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Methods for the measurement of ion mobilities and applications
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Abstract. The results of studies of ion mobilities in gases, yielding
information about ion-molecule interaction potentials, are sur-
veyed. The principles of the operation and the characteristics of
the ion mobility spectrometers are described. Examples of the
applications of plasma chromatography in the study of ions are
presented. The bibliography includes 70 references.

L. Introduction

The term mobility of ions is defined as the ratio of the rate of their
directed uniform motion through a gas to the strength of the
electric field inducing this motion. Ion mobilities in gases are
widely used in both fundamental and applied branches of science.
For example, the parameters of the interaction potentials have
been determined and the bond dissociation energies, equilibrium
bond lengths, and vibrational frequencies have been obtained
from the mobilities of chromium, cobalt, and nickel ions in helium
and neon at different temperatures.!2 Such information is of
interest in the study of the physical and chemical characteristics of
low-temperature plasma.

Analytical instruments based on measurements of ion mobil-
ities have been developed in recent years. These instruments are
known under different names: ion mobility spectrometers,? drift
spectrometers, and plasma chromatographs.5 The methods for
the analysis of ions in these instruments consist in the study of the
dependence of the mobilities of ions on their masses and, in a more
general case, on the type of ions. Such devices do not require the
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Figure 1. Schematic illustration of a drift spectrometer. (/) Ion shutter
ensuring the passage of ions from the ion source to the drift tube (2); (3) ion
detector; A, B, C — packets of ions with different mobilities.
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creation of a high vacuum, which significantly simplifies their
design compared with other analytical apparatus in which ionisa-
tion processes are employed (for example, mass spectrometers and
electron spectrometers).

A schematic illustration of a drift spectrometer is presented in
Fig. 1. A packet of ions with different mobilities is injected into
the drift tube with a uniform electric field and an increased gas
pressure. The initial packet is then divided into several packets in
accordance with the number of different types of ions in the initial
packet.

As in mass spectrometers, the ionisation in plasma chromato-
graphs may be achieved by corpuscular radiation and photoradia-
tion and by laser desorption as well as electro- and thermo-
sputtering methods.6-?

11. Ton mobilities

Data on ion mobilities in gases have been published in a series of
communications.!®~2* The mobilities of ions depend on their
masses, structures, and the effectiveness of emergy exchange
during their motion in an electric field in gases.

For electric fields usually employed in plasma chromatogra-
phy at atmospheric pressure, the mobility coefficient K is inde-
pendent of the electric field strength E. The mobility coefficient is
linked by the Einstein relation to the ion diffusion coefficient D

D
=1.16x10* =
K x 10 T

where the dimensions are cm? V=1 §~! for K, cm? s=! for D, and
Kfor T.

The average energy of the ions in the electric field is
determined by the parameter E/N (N is the density of the gas)
measured in townsends (1 Td=10—-17 Vcm?). In plasma chro-
matography, the typical values of the quantities E/N are 1 -2 Td.

Under these conditions, the elastic scattering of ions is
determined by the polarisation capture occurring over distances
appreciably greater than the geometrical dimensions of the
molecule and ion. The mobility coefficient under standard condi-
tions (N=2.69x 10!? molecules in 1cm3, T=273 K) can be
obtained by means of the following expression:

1 10.5 05
=1385(—+—) a®
K 385(m+M) a %3,

where m is the mass of the ion in a.u., M the mass of the molecule
in a.u., and « the polarisability of the molecules in A3.
The mobility is linked to the reduced mobility K by the relation

273 P
Ko= KT760

Here P is the total pressure in mm Hg,
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With increase in the energy of the relative motion of the ion
and the molecule, the radius for the capture of the ion by the
molecule diminishes and short-range exchange interactions begin
to be manifested between the molecule and the jon. The mobility
coefficient begins to depend on the electric field:

2

Here K{g)is the mobility in a zero electric field and «; is a coefficient
which takes into account the deviation of the interaction potential
from the polarisation potential. Over short distances, this devia-
tion is responsible for the temperature dependence of the mobility
coefficients. For example, with increase in temperature during the
drift of Li* ions in helium, whereupon the short-range exchange
forces become repulsive, the mobility coefficient increases,
whereas in the drift of H* ions, where short-range attractive
forces operate, it diminishes.?’

We may note that the dependence of the average kinetic
energy of the ion w on the temperature of the gas and the rate of
drift v is determined by the Vanier formula

w = 1.5kT + 0.5mv” + 0.5Mv?,
which is frequently employed in kinetic studies.

II1. Mobility spectrometers and their applications

The spectrometers, the principle of the operation of which is based
on the separation of ions in terms of their mobilities, can be used
jointly with the usual high-vacuum mass spectrometers. Such
combination requires the overcoming of appreciable technical
difficulties, namely the mutual adjustment of the regions of the
high and low gas pressures along the ion path,26:27 but its
advantage is that it ensures the possibility of solving problems
inaccessible to each separate method. For example, an apparatus
has been described 28:2% in which a quadrupole mass analyser is
placed at the outlet from the plasma chromatograph (Fig. 2) Such
devices make it possible to identify accurately the ions constituting
a particular chromatographic peak.
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Figure 2. Schematic illustration of tandem drift spectrometer —mass
spectrometer apparatus. (1), (2), A, B, C — as in Fig. 1, (3) quadrupole
mass analyser.

Another version is possible where the plasma chromatograph
is placed after the mass-spectrometric analyser (Fig. 3).3° The
carbon clusters C;}, obtained by evaporating graphite on exposure
to laser radiation in a helium atmosphere with subsequent hyper-
sonic expansion, have been investigated with the aid of such
tandem apparatus.2-3! The ions of the C; cluster were acceler-
ated, passed through a mass analyser, retarded, and injected into a
drift tube. In this case, it was possible to investigate the structure
of ions having the same elemental composition. In particular, the
drift times of the C} — C{ clusters are the same for each particular
C} ion. For the Cj — Cj ions, there are two-resolved mobility
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Figure 3. Schematic illustration of a tandem mass spectrometer —drift
spectrometer apparatus. (1), (2), A, B, C—as in Fig. 1; (3) mass analyser.

peaks in each case, which corresponds to the presence of two
isomeric forms of the clusters — cyclic and linear. The ions having
the cyclic clusters have higher mobilities than the linear ones. For
the C3; cluster, it was found that the composition comprises 23%
of monocycles, 71% of bicycles, 2.4% of open fullerenes, and
3.2% of fullerenes. Similar information is available for all the
clusters up to C7; (Fig. 4).3!
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Figure 4. Dependence of the reduced mobility coefficients Ko for the ions
C; on n for different clusters. (1) Linear clusters; (2) monocyclic clusters;
(3) planar polycyclic clusters; () open fullerenes; (5) fullerenes.

The theory of the mobility of carbon cluster ions taking into
account the geometry and vibrational excitation of the clusters has
been examined.?2 It was shown, for example, that the mobility
increases with increase in the vibrational energy of the cluster. It
was observed with the aid of ion mobility spectrometry that the
protonation of aniline in the gas phase leads to two isomeric
forms.33 The addition of a proton to the nitrogen atom is most
preferred. The addition of a proton to the benzene ring is less
probable. Such ions have a higher mobility than the ions proto-
nated at the nitrogen atom.

Other studies of the isomers with the aid of plasma chroma-
tography have also been described.3*

The plasma chromatograph can be used effectively as a highly
sensitive selective detector in gas chromatography.3’ The design of
the spectrometers, the method for the introduction of the speci-
mens, and the interpretation of the spectra have been described in
detail 6 The plasma chromatograph usually consists of two
consecutively arranged drift tubes. The first contains the source
of radioactive radiation (a foil containing $*Ni). This tube serves
as the reactor for ion—molecule reactions, pure nitrogen, which
can usually be obtained from liquid nitrogen, being normally used
as the carrier gas. However, the water impurity remains even in
highly purified nitrogen, leading, as a result of ion—molecule
reactions, to the formation of stable positive ions of the type
H*(H;0), and NO+(H20),. When purified air is used as the
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carrier gas instead of nitrogen, the composition of the positive ions
hardly changes, while the negative ions are of the type O3 (H20),.

The addition of trace amounts of organic substances to the
carrier gas leads to reactions of the carrier gas ions with the
impurity molecules; the products incorporate the impurity mole-
cule. The second tube, fitted with a grid for the injection of ions,
serves as an ion-drift spectrometer for the measurement of the
spectrum of the ions in terms of their mobilities in the electric field.
The spectrum is obtained by employing a weak electric field, which
directs the ions formed in the reactor to the drift tube of the
spectrometer. The packet of cluster ions moves in the inert pure
nitrogen atmosphere, the directions of the streams of ions and
nitrogen being opposed (in order to diminish the penetration of
the carrier gas, containing the impurity, into the region of the
analyser). During the motion of the ions through the drift tube,
they are separated into packets with different mobilities. The
heavier ions usually have smaller mobilities. The pulses of ions
having different masses are recorded with the aid of an electro-
meter amplifier. The scan of a single spectrum in the mass range up
to 400 a.m.u. takes 20 ms. Several hundreds of such spectra are
usually summed and averaged in order to increase the accuracy of
the experiment. A synchronous detector which integrates the
signal during a short time interval moving slowly along the time
axis relative to the pulse being injected, is used for this purpose.

The Fourier transformation has been used recently in ion
mobility spectrometry.” The mobility interferogram is obtained
with a single transfer of pulses to the modulating grids at the inlet
to and outlet from the mobility spectrometer. The pulses are
supplied from a rectangular pulse generator with a frequency scan.
By applying the Fourier transformation to the interferogram, the
usual ion mobility spectrum is obtained. The theory of the method
has been described and examples of the measurement of the
mobility spectra have been presented (Fig. 5).37 This method
may increase the rate of recording of the mobility spectrum and
the sensitivity, which is particularly important when the mobility
spectrometer is used as the detector for chromatographs.

The detectable amounts of impurities in 100 cm3 of air are
10—2-10 -8 g for plasma chromatographs. The use of larger
masses of the specimen (10 —% g and above) leads to the saturation
of the response, the complete consumption of the reactant ions,
and the formation of dimeric impurity ions. The interpretation of
the mobility spectra then becomes difficult. The ion mobility
spectra are also greatly distorted when a drift gas containing
impurities which may enter into ion—molecule interactions with
the test ions is employed. A discrepancy arises with the mobilities
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Figure 5. Schematic illustration of a mobility spectrometer with Fourier
transformation. (7) and (2) as in Fig. 1; (3) ion collector; (4) generator of
rectangular pulses with a variable frequency w; (5) electrometer amplifier,
analogue - digital transformer, and memory device ensuring the genera-
tion of the ion mobility interferogram; (6) Fourier transformation
ensuring the generation of the ion mobility spectrum. .

predicted by the classical theory when fast ion—molecule reac-
tions take place in the system during a period shorter than the drift
time. Typical examples of such reactions are the solvation and
desolvation of ions by the water molecules present as an impurity
in the drift gas.

A useful employment of the ion cluster formation process is
also possible, for example, in order to increase the resolving power
of plasma chromatographs.38 If the sizes and masses of the ions
are similar but the rates of formation of clusters are different, then
the addition of cluster-forming gas to the carrier gas leads to an
appreciable difference between the masses of the ions analysed
and hence between their mobilities. The kinetic characteristics of
the ion—molecule processes are similar in plasma chromatogra-
phy and high pressure mass spectrometry.39-42

Reference data on the kinetic parameters of ion-molecule
processes have been published.**44 The rate constants for
exothermic bimolecular ion—molecule processes for low ion
energies are determined by the long-range charge—induced
dipole and charge — permanent dipole forces. These constants are
usually of the order of 10 —2 ¢cm3s —! and lower values have been
found only in a few instances.*5

The rate constants for termolecular ion —~molecule association
reactions are determined by the rate constants for the correspond-
ing bimolecular processes and the lifetimes of the ion—molecule
‘collision’ complexes formed.

The rate constants for termolecular ion~molecule association
processes are 10732-10—2! ¢m$ s—1,43.46

We shall consider the typical conditions in the operation of
plasma chromatograms. With the aid of a radioactive radiation
source with an activity of ~ 10 uCi at atmospheric pressure, it is
possible to obtain ~ 10! ions per second. At atmospheric
pressure, the carrier gas flow rate is 100 ml min—!, the electric
field strength is 250 V cm—!, the duration of the ion-injecting
pulse is 0.2 ms, and the recording scanning pulse has the same
duration. The spectra are usually obtained with a drift tube
temperature of 100—150 °C and for a length of the drift region
of 8 cm. For example, the mobility coefficient for the Cl— ion at
150 °Cis 4.7 cm?V —1s —!, This yields a drift time of 8 ms. Watts
and Wilders#? made a detailed study of the resolving power of a
plasma chromatograph. The formula obtained for the determina-
tion of the resolving power in the ideal case (when the resolving
power is limited by diffusion) is

R=2(EL)*,

where E is the electric field strength in V cm—! and L the length of
the drift tube in cm.

Watts and Wilders 47 studied the influence of the initial width
of the ion packet and of the volume charge of the ions on the
resolving power. For example, when account is taken of the finite
duration of the ion packet, the formula for the resolving power
assumes the following form:

_ Lio+1t/2
(48.4DL/v* + 2’

where ¢ is the duration of the ion packet, v the ion drift velocity,
and D the diffusion coefficient.
For small electric field strengths

E < 4neln,

where n is the concentration of ions, a negative influence of the
space charge of the ions on the resolving power may be observed.
For example, when E=2 Vcem —! and L=10 cm, then appre-
ciable distortion of E due to the space charge will occur for
n=10°cm—3,

Mathematical methods for the reconstruction of poorly
resolved peaks are widely used to increase the resolving power.
For example, the spectra of chlorine and bromine isotopes have
been resolved by this procedure.*® Computers are used widely for
the recording and treatment of spectra of different types.*®
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One of the principal elements of the design of plasma
chromatographs is the grid ion filter. The filters may be of
different types. The Tyndall filter consists of two wire grids close
to one another and fixed at right angles to the axis of the drift tube.
A potential is applied to the grids, i.e. there is a potential difference
between them. As a result of this, the ions are not transmitted
through the grid for most of the time. However, the potential
difference changes sign periodically, which enables the ions to pass
through the grid and enter the drift space.

It has been suggested  that the Tyndall filter be modified by
employing microchannel plates. Such plates are beginning to be
employed widely in various experimental techniques.5! The design
of the modified filter is convenient during assembly, ensures a
parallel arrangement of the end faces, is mechanically stable, and
is not short-circuited on contamination by conducting particles.
The channels in such filters have diameters of 40—80 um and are
perpendicular to the surfaces of the plates (to ensure the effective
transmission of ions).

The Bradbury— Nielson filter consists of a single grid made of
wires arranged at short distances from one another. A sinusoidal
potential is applied between the alternating wires of the grid, the
average potential on each wire being equal to the potential of the
uniform drift field in the plane of the grid. The ions which reach
the grids at the moments when the instantaneous alternating
potential is close to zero pass through the filter. A modification
has been proposed also for this filter, in which foil strips are
employed instead of wires.5?

Ion mobility spectrometers in which the electric field vectors
and the gas flow rates are directed to one side were examined
above. Ion separators with the gas stream directed at right angles
to the electric field in which the ions drift have been proposed
(Fig. 6).5 Such geometry leads to an increase in the resolving
power. However, this requires a much greater stability of the gas
flow rate compared with the usual geometry.
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Figure 6. Schematic illustration of an ion mobility spectrometer with a
perpendicular arrangement of the electric field and gas flow direction.
(1) Ton source; (2) ion selector; (3) ion recorder; vo=gas flow rate;
v = velocity of ions; E;, E>= electric field strengths.

Another probable advantage of this scheme is the measure-
ment of the ion spectrum without employing a pulse technique —
by recording constant ionic currents at different points in the
plane of the collector. The ions are carried away by the gas stream
at a steady rate and drift in the electric field at right angles to the
stream at rates which depend on the mass of the ions. Heavy ions
reach the plane of the collector at a long distance from the inlet,
whilst light ions reach it at a short distance, since the drift velocity
of light ions is usually greater than the drift velocity of heavy ones.

A procedure has been proposed 54-36 for the modification of
the ion separation method with the gas flow rate and electric field
strength vectors arranged at right angles, to one another. The
method is based on subjecting the ions to constant and variable
electric fields. When the ions are subjected to such an influence,
there is an appreciable increase in the effectiveness of the
separation, which is determined not only by the difference
between the mobilities but also by the difference between the first
derivatives of the mobilities with respect to the electric field.
Spectrometers in which this modification procedure of the ion
separation method is employed have been constructed by the

Ekotek Company (Novosibirsk). The present author and
Chentsov have estimated the resolving power of a spectrometer
of this type.5’

IV. Conclusion

The studies on ion mobilities in gases, initiated at the end of the
last century by Thomson, Rutherford, Townsend, and Langevin,
are still of interest both for fundamental science and for analytical
techniques. In fundamental science, such studies make it possible
to obtain data on the compositions, structures, and reactivities of
ions, which permits a deeper understanding of the general
problems of molecular structure and chemical reactivity. Data
on gas-phase reactions are also of interest for high-energy
chemistry, including radiation chemistry and the chemistry of
low-temperature plasma. For example, the rate of recombination
of positive and negative ions in plasma is determined directly by
the mobilities of these ions.’8

Definite progress has been noted recently in the improvement
of the experimental methods for the study of ion modbilities.
Experiments carried out at low temperatures 39-6! showed that
at T < 10 K ion mobilities in helium diminish sharply and become
lower than the polarisation limit, which may be a consequence of
the manifestation of quantum effects. Further theoretical exper-
imental studies are needed to elucidate the nature of the observed
low-temperature effects. They may yield information about the
mechanisms of low-temperature chemical processes.

The laser technique is being applied to an increasing extent in
studies of ion mobilities and not only for the generation of the ions
but also for the measurement of the velocity distribution of the
drifting ions.52 Systems in which the drift tube —laser combination
is used may compete with the drift tube—mass spectrometer
systems. One may probably expect an expansion of studies in
this promising direction. Mobility spectrometers are being
increasingly used for analytical purposes. Apart from the studies
indicated above concerning their application in the investigation
of carbon cluster isomers, there have been studies of the isomers of
metallocarbon clusters,63-65

It has been shown that the metal atom may be both
incorporated in the carbon network and accommodated in the
cavity of fullerene. A further increase in the complexity of the
objects investigated is also possible. Studies concerning the
application of plasma chromatography for the identification of
traces of vapours of drugs and explosives have been continued
over many years. In the latest study on the detection of vapours of
explosives by plasma chromatography, multiphoton laser ionisa-
tion was employed to generate the ions.% Studies on the drift of
ions in gases in an electric field continue to develop vigor-
ously 67-70
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