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(57) ABSTRACT

The invention includes an ion mobility spectrometer having
a liquid filled drift chamber. The chamber has an ionization
region partitioned from and an ion separation region by a
reversible ion-migration block. An electrical field within the
chamber allows ions to migrate toward the electrode col-
lector. Passage of ions from the ionization region is triggered
by reversing the block allowing ions to migrate into the ion
separation region. The invention includes a method of ion
mobility analysis in liquid phase. lons are mobilized to
migrate through a drift liquid and are detected at an end of
a drift chamber. The invention also includes a method of
generating ions in a sample. A sample containing molecules
in a first solvent is introduced into a second solvent through
a charged capillary where the electrically charged sample is
electro-disperses to ionize the molecules.
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ION MOBILITY SPECTROMETRY METHOD AND
APPARATUS

RELATED PATENT DATA

[0001] This patent is a continuation of U.S. patent appli-
cation Ser. No. 10/966,325, filed on Oct. 14, 2004, which
claims benefit of priority under 35 U.S.C. §119 to U.S.
Provisional Patent Ser. No. 60/511,173, which was filed Oct.
14, 2003.

CONTRACTUAL ORIGIN OF THE INVENTION

[0002] This invention was developed in part with Gov-
ernment support under contract DAAD190216350, awarded
by the U.S. Army Research Office. The Government has
certain rights in this invention.

TECHNICAL FIELD

[0003] The invention pertains to ion mobility spectros-
copy systems, an ion mobility spectrometer, methods of
conducting ion mobility analysis and methods of generating
ions in a sample.

BACKGROUND OF THE INVENTION

[0004] A variety of analytical separation methods have
been developed for differentiating between component mol-
ecules in a sample. Such methodology includes both gas-
phase and liquid-phase chromatographic separations. Lig-
uid-phase separation techniques include, for example, high
performance liquid chromatography (HPLC), and capillary
electrophoresis techniques such as capillary zone electro-
phoresis (CZE). Conventional gas-phase separation tech-
niques include gas chromatography (GC) and ion mobility
spectrometry (IMS). A comparison of typical resolution
powers and efficiencies of these techniques indicates that
gas-phase IMS can generally provide a greater efficiency
relative to the alternative methods. However, although con-
ventional IMS typically provides greater resolution than
HPLC, the CZE and GC techniques can have a greater
resolving power relative to IMS in the gas-phase.

[0005] In general an increase in resolving power for
chromatographic methods is achieved by providing an
increase in column length. For electrophoresis, an increase
in resolving power can be achieved by providing an increase
in applied voltage across the separation region. However,
due to electrolytes utilized in the electrophoresis mobile
phase, as the voltage is increased across a given channel
length, the current increase heats the solution and can
degrade resolving power. This heating effect can be a
limiting factor on resolving power and miniaturization of
capillary electrophoretic techniques.

[0006] Utilizing gas-phase IMS, which separates ions
rather than neutral molecules, an increase in applied voltage
across the drift field can be utilized to increase the resolving
power in some instances. The general diffusion limited
equation which relates ion mobility resolving power to
operational parameters applies to both electrophoresis and
IMS. Such equation is set forth below.
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[0007] As demonstrated by the equation (where k is Bolt-
zmann’s constant), the IMS resolving power R is directly
proportional to the square root of the charge on the ion q and
the total voltage across the drift region V, and inversely
proportional to the square root of the drift gas temperature
T. In gas-phase IMS, higher voltages across the drift tube
can lead to more rapidly eluting ions and the resolving
power becomes limited with the pulse width of ions through
the ion gate. Thus, in order to maintain resolving power, drift
length is typically increased as the voltage is increased.
Since it can be desirable to use small sensors for ion mobility
separation, the effect is particularly notable in these appli-
cations.

[0008] The ability to use a decreased sensor size is typi-
cally dependent upon utilization of a relatively low voltage
differential across the drift tube. As indicated, the decrease
in voltage differential can sacrifice resolving power of the
instrument. Attempts to scale down device size for gas phase
IMS have typically resulted in decreased resolving power
and decreased signal to noise ratios. Such factors can
thereby limit the ability to produce a small size gas-phase
IMS device having sufficient resolving power to accurately
analyze many types of compounds and substances. Accord-
ingly, it is desirable to develop alternative ion mobility
technology.

SUMMARY OF THE INVENTION

[0009] In one aspect, the invention encompasses an ion
mobility spectrometer having a housing and a chamber
containing a liquid within the housing. The chamber has a
first end and an opposing second end with a central axis
extending from the first end to the second end. The chamber
has a first region which is gatedly electrically partitioned
from a second region by an ion gate and/or an electric
potential well. A plurality of ring electrodes are positioned
within the housing and are configured to provide an elec-
trostatic field along at least a portion of the central axis of the
chamber.

[0010] In one aspect the invention includes an ion mobility
analysis system which includes a device housing and an
internal chamber. The chamber has an ionization region and
an ion separation region, and has a longitudinal axis of the
chamber passing centrally through both the ionizing region
and the ion separation region. A series of annular electrodes
are provided within the chamber. At least some of the
electrodes in the series are aligned substantially parallel
relative to each other and substantially normal relative to the
longitudinal axis. A sample inlet is provided at a first end of
the device and an ion collector is positioned within the
chamber proximate a second end of the device. An ioniza-
tion source is associated with the ionization region. The
chamber contains a liquid and the device is configured to
provide an electrical field within the chamber such that ions
present in the chamber migrate through the liquid toward the
electrode collector.

[0011] A reversible ion-migration block defines an inter-
face between the ionization region and the ion separation
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region. The ion-migration block is configured to block
passage of ions from the ionization region to the ion sepa-
ration region until an occurrence of a triggering event which
reverses the block allowing ions to migrate from the ion-
ization region into the ion separation region.

[0012] In another aspect the invention encompasses a
method of conducting ion mobility analysis. A drift chamber
is provided which contains a drift fluid which can be a liquid,
a supercritical fluid, or a pressurized gas. A sample is
introduced into a first end of the chamber. Ions within the
sample are mobilized to migrate through the drift fluid and
are detected at a second end of the drift chamber.

[0013] In another aspect the invention encompasses a
method of generating ions in a sample. A sample containing
molecules in a first solvent is introduced into a second
solvent in which the first solvent is partially soluble. To
introduce the sample, the sample is passed through a charged
capillary or other charged component such that electrically
charged sample enters the second solvent where the sample
electro-disperses to produce ions from the molecules, the
ions being at least partially de-solvated with respect to the
first solvent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Preferred embodiments of the invention are
described below with reference to the following accompa-
nying drawings.

[0015] FIG. 1 is a perspective view of an ion mobility
device in accordance with one aspect of the invention.

[0016] FIG. 2. is a cross-sectional view of an ionization
source in accordance with one aspect of the invention.

[0017] FIG. 3 is a cross-sectional view of an alternative
ionization source in accordance with the invention.

[0018] FIG. 4 is a perspective view of an alternatively
configured device relative to the aspect shown in FIG. 1.

[0019] FIG. 5 is a schematic diagram of an ion mobility
spectrometry system in accordance with an aspect of the
invention.

[0020] FIG. 6 shows the ion signal obtained for HCl
through decanol in the absence of an ion gate.

[0021] FIG. 7 shows a liquid-phase ion mobility spectrum
obtained for NH,*.

[0022] FIG. 8 shows a liquid-phase ion mobility spectrum
of Na*.

[0023] FIG. 9 shows a liquid phase ion mobility spectrum
for water (9A) and Na* (9B) utilizing a Bradbury-Nielsen-
Shutter type ion gate.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0024] This disclosure of the invention is submitted in
furtherance of the constitutional purposes of the U.S. Patent
Laws “to promote the progress of science and useful arts”
(Article 1, Section 8).

[0025] The invention encompasses ion mobility spectrom-
etry (IMS) techniques where ions are mobilized to migrate
through a drift fluid which is a liquid rather than a drift gas
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as conventionally utilized for IMS applications. Because ion
diffusion constants are larger in liquids than in gases, the
mobility of ions is significantly reduced when the drift gas
is replaced with a drift liquid. Mobility through a given
environment can typically be dependent upon, among other
things, the size and shape of the ion.

[0026] Diffusion coeflicients of a given ion in liquid such
as water can typically be two or three orders of magnitude
lower than the corresponding mobility in gases. lons which
can be separated using ion mobility techniques are not
limited to any particular size and shape and can be an
ionized form of a small molecule, either organic or inor-
ganic, or can be an ionized form of a larger molecule
including very large molecules such as, for example, pep-
tides, proteins, nucleic acids and other bio-molecules. The
liquid-phase IMS (LPIMS) techniques of the invention can
be utilized for detection and/or separation of any of the types
of' molecules separated by gas-phase ion mobility spectrom-
etry and, due to the reduced mobility constants in the liquid
phase, the corresponding ion mobilities can be on the order
of from about two thousand to about three thousand fold
lower in the liquid-phase systems. Accordingly, the IMS
systems of the invention can provide increased resolution for
a given devices size relative to conventional gas-phase IMS
systems.

[0027] One advantage of liquid-phase IMS relative to
conventional gas phase techniques is that liquid-phase IMS
can be conducted at or below ambient temperature.
Although the liquid-phase IMS can be conducted at higher
temperatures, desolvation of samples for liquid phase IMS
can occur at or below ambient temperature. Gas-phase
techniques on the other hand typically utilize elevated
temperatures for desolvation purposes.

[0028] The ion mobility spectrometers and systems of the
invention can be produced to be much smaller than conven-
tional gas-phase IMS devices. In general, the devices of the
invention can be scaled to approximately one tenth the size
of'a conventional IMS device with similar improved resolv-
ing power. Further, the differences in mobility constants of
about three orders of magnitude allows instrumentation for
liquid-phase ion mobility spectrometry to be as much as
about three orders of magnitude smaller than standard
gas-phase ion mobility instruments.

[0029] The scalability of liquid-phase IMS devices rela-
tive to conventional separation technologies, in conjunction
with available advanced micro-machining methodology and
techniques of the invention, can allow bio-analytical micro-
sensors capable of ultra high resolution separations of com-
plex bio-molecules to be produced. These devices can be
placed upon a chip or an in vivo probe. Accordingly, the
devices and methodologies of the invention can be adapted
for a variety of biosensor and sensor-on-a-chip applications.
While previously developed biosensors have been limited to
single chemical or class of chemicals the LPIMS of the
invention can potentially be multidimensional such that
monitoring of multiple chemicals or classes of chemicals
can be achieved. Liquid-phase IMS systems in accordance
with the invention can include micro-scale or even nano-
scale IMS devices with resolution power sufficient to detect
and/or separate substances within most classes of molecules.

[0030] A liquid phase ion mobility spectrometer in accor-
dance with one aspect of the invention is described generally



























