
proton affinities were known, along with additional
compounds of more practical interest such as selected
narcotics, whose proton affinities and ionization po-
tentials have not yet been reported. This was done for
nearly 30 chemicals of which several sample spectra
are shown irFig. 2, and of which several sample cal-

1We determined that the two observed naphthalene peaks had ibration curves used to derive the detection responses

different lifetimes by varying the phase difference between the laser

pulse (200 ps pulse duration, 2 ms between pulses at 500 Hz) and
the ion extraction pulse (0.2ms duration, 25ms between pulses)

appear inFig. 3. Table 1andFig. 4 summarize these
experiments, wheré&able 1lists the resulting sensi-

and by watching the ratio of the two peaks. When the laser pulse tVity factors for all the compounds;ig. 4(a)plots the

was immediately prior to or during the ion extraction pulse, the

peak at 1.8cfV-s was at a maximum. When the laser pulse

preceded the ion extraction pulse by a maximum amount, nearly
the full laser pulse period of 2 ms, the peak at 1.8tfs was

at a minimum—Iess than half its maximum value. During these

observations, the peak at 2.2%iw-s did not change. From these

compound’s responses to Am-Cl as a function of that
compound’s ionization potential and proton affinity

observations, we estimate that the 1.&#vhs peak had a lifetime
of a few ms whereas the 2.2 éW-s peak was at least many ms.
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Fig. 1. Spectra of the laser-ionized naphthalene reactive gas used to induce chemical ionization of analyte compounds. The two peaks
thought to be naphthalene (5.4 ms) and a possibly a C7 or C8 fragment of naphthalene (see text).

(in the cases where these values were available), andfrom Fig. 4(b) however, is the absence of a detector
Fig. 4(b)plots the compound’s responses to MPI-CE, response that is completely independent of proton
also as a function of each compound’s ionization affinity (i.e., the response contours do not run strictly
potential and proton affinity. Finallykig. 4(c) sum- parallel to they-axis). This can only mean that ion-
marizes the work by looking at the ratio of responses ization pathways other than electron exchange remain
of one ionization method to the other. Of these results, active, and this appears to be most marked for those
Fig. 4(a) and (b)most clearly indicate the “purity”  compounds whose ionization potentials are much
of the ionization process and are two-dimensional greater than naphthalene’s. Nevertheldssg). 4(b)
analogs of plots previously made of ion yield vs. does show that MPI-CE is different from Am-CI and
ionization potential made for benzene-mediated this is further illustrated irFFig. 4(c) where the ratio
charge-exchange ionization of other substituted aro- of the responses from the two channels are plotted for
matics [30]. For example, inFig. 4(a) where ion- the same set of chemicals. From this, we now see that
ization is via proton exchange, the detector response the proton-affinity-based ionization (Am-Cl) is >1000
should only depend on the analyte’s proton affin- times more sensitive to small cyclic amines such as
ity and be independent of its ionization potential. pyridine and pyrazine, to 15 times more sensitive to
FromFig. 4(a) this is apparent, with all the response polyethers, whereas the laser-induced chemical ioniza-
contours running parallel to theaxis and hence in-  tion (MPI-CE) is >5 times more sensitive to polycyclic
dicating little dependence on the analyte’s ionization aromatics such as pyrene and dibetd@nthracene.
potential. Likewise, the sensitivity of Am-Cl to these

compounds varies by roughly five orders of magnitude 3.3. Semi-empirical model for detector responses

over the range of proton affinities available to test. to pure compounds

In contrast,Fig. 4(b) shows the results for MPI-CE,

where the response contours are no longer horizontal, The data inTable 1summarizes the IMS detector
indicating a detector response that is dependent onresponses for all the chemicals tested. Of these chem-
the analyte’s ionization potential. Interesting to note icals, roughly half of them have both their ionization
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Fig. 2. Representative ion mobility spectra of pure compounds: (a) methylenedioxy-methamphetamine detect®iNiudilty proton

exchange ionization (Am-Cl); (b) methylenedioxy-methamphetamine detected using laser/naphthalene MPI electron exchange ionization
(MPI-CE); (c) cocaine detected using Am-CI; (d) cocaine detected using MPI-CE; (e) lysergic acid diethylamide detected using Am-ClI;

(f) lysergic acid diethylamide detected using MPI-CE. In each of these spectra, the analyte peak(s) is indicated by the arrow. These are
representative spectra, no particular care was taken to ensure the injection sizes were the same for all cases, as a result the size of the

analyte peaks and the reactive ion peaks (unmarked) vary from spectra to spectra.
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Fig. 3. Examples of the calibration curves used to derive the response sensitivities as a function of ionization metradisTvadues are
the total integrated charge collected, integrated over both drift time and the total time each chemical took to pass through the instrume

potentials and proton affinities reported in the litera- of analyte A introduced into the instrument (results in
ture. Using this subset of materials, it is possible to Table 1), we can say that
relate each chemical's normalized detector response n 4

) R . : [AT] [AT]
to the difference in ionization potential between the Measured analyte A signat Al 1A ~ Al
naphthalene and the analyte for the MPI-CE or, for N
Am-ClI, between the difference in proton affinity of for[A™] < [A] ©)
the ammonia and the analytéig. 5shows the results  and Eq. (8) can be rearranged to more accurately
of this relationship for 12 of the 27 chemicals tested. reflect our reported values
Since the detected signal is proportional to the equi-

. . . . AT
librium of the generic reaction Reported analyte signals from Tabled%
A+D" - AT4+D (6) [DH] <—AG>
== Jexp( 2 (10)

where A is the analyte and D is the dopant, we can [D] KT
say that, in the most generic sense Unfortunately, the quantitative application of

_ [A*][D] Eq. (10)is limited for these experiments due to factors
Analyte A signaloc Keq = AID 71 () that control the exact reagent concentrations (differ-

ences in inlet membrane diffusion, wall equilibration,
etc.). However, we might still expect the measured
[ATID] _ (ﬁ) (8  Signal to have the basic form of a simplified version
[AID*] KT of this expression

describes the relationship between the reaction’s free Reported analyte signals from Table 1
energy change and its equilibrium constant, and was
used previously to actually determine values for proton
affinity [18]. Since our reported sensitivities are in  whereAG* is proportional to the reaction free energy
terms of the analyte ion concentration™[Aper unit and is given by the difference in either the analyte and

where the equation

— expla AG* + b) (11)
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105p R naphthalene ionization potentials (for MPI-CE) or the
s acriding, coPreent g o difference in the ammonia and analyte proton affin-

100 uinu fidine . -
= : e © quincline ity (for Am-CI), and a and b are fitting parameters
3 L - méihamphetamme ridine . -

il Hoenzepyrene e dependent on the concentration of dopant (or interfer-
g‘ o dibenzoanthracene ) p . . . i
£ o0t pyw ing chemicals). Note that the use of this expression is
5 & ; o— o . = 1 limited to pure compounds measured over relatively
- .5 xylene . enzoic ac . . . .
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Fig. 4. (a) Response contours f6#Ni/NH3 proton exchange
ionization (Am-CI). All interpolated contour lines are in units of
log(response) (mC/mol). If the signal depended only on analyte o ]
proton affinity, all contour lines would run horizontally and the ~'esponse would be near zero at ionization potentials greater than
detector response would be near zero at proton affinities less than 8-2€V (thin vertical line). The more horizontal contour lines at
8.6eV (the value for NK, the thin horizontal line). (b) Response ionization potentials >9.5eV indicate that proton exchange is be-
contours for laser/naphthalene MPI electron exchange ionization 9inning to dominate in this region, even though absolute sensi-
(MPI-CE). If the signal depended only on the analyte ionization tivities are low. The contours in (a) and (b) are derived from the

potential, all contour lines would run vertically and the detector ~ Values inTable 1 (c) Data points showing the ratio in detector
responses for two methods.
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Table 1
A summary of instrument responses for each of the two ionization types investigated

Compound Am-CI MPI-CE

Mass range (ng) Response (mC/mol)R? Mass range (ng) Response (mC/mol)R?

Benzene 10 0.0 N/A  10-10 0.005+ 0.003 0.24
Pyridine 50-2000 59@ 46 0.89 16-1C° 0.190+ 0.03 0.36
Pyrazine 2000 1.8 N/A 1000-25000 0.0850.0004 0.35
1,4-Diaminobutane 44-2200 31@0 720 0.29  1000-3000 3% 3 0.89
Toluene 16 0.002 N/A 1000 0.097 N/A
Naphthalene 1000 0.8 N/A  N/A N/A N/A
Quinoline 20-1000 34& 310 0.08 50-1000 3t 1 0.98
Methamphetamine 20-200 180 14 0.96 5-20000 11 2 0.99
(9-Nicotine 200-1000 21 80 0.81 20-1000 43& 36 0.93
Anthracene 20-5000 36 30 0.20 2-5000 43& 6 0.99
Acridine 200-1000 966t 110 0.96 2.5-50 89& 200 0.26
Acetyl salicylic acid 750-2000 35 21 0.17 25000 <0.001
Phenylpropanolamine 20-2000 12070 0.69 100-2000 27& 29 0.82
Methylenedioxy-methamphetamine ~ 50-500 2@0a80 0.94  20-5000 128- 4 0.99
Ecgonine methyl ester 200-500 660230 0.89 5-500 65 29 0.86
Poly(ethylene glycol) 1000 660 N/A  104-106 4825 0.28
Pyrene 500-1000 29 20 0.28  10-15000 228 5 0.99
Phencyclidine 100-1000 468 150 0.80 5-200 1806- 48 0.97
Dibenzg,h)anthracene 10-1000 67D 10 0.99 5-200 320@&: 580 0.33
Dibenz@,h)acridine 1000 4300 N/A  0.4-100 69aD 780 0.99
Morphine 20-2000 140&- 600 0.30 3-40 540& 290 0.87
Benzoyl ecgonine 200-500 11@0 900 0.37 5-500 4608 59 0.99
Tetrahydrocannibol 200-500 54@0 500 0.99 20-2000 390& 190 0.91
Cocaine 20-200 1600& 4000 0.94 4-1000 640& 290 0.95
Lysergic acid diethylamide 200-500 919 750 0.14  20-1000 920& 390 0.92
6-Acetyl morphine 50-200 240& 160 0.93 2-40 120& 480 0.06
Heroin 200-500 340& 300 0.99 5-100 310 380 0.29

The first column lists the chemicals tested. Under each type of ionization, the left-most column indicates the range of sample sizes ust
the center column is the response derived from calibration curves where the error is the residual error in the slope for the curve fit, and t
right-most column is the residu&® value for the curve fits. In instances where ®evalue is less than 0.80, the sensitivity is computed
from the mean value and the error limits represent the standard deviatioR? Aalue of N/A indicates only a single sample was used

in the test.

3.4. Analysis of mixtures: simulated to act as interferants. Because the exact fraction of
target/interference combinations these mixtures comprised of heterocyclic organoni-
trogen compounds was not known, no quantitative
To further compare the different types of ionization, model of interference could be derived. Neverthe-
a test was performed where measurements were maddess, these experiments were of practical interest and
in the presence of large amounts of potential interfer- allowed for some qualitative conclusions.
ing compounds. For this study, three interfering sub-  Our experiments involved introducing 10 ng of co-
stances were examined, standard-grade diesel engineaine free base along with increasing amounts of the
fuel, ATF3 transmission fluid, and diesel-engine mo- interfering substance and comparing the results for
tor oil. These are designated contaminants A, B, and the two detectorsFig. 7 shows the results for each
C, respectively; and have been identified as having a device for each of the three interfering substances. In
small fraction of high-proton-affinity organonitrogen each case the cocaine signal (7.8 m&ig. 7(a), (c),
compoundg$7] and thus have historically been known and (e)and 8.7 ms irFig. 7(b), (d), and (f) becomes
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Fig. 5. Plots of detector response as a function, for MPI-CE, of the difference in ionization potential between the analyte and dopant,

and, for Am-Cl, the difference in proton affinity between the dopant and the analyte. The data points represent response values derived
from linear fits of signal vs. concentration (at concentrations where they are linearly related). The solid curves are fits to the data and are
discussed in the text.

obscured by the increasing levels of charge exchangeaffected by the presence of overwhelming amounts
as the interfering substances’ concentrations increase.of interfering chemicals, the two ionization methods
Fig. 8 summarizes the results froRig. 7, where the manifest this contamination in different ways. Dif-
cocaine signals as a function of interfering compound ferent components within these mixtures are ionized
over-concentration are plotted. FroRigs. 7 and 8 using each method, and the rate at which charge ex-
it is clear that although both ionization schemes are change between the cocaine and these ionized contam-

________________ [ S

R-Square = 0.68

for Pure Compounds

___________________________________

Log[(MPI-CE)-to-(Am-Cl) Selectivity]

-5.5(AG*yp1.ce-0.88AG* pm.c1)-3.37

Fig. 6. A plot of the measured selectivity between MPI-CE ionization and Am-CI ionization for a selected subset of the pure chemicals
vs. the derived expression for selectivity (see text for discussion).
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Fig. 7. (a, b) Comparison of the two ionization methods’ responses when challenged with large amounts of contaminant A (diesel fue
in the presence of 10ng of cocaine. The very broad peak in the laser/naphthalene channel is due to coulombic repulsion of ions direc
ionized by the laser. (c, d) Comparison of the two ionization methods’ challenged with large amounts of contaminant B (ATF3 fluid) in the
presence of 10ng of cocaine. (e, f) Comparison of the two ionization methods’ challenged with large amounts of contaminant C (dies
oil) in the presence of 10ng of cocaine. The slight differences in drift times between the two methods are discussed in the text.

inants is different as well. Note the very broad peaks increased MPI-CE’s sensitivity at intermediate levels

in Fig. 7(b) and (d) indicating charge broadening of of interfering substance as a result of charge exchange
the peaks due to the large amount of direct photoion- between the contaminant and the analyiig (8(c).
ization of the interfering compound. In fact, this direct Fig. 8 shows several qualitative trends. First, for
photoionization of the interfering compound actually Am-ClI, the impact of increased interferant concentra-
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tion has a monotonic effect on analyte signal reduc-
tion, whose slope presumably depends onAla for

the analyte—interferant pair. Quantitative evaluation of
this behavior using known interferences would have
allowed prediction of analyte-signal loss as a function
of interferant concentration and proton affinity, but un-

fortunately was beyond the scope of this current study.
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For the interferant mixtures used here, one can see the
difficulties associated with operating a conventional
IMS around these petroleum-based vapors, except per-
haps for interferant C (diesel fuel) which is presum-
ably the most refined of the three petroleum products
tested and hence least likely to be contaminated with
organonitrogen compounds. However, the behavior of
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Fig. 8. A summary of: (afig. 7(a) and (b)showing the reduction in cocaine signal as a function of contaminant A (diesel fuel); (b)
Fig. 7(c) and (d)showing the reduction in cocaine signal as a function of contaminant B (ATF3 fluid); arfelgicy(e) and (f)showing
the reduction in cocaine signal as a function of contaminant C (diesel oil). The lines are drawn simply to guide the eye.
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Fig. 8. (Continued).

the MPI-CE is made more complex by the direct pho- each channel's response is simply the linear addi-
toionization of the interferant (mixture C, diesel fuel) tion of the individual analytes’ responses. In IMS,
which had the effect of increasing both the analyte this is rarely the case due to signal reduction stem-
and the naphthalene signals through charge exchangeming from charge neutralization and other artifacts
Introducing diesel fuel vapors to the MPI-CE IMS associated with charge exchange (peak broadening,
was the effective equivalent of increasing the dopant cluster formation, etc.). Given this, implementation
concentration and actually had a beneficial effect. For of a multi-channel IMS may likely require more com-
mixtures A and B, the presence of nitrogen-containing plex forms of signal processing than other forms of
compounds (confirmed by Am-CI) acted to neutral- multi-channel analysis. For this reason it is worth-
ize the analyte ions as these compounds exhibit low while to take a closer look at the characteristics gov-
ionization potentials in addition to their high proton erning both the similarities and differences between
affinities. the two ionization methods tested in this study.
FromFig. 4(b) it is apparent that, for the MPI-CE,
the ionization is not strictly determined by the ioniza-
4. Discussion tion potential of the analyte molecule. This is clearly a
result of the presence of parallel ionization pathways.
The idea behind expanding an instrument from What is less clear, however, is whether these com-
one to two or more channels is to improve detection peting reactions in the laser-based channel represent
selectivity, increase noise rejection, and ultimately proton-exchange chemistry activated by the presence
to increase the operator's confidence in a reported of trace levels of water or whether these competing re-
alarm. As the number of detector channels increase, actions are inherent to the reactive gas chemistry and
the absolute detection selectivity needed in each are thus more fundamental in nature. Our current feel-
channel decreases. An extreme example of this areing is that trace water may play an important role in
the artificial noses comprised of arrays of relatively initiating proton-exchange reactions in the MPI-CE,
non-selective sensing elemerf®]. Straightforward despite our best efforts to minimize its concentration.
implementation of multi-channel sensors requires that Certainly, it is not practical to imagine operating in
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the complete absence of any residual water vapor andelectron exchange (MPI-CE). These two methods of

therefore, it is expected that some degree of proton ionization yielded different response characteristics

exchange ionization will always occur, regardless of that were dominated by the thermodynamics of their

the desired or intended primary ionization mechanism. respective dopant—analyte ion chemistry, and could

Nevertheless, even marginally different response char- potentially be combined in a single instrument to en-

acteristics between different detector channels may be hance noise rejection. A simple model was presented

useful as has already been shown by the relatively low that provides estimates for signal strength (at fixed

selectivity sensing elements in artificial no$29]. concentration) as a function of the differences in
There is one additional concern. Despite the dif- ionization probabilities (proton affinity or ionization

ferences in ionization mechanism, if an interfering potential) between the dopant and the analyte.

compound has both a higher proton affinity and a

lower ionization potential than the analyte, it will lead

to a measurable signal with both ionization methods, Acknowledgements

and if the concentration is high enough, possibly

even masking of the analyte signal. Frdiiy. 4, we This work was sponsored in part by SPAWAR/

see that high molecular weight secondary and ter- ONDCP and in part by the Lincoln Laboratory

tiary amines such as diazabicyclooctane along with Advanced Concepts Committee, the latter of which

nitrogen-containing heterocyclic aromatic compounds 1S Supported principally by the Department of the Air

such as acridine and dibenzacridine have these char-Force under contract F19628-00-C-0002.

acteristics; as mentioned earlier, the latter of these

are known to be present in moderate levels in many References

petroleum-based products and hence represent the key

source of interference when testing in environments

rich in these materials. One possible way to overcome

[1] G.A. Eiceman, Z. Karpas, lon Mobility Spectrometry, CRC
Press, Boca Raton, FL, 1994 (Chapter 1).
[2] W. McGann, Proc. SPIE 2937 (1997) 78.

this limitation would be to add additional IMS detec-
tor channels employing dopant chemistries with even
higher values of proton affinity and/or lower values
of ionization potentia[11]. Although this approach
may not be practical due to the size and power re-
quirements of field instruments, recent advances in
micro-machined ion mobility drift tube80] suggests
that massively parallel IMS-based “artificial noses”
may someday be possible.

5. Conclusions

The response characteristics of ion mobility spec-

[3] W. McGann, A. Jenkins, K. Ribiero, J. Napoli, Proc. SPIE
2092 (1993) 64.

[4] R.K. Ritchie, P.C.P. Thomson, R.F. DeBono, L. Danylewich-
May, L. Kim, Proc. SPIE 2092 (1993) 87.

[5] G.A. Eiceman, lon Mobility Spectrometry, CRC Press, Boca
Raton, FL, 1994 (Chapter 6).

[6] J.E. E. Roehl, Appl. Spectrsc. Rev. 26 (1991) 1.

[7] C.-W. Su, S. Rigdon, K. Babcock, T. Noble, C. Ranslem,
Proc. 1999 ONDCP Int. Technol. Symp., 8-10 March 1999,
Washington, DC, p. 1.

[8] G.A. Eiceman, V.J. Vandiver, Anal. Chem. 58 (1986) 2331.

[9] G.A. Eiceman, lon Mobility Spectrometry, CRC Press, Boca
Raton, FL, 1994 (Chapter 2).

[10] R.R. Kunz, J.J. Zayhowski, P. Becotte-Haigh, W.J. McGann,

Proc. ONDCP Int. Technol. Symp., Washington, DC, 1999,
p. 9.

[11] Q. Meng, Z. Karpas, G.A. Eiceman, Int. J. Environ. Anal.

Chem. 61 (1995) 81.

trometry using two different methods of atmospheric- [12] C.S. Leasure, M.E. Fleischer, G.K. Andersen, G.A. Eiceman,

pressure ionization have been evaluated and com-(;3

pared. The two types of reactive ions were the
[M + 1]* ion formed from ammonia and used for

proton exchange (Am-CI) and the laser-generated
Me** radical cation of naphthalene used to initiate

Anal. Chem. 58 (1986) 2142.
M.A. Baim, R.L. Eatherton, H.H. Hill Jr., Anal. Chem. 55
(1983) 1761.

[14] D.M. Lubman, M.N. Kronick, Anal. Chem. 54 (1982) 1546.
[15] D.M. Lubman, M.N. Kronick, Anal. Chem. 55 (1983) 1486.
[16] G.A. Eiceman, V.J. Vandiver, C.S. Leasure, G.K. Andersen,

J.J. Tiee, W.C. Danen, Anal. Chem. 58 (1986) 1690.



RR. Kunz et al./International Journal of Mass Spectrometry 226 (2003) 379-395 395

[17] S.C. Subba Rao, C. Fenselau, Anal. Chem. 50 (1978) 511. [25] D.M. Lubman, R. Naaman, R.N. Zare, J. Chem. Phys. 72

[18] S.G. Lias, J.F. Leibman, R.D. Levin, J. Phys. Chem. Ref. (1980) 3034.
Data 13 (1984) 695. [26] R.M. Silverstein, G.C. Bassler, T.C. Morrill, Spectrometric
[19] R.D. Levin, S.G. Lias, lonization Potentials and Appearance Identification of Organic Compounds, Wiley, New York, 1981,
Potential Measurements, 1971-1981, National Bureau of p. 327.
Standards, October 1982. [27] R.B. Bernstein, J. Phys. Chem. 86 (1982) 1176.
[20] J.J. Zayhowski, C. Dill lll, Opt. Lett. 19 (1994) 1427. [28] Z. Karpas, Z. Berant, O. Shahal, Int. J. Mass Spectrom. lon
[21] U. Boesl, H.J. Neusser, E.W. Schlag, Chem. Phys. 55 (1981) Process. 96 (1990) 291.
193. [29] A.J. Matzger, C.E. Lawrence, R.H. Grubbs, N.S. Lewis, J.
[22] J.J. Zayhowski, Laser Focus World 35 (1999) 129. Comp. Chem. 2 (2000) 301.
[23] J.P. Reilly, K.L. Kompa, J. Chem. Phys. 73 (1980) 5468. [30] R.A. Miller, E.G. Nazarov, G.A. Eiceman, A.T. King, Sens.

[24] U. Boesl, H.J. Neusser, E.W. Schlag, Chem. Phys. Lett. 31 Actuators A 91 (2001) 301.
(1975) 1.



	Comparison of detection selectivity in ion mobility spectrometry: proton-attachment versus electron exchange ionization
	Introduction
	Background
	Ionization method one: amine mediated proton-attachment chemical ionization (Am-CI)
	Ionization method two: multiphoton ionization of a reactive ion followed by charge exchange (MPI-CE)
	The two-channel concept

	Experimental
	IMS detector based on 63Ni ionization-"Am-CI"
	IMS detector based on multiphoton ionization-chemical ionization at 266 nm-"MPI-CE": hardware
	IMS channel based on multiphoton ionization-charge exchange ionization at 266 nm-"MPI-CE": reactive gases
	Test reagents
	Sample introduction and measurement
	Data acquisition and derivation of sensitivity factors

	Results
	Dopant ions produced by multiphoton ionization: naphthalene
	Sensitivity factors of pure compounds
	Semi-empirical model for detector responses to pure compounds
	Analysis of mixtures: simulated target/interference combinations

	Discussion
	Conclusions
	Acknowledgements
	References


