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Ion Mobility Studies of Electronically Excited
States of Atomic Transition Metal Cations:
Development of an Ion Mobility Source
for Guided Ion Beam Experiments
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The design of an ion mobility source developed to couple to a guided ion beam tandem mass
spectrometer is presented. In these exploratory studies, metal ions are created continuously by
electron ionization of the volatile hexacarbonyls of the three group 6 transition metals. These
ions are focused into a linear hexapole ion trap, which collects the ions and then creates high
intensity pulses of ions, avoiding excessive ion losses resulting from the low duty cycle of
pulsed operation. The ion pulses are injected into a six-ring drift cell filled with helium where
ions having different electronic configurations can separate because they have different ion
mobilities. Such separation is observed for chromium ions and compares favorably with the
pioneering work of Kemper and Bowers (J. Phys. Chem. 1991, 95, 5134). The results are then
extended to Mo� and W�, which also show efficient configuration separation. The source
conditions needed for high intensities and good configuration separation are discussed in
detail and suggestions for further improvements are also provided. (J Am Soc Mass
Spectrom 2007, 18, 1196–1205) © 2007 American Society for Mass Spectrometry

Metadata, citation and similar papers at 

sevier - Publisher Connector 
In 1980, Johnsen and Biondi [1] made the “unex-
pected finding” that the mobilities in helium of
ground (4S) and metastable (2D) states of O� dif-

fered. They [2] and others [3] then used this difference
to conduct state-specific reactivity measurements of
these systems. In 1991, Kemper and Bowers [4] discov-
ered that such a difference in mobilities also existed for
the first-row transition-metal atomic ions. Specifically,
they showed that ions having different electronic con-
figurations (and possibly specific electronic states)
could be separated using ion mobility in a drift cell.
They coined the term “electronic-state chromatogra-
phy” to describe a time-dependent spectrum in which
the various peaks correspond to different electronic
configurations of the transition-metal ions. By varying
the conditions used to form the ions, the authors were
able to draw conclusions about the identity of the
peaks, in some cases assigning not only the ground state
but excited states as well. Systematically, for Ti� – Zn�,
they found that 3dn configurations moved more slowly
through the drift cell than 4s13dn�1 configurations. This
observation can be rationalized by a stronger interac-
tion with He for the configurations having an empty 4s
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orbital [5]. Later, Taylor et al. [6] reproduced these results
and extended them to second-row (Pd� and Ag�) and
third-row (Hf�, Ta�, W�, Re�, Ir�, Pt�, Au�, and Hg�)
transition-metal ions. Although they found separations of
configurations only for Pd�, Pt�, and Au�, the conditions
intrinsic to the glow discharge source used in these studies
are likely to deactivate many excited states.

In subsequent work, Bowers and coworkers used this
separation technique to examine state-specific reactions at
thermal energies of Co� with C3H8, CH3I, and rare gases
[7–10], as well as Fe� with C3H8 [8], and Ni� and Cr� with
rare gases [10]. Likewise, Taylor et al. adopted this tech-
nique to study the state-specific reactions of Cu� with
CH3Cl, CH3Br, CH2ClF, CHClF2 and CClF3 [11, 12] and
Au� with CH3Br [11]. One potential difficulty with this
approach is that the reactions and separation are both
conducted in the drift cell, such that quenching processes
by the reactant molecule and other secondary effects may
influence the state-specific reactivity observed.

Other approaches to examining electronic state-
specific reactions of atomic transition-metal ions have
also been developed. Probably the best source of pure
state-specific transition-metal ions is that of resonance
enhanced multi-photon ionization (REMPI) [13], which
allows formation of specific electronic state and even
specific spin-orbit (J) levels. This work requires detailed
spectroscopic investigations to work out the appropri-

ate laser excitation scheme to produce pure states. Thus,
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its application has been limited to the study of V� with
C2H6, C3H8, and C2H4 [13] and Fe� with C3H8 and
C4H10 [14]. The most extensive transition-metal ion
state-specific work has arisen from our group [5, 15–30]
(including several studies by Clemmer [22–24]). Using
multiple ion sources to create different distributions of
electronic states, the reactivity of ground and excited
states of Ti� – Cu� have all been examined with a
number of different neutral molecules. In contrast to the
techniques mentioned above, the guided ion beam
tandem mass spectrometer (GIBMS) used in these stud-
ies allows the reactions to be studied over extended
ranges of kinetic energies, such that endothermic pro-
cesses can be observed. One difficulty with these stud-
ies is that the characterization of the excited states relies
on reactivity differences observed, specifically by quan-
titatively measuring threshold differences in the endo-
thermic processes observed for different states. In many
cases, because the absolute population of each state is
convoluted with its relative reactivity, it is impossible to
characterize how much excited state is present and,
therefore, to extract absolute reaction cross sections or
reaction rate constants for anything but ground state
ions. Furthermore, this method is reliable when the elec-
tronic states are well separated, such as those for the
first-row transition-metal ions, but cannot be applied
confidently for many heavier elements where the states lie
much closer together or overlap, as occurs when spin-orbit
coupling becomes more important, i.e., especially for
third-row transition-metal ions [31]. These various limita-
tions have meant that very few state-specific studies have
been performed for second- and third-row transition-
metal ions either in our laboratories [32, 33] or others [6].

To overcome these limitations, we have developed
an ion mobility source that builds on the previous
studies of Biondi and Johnsen and especially Kemper
and Bowers, as well as utilizing innovations introduced
by Clemmer [34, 35]. By separating electronic configu-
rations using ion mobility and controlling the energy
available during the ionization process, it should be
possible to select individual states for further study. The
source described below has been designed to mate with
our current GIBMS so that state-specific reactions over
a wide range of kinetic energies can be pursued. In this
paper, we offer a detailed description of the source,
its characterization using Cr�, previously studied by
Kemper and Bowers, and the extension to the second-
and third-row congeners, Mo� and W�.

Experimental

Ion Mobility

In general, all drift studies are governed by the follow-
ing equation:

v � KE (1)

where v represents the velocity of the ions as they move

through a bath gas under an electric field gradient E. K
represents the intrinsic mobility constant of a specific
ion for the conditions under which the ions are drifted
and depends on temperature, pressure, mass, charge,
and the interaction cross section between the ions and
the bath gas. Thus, ions that are drifted under identical
conditions but have dissimilar interaction cross sections
will have different velocities as they move through the
drift cell. This basic principle allows for a pulsed source
of ions having the same mass and charge but different
interaction potentials with the bath gas to be separated
in time and evolve an arrival time distribution (ATD).

Ion Source

The specific details of the new source are shown in
Figure 1. For the present work, ions are created by an
electron ionization (EI) source, focused into a linear
hexapole ion trap, pulsed into the drift cell, and then
refocused by a series of ion optics for analysis in a test
stand containing a quadrupole mass filter and Channel-
tron ion detector (Lancaster, PA). The ions of interest for
the present study are the group 6 transition elements,
chromium, molybdenum, and tungsten. These three
elements all have stable metal hexacarbonyls that have
a high vapor pressure and are easily available, and
therefore amenable to EI. The metal-carbonyl vapors
are leaked into the source via a Granville-Phillips leak
valve (Chelmsford, PA) and ionized by electrons pro-
duced by a resistively heated tungsten filament. The
electron energy can be varied from the appearance
energy of the metal ion (�15 to 20 V) [36, 37] up to 100
V. The source produces generous amounts of atomic
metal ions of all three metals.

Hexapole Ion Trap

In the first configuration of our ion mobility source [38],
a Paul geometry quadrupole ion trap [39] was used,
however, ion intensities were below those needed for

Figure 1. Configuration of the current chromatography appara-
tus (upper half). The lower half represents a typical set of voltage
potentials used on the source as described in the text. The dotted

line shows the extraction pulse used to extract ions from the trap.
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use on the GIBMS largely because of the limited trap-
ping volume of such a configuration. In addition, oper-
ation of this trapping configuration proved to be unre-
liable because of electronics difficulties. The duty cycle
of the new source was optimized by including a linear
radio frequency (rf) ion trap instead. We considered the
use of a rf ring trap or ion funnel trap [40], however, the
multipole trap is nicely suited for tight spatial confine-
ment of light ions, which facilities their injection into
the small orifice of the drift cell. The design of the trap
builds on previous work of Clemmer and coworkers
[34, 35], who found drastically increased ion intensities
compared with using a Paul type quadrupole ion trap
for injection into a drift cell. We believe this is largely
because of the much larger trapping volume available
in a linear trap coupled with better alignment with the
drift cell. The linear hexapole ion trap used here was
developed from versions built to thermalize ions pro-
duced by electrospray ionization [41]. This trap accu-
mulates ions from the source continuously, thereby
reducing intensity losses associated with the pulsed
drift cell experiment. In addition, the use of a hexapole
trap, which has an average trapping field with a radial
dependence of r�4, radially confines the ions and col-
lects them along the axis of the device. This provides
much better injection of the ions into the small drift cell
orifice than regular ion lenses.

In our trap, the hexapole rods are 2.486 in. long and
composed of 0.125 in. diameter centerless ground stain-
less steel held in place by Torlon rod holders (Al-
pharetta, GA). The hexapole rods are capped on both
ends by 0.020 in. thick brass plates with a 0.125 in.
orifice and a 0.039 in. gap between the plates and the
end of the rods. Each brass plate includes a 0.125 in.
long cylinder that extends into the rods such that ions
do not feel the fringing fields associated with the ends
of the rods as they are injected or extracted from the
trap. The entire trap is surrounded by a temperature
variable cylindrical shroud such that the trap can be
pressurized to maintain �20 mTorr of helium. Gener-
ally, helium from the drift cell is present at a pressure of
about 10 mTorr and can be augmented by gas intro-
duced through a leak valve line welded to the shroud.
One interesting design feature of the trap is that the
rods at the exit end of the trap have a larger bolt circle
than at the entrance end. Presently, the radii from the
center to the internal rod edges, r0, are 0.1095 in. and
0.125 in. at the entrance and exit ends, respectively,
making the taper only 0.38°. This provides a greater
trapping volume at the exit end of the trap such that
more ions collect here, enhancing the intensity of the
ion pulse.

The rods are operated by home built electronics that
supply a 5 MHz radio frequency signal with a maxi-
mum peak to peak output of 600 Vp-p. As shown in
Figure 1, the EI source is usually held at �100 V relative
to ground. An extractor lens, typically held 80 V below
the source, focuses the ions from the source into the

trap. The entrance plate of the hexapole trap is typically
held at 5 V above the DC bias on the hexapole rods so
that ions are decelerated as they are injected into the
center of the hexapole trap. The DC bias on the hexa-
pole rods is held 10 to 20 V below the source voltage to
inject the ions into the hexapole ion trap, where they are
rapidly thermalized by collisions with helium. During
normal operation, the exit lens is held �50 V above the
DC bias on the rods to keep the ions in the trap. The
decelerated ions are pulsed out of the trap by capaci-
tively coupling a �75 to �100 V extraction pulse to the
exit lens, Figure 1. Effective ion pulses could be created
with an extraction pulse as small as 5 V below the rods,
but the most intense pulses were obtained found at 25
to 50 V below the rod DC bias. The pulse applied to the
exit lens has a typical duration of 5 to 30 �s and is
usually operated at a frequency of 4 kHz.

Drift Cell

Once the ions are pulsed from the ion trap they enter
the drift cell, which is located 0.411 in. away with no
focusing lenses in between. The general function of drift
cells is well described elsewhere [42]. Our version is
largely modeled after that of Kemper and Bowers [43].
Internal to the cell are six 0.188 in. thick plates with
internal diameters of 1.000 in. isolated by ceramic
spacers. The total cell length is 1.715 in. The cell plates
and entrance/exit orifices are electrically connected
with high vacuum resistors to provide the DC gradient
needed to move ions from the entrance to the exit. The
voltage drop across the cell can vary from 10 to 100 V
depending on whether quantitative mobility studies,
which require low field conditions or throughput that is
better at high fields, is of primary concern. The cell is
constructed entirely of copper to allow for efficient
thermal regulation. The cell is usually kept near 125 K,
as this provides maximum resolution of the drifted ions
and aids in ion transmission (see studies below). Tem-
perature regulation is achieved by flowing nitrogen,
cooled by passing through a liquid nitrogen bath,
through copper coils wrapping the cell and varying the
flow rates to achieve different ultimate temperatures.

Drift cells must operate at high pressures, 0.1 to 5
torr depending on the length, to have enough collisions
of the ions with the helium bath gas to cause separation.
In a high vacuum system, this requires the use of small
apertures, although larger apertures can be used with
better pumping [44, 45]. In our current pumping con-
figuration, provided by a single Edwards Diffstak 250
diffusion pump (West Sussex, UK), the largest aper-
tures possible are 0.040 in. in diameter, and this config-
uration allows pressures of helium up to about 2 torr in
the cell. If the aperture size is decreased to 0.020 in. in
diameter, the pressure can increase up to about 10 torr
of helium but the intensity of transmitted ions would be
expected to decrease by a factor of at least eight. For an
exit aperture of 0.020 in. and an entrance aperture of
0.040 in., the signal should decrease by a factor of four.

The use of the smaller apertures was investigated to
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further increase the pressures in the drift cell, which
facilitate quantitative low-field mobility measurements.
Such measurements [42] will be valuable as the mobil-
ities of most second-row transition-metal ions have not
been measured, and only those for the ground states of
most third-row transition-metal ions are available [6].
However, for chemical studies using the GIBMS, max-
imum ion throughput combined with good separation
is the primary requirement. Thus, our current configu-
ration uses the large apertures and large drift voltages
to help to minimize the loss of ions as they drift through
the bath gas while still achieving separation of elec-
tronic configurations. For reasons explained below,
some throughput can be sacrificed to provide a more
accurate description of the arrival time distributions
needed to resolve particular electronic states in the
GIBMS experiments. Interestingly, even though these
conditions generally exceed the low field region (�2
V/(cm torr) [42], quantitative mobility measurements
can still be made, as described further below.

Ion Detection

A simple cylindrical lens train extracts the ions from the
drift cell. The ions are focused by an Einzel lens
followed by a set of deflectors through a 0.125 in.
aperture that limits the gas load into the test stand
chamber (pumped by an Edwards Diffstak 160) contain-
ing the quadrupole mass filter and detector. Because of
the high-pressure in the drift cell, the kinetic energies
of the ions exiting the cell are well defined, which
means that focusing them is straightforward. Data
acquisition is accomplished using a multichannel
scaler. The scaler permits ions to be counted in bins as
small as 5 ns allowing a high-resolution recording of
the ATD.

As presently designed, the ion mobility source will
couple to one of our laboratories guided ion beam
tandem mass spectrometers (GIBMS). Details of this
GIBMS instrument have been outlined previously [46,
47]. In this configuration, ions exiting the drift cell will
enter the first focusing region, FS1, of the GIBMS, and
then will be mass analyzed in a magnetic sector. Thus,
ion pulses exiting the drift cell will be mass selected to
remove unwanted ions, and then allowed to react in the
octopole ion guide with all products and reactants
efficiently collected and analyzed by a quadrupole mass
filter and counted by a Daly type detector. Because of
the high pressures used in the drift cell, it is notable that
this source will provide thermalized ions in studies
involving molecular species.

Results and Discussion

Experimental Conditions for Separation:
Pulse Conditions

The linear hexapole ion trap allows ions to be continu-

ously accumulated and then efficiently pulsed into the
drift cell. Extensive variations of the trapping time,
pulse length, and injection/extraction conditions of the
trap were examined to find conditions providing max-
imum intensity, such that losses of ions are minimized.
The intensity gain associated with the pulsed operation
is difficult to measure precisely because focusing con-
ditions for operation with and without trapping differ
greatly. Nonetheless, our measurements indicate that
signal improvements over pulsed operation are signif-
icant, at least an order of magnitude, compared with
operation without a trap.

Pulse intensities were observed to increase with
pulse length from 1 to 30 �s and then decline. The
decrease at longer pulse lengths is presumably because
the ion population in the trap is being depleted. Ulti-
mately, the pulse length for the drift experiments is
limited primarily to optimize the resolution of sepa-
rated configurations in the ATDs. Good separation can
be achieved with pulse lengths up to �30 �s, above
which separation between the observed peaks begins
to be difficult. To ensure that separation between
electronic configurations is not limited by the pulse
length, normal operation of the source uses 3 to 5 �s
pulses, which retains intensities high enough to com-
plete experiments on the GIBMS. For such an input
pulse, the pulse width of the ions extracted from the
drift cell typically measures about 30 �s FWHM, and
each pulse can contain as many as 1000 ions (an
effective count rate of �3 � 107 s�1). At such high count
rates, the ion intensity is sufficiently high that individ-
ual ion signals pile up and individual ions are no longer
accurately counted. Figure 2a illustrates this effect for
normalized pulses of Mo� ions obtained at a pulse rate
of 2 kHz. The more Gaussian peak was taken at low ion
intensity where individual ions are counted accurately,
whereas the second peak shows the distortions that
occur at very high ion intensities (absolute magnitude
approximately four times that of the other peak). Space
charge effects may also influence the width of the
broader peak in this plot.

Under typical operating conditions, the drifted
pulses usually broaden from the 3 to 5 �s starting pulse
to about 30 �s although wider peaks, up to around
100 �s, are not uncommon for pulses that contain ions
with different mobilities under drift conditions that
result in long drift times. This limits the pulsing repe-
tition rate to below 10 kHz to limit overlap of drifted
peaks. Current operation of the source samples frequen-
cies from 1 to 10 kHz, with the most intense pulses
arising from slower rates and the most ions collected at
faster rates. At slower rates, we assume the continuous
supply of ions is filling the trap to capacity, resulting in
pulses that are very intense but with some losses. In our
experiments, there seemed to be no obvious interfer-
ence between drifted ion pulses even when more than
one ion packet was in the drift cell at one time. Figure 2b
displays several pulses of W� ions collected at the
highest frequency possible without risking overlap of

the pulses (12.5 kHz). This figure shows that the shot-
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to-shot reproducibility of the pulses is excellent. Nev-
ertheless, lower pulse frequencies are typically used to
avoid the possibility of any overlap between subse-
quent ion pulses.

Figure 2b also illustrates that the peak shapes can
sometimes be asymmetrical, a condition especially
prominent for W�. Some peak asymmetry is expected
theoretically [42], because slower ions have more time
to diffuse. Some of the tailing may be a result of the
pulsing where ions at the end of the pulse will
be accelerated by the return of the pulsing lens to the
more positive trapping potential. Such asymmetry has
been observed previously for all third-row transition-
metal ions (including W�) studied by Taylor et al. [6].
They discuss the phenomenon extensively and note that
the tails correlate with the observation of other species
(metal oxides or metal hydrates), which have lower
mobilities. Unfortunately, the mass range of the test

Figure 2. (a) Illustrates the effect of ion intensity on the pulse
shape for the example of Mo� ions drifted in the current appara-
tus. The original pulse is 5 �s long. The upper curve shows a pulse
having an absolute intensity about four times that of the lower,
more Gaussian curve. (Conditions: Ee � 40 V, T � 200 K, P � 1.6
torr, drift field � 6 V cm-1). (b) Depicts multiple pulses of W� ions
drifted in a room-temperature buffer gas at a pulse frequency of
12.5 MHz. The voltage gradient across the cell is higher than
normal to shorten the drift time and time spread of the ions.
(Conditions: Ee � 45 V, T � 298 K, P � �1 torr, drift field � 17
V cm-1).
stand quadrupole does not permit these species to be
mass analyzed, however, measurements on the GIBMS
instrument indicate populations of these species to be
�7% of the W� beam. It is also possible that the tail
could correspond to excited states, see Figure 5 below.

Experimental Conditions for Separation:
Temperature Conditions

Variations in temperature of the drift cell were studied
extensively. Mobilities of the transition metals depend
on the temperature of the bath gas, and temperature has
a direct effect on the resolution of the ATD. This is
shown in eq 2,

resolution � (qV ⁄ 8kBT)1⁄2 (2)

where q is the charge on the ion, V is the drift voltage,
kB is Boltzmann’s constant, and T is the drift cell
temperature [4]. Thus, lowering the temperature of the
drift cell will reduce the diffusion of the ions, leading to
better separation. Figure 3 directly illustrates the effects
of temperature on the mobility of Cr� ions. At temper-
atures of 175 K or higher, the ion pulses do not
adequately resolve the different electronic configura-
tions at the cell pressure used (about 1 torr). At 135 K,
the drift cell begins to produce two distinct peaks and
this resolution increases until about 115 K, and then
plateaus or decreases slightly at lower temperatures. It
can be seen that the drift times increase as the drift cell
temperatures decrease. Average drift times of the more
intense peak increase from 160 �s for the 175 K plot to
225 �s for the 90 K plot. The plateau in resolution at
temperatures lower than 115 K has been explained by
Kemper and Bowers [4]. They point out that ion mobil-
ities at low temperatures converge to a common value
that depends only on the long-range ion-induced dipole
potential, such that separation can no longer be
achieved.

These studies also show that the highest intensity of

Figure 3. The temperature dependence of the resolution of Mo�

ion configurations. (Conditions: Ee � 40 V, T as indicated, P � 1.4

to 1.6 torr, drift field � 6 V cm-1).
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ions per pulse is achieved at lower temperatures. Al-
though this is not obvious in the normalized plots in
Figure 3, intensities increase by 2 to 5 times from room
temperature to the 115 K temperature. Lowering the
temperature reduces the radial diffusion of the ions as
they are pulled through the cell, thereby allowing a
greater number of ions to reach the exit orifice. Typical
operating temperatures vary from 200 to 100 K depend-
ing on the resolution needed to adequately separate the
transition-metal configurations.

Identification of States: Dependence
on Electron Energy

Variations in the electron energy (Ee) of the electron
ionization source were performed to aid in identify-
ing the ground and excited-state configurations of the
transition-metal ions. As shown in Figure 4, at the
lowest Ee, 17 and 20 V for Cr� and Mo�, respectively,
which is just above the appearance energy for produc-
tion of the bare metal ions [36, 37], there is only one
peak in the ATD spectrum for both metal ions. This

Figure 4. The dependence of the arrival time distributions on
electron energy for Cr� (a), conditions: Ee as shown, T � 155 K,
P � 1.4 torr, drift field � 7 V cm-1) and Mo� (b), conditions: Ee
as shown, T � 95 K, P � 1.4 torr, drift field � 6 V cm-1).
peak must correspond to the 6S (s0d5 ground state of
both ions [31]. As the Ee is increased to 20 to 30 V,
another peak at lower drift times appears for both metal
ions with a relative magnitude that increases with increas-
ing Ee. This identifies the higher mobility, or lower drift
time peak, as corresponding to an excited-state configura-
tion of these metal ions, specifically s1d4, for which a 6D
state is the lowest-lying state [31]. In our studies, the peak
corresponding to the ground state is generally larger than
that of the excited-state configuration, although at the
largest Ees, the excited-state configuration for Cr� can
have a comparable intensity, Figure 4.

Similar studies of varying the Ee were conducted for
the case of tungsten ion. Initial attempts using a number
of experimental conditions resulted in the observation
of only one peak in our drift studies. This is consistent
with the results of Taylor et al. who used a glow
discharge metal ion source [6]. More recent studies have
produced the results shown in Figure 5. At low Ee
(18 V), only a single peak is observed, thereby identify-
ing this as the 6D (6s15d4) ground state of W�. As the Ee
is increased, a new peak at longer drift times is observed
and becomes dominant at the highest Ee values.
Clearly, this peak corresponds to excited electronic
states having a 5d5 electronic configuration, which in-
cludes the 6S first excited-state. Note that just as for the
first and second-row congeners, states having s1d4 con-
figurations appear at shorter times than those having d5

configurations, although now the ground state has
switched configurations.

Identification of States: Mobility Measurements

Another means of verifying the identity of the electronic
states is to measure their mobilities. For these experi-
ments, pulse widths were kept �1 �s, the temperature
at 120 K, and the pressure at 1.25 torr. Arrival times
were measured as a function of the applied drift field (5
to 30 V), corresponding to E/P values between 0.9 and

Figure 5. The dependence of the arrival time distributions on
electron energy for W� at Ee � 18 (blue line), 30 (green line), and
85 (red line) eV. (Conditions: Ee as shown, T � 120 K, P � 1.4 torr,

drift field � 7 V cm-1).
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5.5 V/(cm torr) or E/N values of 1.1 to 6.8 Td. The
higher values exceed the low field region (�2 V/(cm
torr) [42], but good linearity of the plots was found in all
cases, indicating no high field deviations. The resulting
reduced field mobilities for all three group 6 metal ions
as well as Ar�, taken from the slope of a plot of arrival
time versus 1/V [4], are reported in Table 1. Reported
uncertainties are the combined uncertainties associated
with the pressure and temperature measurements, the
measured slope, and the effect of ion penetration into
the drift cell [4]. For all values, the mobilities reported
lie within the combined uncertainties of the available
literature values. Observed deviations can be largely
attributed to the different temperatures at which the
values are measured. Values for the ground and excited
states of Mo� are reported here for the first time. These
values are similar to those of other transition-metal ion
mobilities. The only other second-row transition-metal
ion mobility available is for Pd� in its ground and first
excited states. Taylor, et al. [6] measure reduced mobil-
ities of 18.2 and 23.2 for the 4d9 and 5s14d8 configura-
tions of Pd�, respectively, very similar to the values
measured here for the analogous configurations of
Mo�. Finally, we note that the relative mobilities of the
ground and excited states of W� are comparable to
those for the analogous configurations of the first- and
second-row congeners, helping to confirm the identity
of these states.

rf Effects on Deactivation

Trapping conditions in the linear hexapole trap were
thoroughly investigated to observe effects on ion inten-
sity and separation of electronic configurations. As
noted above, ions are continuously injected into the
hexapole trap with around 5 V of kinetic energy, after
which the ions quickly thermalize and then diffuse to
the exit of the trap for extraction. Generally, the ions are
subjected to 150 to 400 Vp-p of rf voltage on the rods. It
was found that higher rf voltages gave higher intensi-
ties but also exhibited lower ratios of excited-state to
ground state configurations of the transition-metal ions.
Figure 6a shows sequential studies of the ATDs of Mo�

Table 1. Single temperature (120 K) reduced field mobilities
(in cm2/(V s) of group 6 and argon cations

Ion Configurationa K0 (this work) K0 (literature)

Ar� 3s23p5 20.7 � 2.1 19.0 � 1.5 (180 K)b

Cr� 3d5 (GS) 18.9 � 1.9 18 � 0.3 (298 K),c

16.4 � 1.1 (160 K)b

4s13d4 24.6 � 2.5 23.0 � 1.6 (160 K)b

Mo� 4d5 (GS) 18.5 � 1.9
5s14d4 23.4 � 2.3

W� 6s15d4 (GS) 22.7 � 2.3 19.7 � 0.9 (�195 K)c

5d5 20.5 � 2.1

aGS � ground state.
bReference 4.
cReference 6.
ions at different rf fields where the total ion intensity is
held constant. One curve shows results for a trapping
field of 350 Vp-p. As the rf field increases up to 450 Vp-p

and above while keeping the total ion intensity con-
stant, it can be seen that the relative intensities of the
two peaks change as does the resolution, indicating
deactivation of the excited-state. Similar deactivation is
not observed if the intensity of the ions is enhanced by
increasing the electron emission current in the ion source,
as shown in Figure 6b. We believe that deactivation is
correlated with increased ion densities, induced by the
higher trapping potentials as the rf voltage is increased.
If the ion densities are sufficiently high, ion-ion colli-
sions, which can have very long-range effects because
of the 1/R distance dependence of the Coulomb poten-
tial, may induce deactivation.

Analysis of the Cr� ATD

To evaluate the qualitative ATDs of our drift cell to
previous results, the test case of Cr� was used for
comparison. Kemper and Bowers [4] found that the
relative intensities in the ATDs of first-row transition

Figure 6. The dependence of the arrival time distributions on rf
Vp-p (a), Vp-p � 350 V, blue line, Vp-p � 550 V, red line) and source
emission current (b), emsrc � 1.0 mA, blue line, emsrc � 16.0 mA,
red line) for Mo� ions. (Conditions: Ee � 50 V, T � 120 K, Vpp �

400 V unless specified, P � 1.25 torr, drift field � 7 V cm-1).
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metals showed a direct dependence on the initial elec-
tron energy at the ion creation source. This dependence
enabled the authors to draw conclusions as to the
nature of the different peaks, label excited-state or
ground state configurations, and calculate the abundance
ratios of the various states. Data shown in Figure 4a
qualitatively reproduces these previous results, al-
though relative peak intensities may be skewed from
effects of rf quenching in the hexapole ion trap as
discussed above. Figure 7 directly compares data for
Cr� from Kemper and Bowers [4] obtained using a
CrO2Cl2 precursor (Fig 7a) with our data using a Cr(CO)6

precursor (Fig 7b–d). Temperature conditions are similar
but the higher pressures used by Kemper and Bowers lead
to longer drift times and better separation.

To further quantify the results from our laboratory,
we have tried to reproduce the ATDs using a fitting
program. This procedure is difficult for several reasons.
Although ATD peaks are generally Gaussian, small tails
associated with intense pulses or harsh drift conditions
can skew the peaks. As noted above, pileup of ions can
also distort the normally symmetric peaks. Reproduc-

Figure 7. Analysis of Cr� ion arrival time distr
CrO2Cl2, Ee � 40.5 V, T � 152 K) and this study
K, P � 1.4 torr, drift field � 6 V cm-1) using Ga
iteratively in MATLAB with a two peak distribut

on the outer points, and (d) shows a fit with 3 Gauss
tion of peaks that are not well resolved or peaks in
which deactivation is occurring can lead to multiple fits
of the data that provide adequate representation of the
total ATD distribution. An example of these difficulties
can be seen in Figure 7. Figure 7b depicts the fitting of
Cr� data collected at high drift field conditions with
two large peaks using a simple iterative fitting function
in MATLAB [48] that utilizes Gaussian peaks. It can be
seen that the fit describes the peak at longer drift times
very well, however, the fit of the earlier peak fails to
describe its center and base accurately. Figure 7c shows
a fit that focuses on reproducing only the outer portions
of both peaks. The discrepancy between this fit and the
data suggests that there may be a third peak in the
spectrum lying between the two major features. Indeed,
Kemper and Bowers [4] found a similar third peak for
Cr� that arose at high electron energies. Figure 7d
shows that addition of such a peak accurately describes
the entire ATD spectrum. It should be noted that there
were multiple fits of the short drift time peak that
provided an adequate description of the overall ATD,

ns from Kemper and Bowers (a), [4] conditions:
c), (d), conditions: Cr(CO)6, Ee � 100 V, T � 155
n peak shapes. (b) Shows the ATD peaks fitted
c) shows the ATD peaks fitted with an emphasis
ibutio
(b), (
ussia
ion, (
ians.
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with ratios in the intensities of the two Gaussians
varying by over a factor of two.

This fitting program was also applied to the Cr�

results (CrO2Cl2 precursor ionized at 40.5 eV) from
Kemper and Bowers [4], and those results can be seen in
Figure 7a. Here three peaks, as described by the au-
thors, provide an adequate fit to the overall ATD, but
in this analysis, the central peak of the ATD must be
wider than the other two (by a factor of two). In the low
field conditions used by Kemper and Bowers, the width
of all peaks in the absence of deactivation should be
uniform as it is only a function of voltage, charge, and
temperature [4], as specified in eq 2 above. The relative
widths of the peaks suggest that this middle peak may
correspond to multiple peaks having 4s13d4 configura-
tions but somewhat different mobilities or that at these
elevated electron energies, more highly excited states
are being produced and undergoing deactivation to the
ground state. Kemper and Bowers ruled out such
deactivation at lower electron energies and stated that
no deactivation between ground and excited states was
observed at room temperature. Increased resolution of
our data as well as reactions done on the GIBMS should
be able to provide insight into the true states present in
the ATD.

Application to GIBMS Studies

The experiments above demonstrate that the new ion
mobility source has the ability to separate transition-
metal ions having different electronic configurations for
both first-, second-, and third-row metals. To exploit
this ability in GIBMS experiments, a number of issues
need to be explored to optimize the use of this source.
Specifically, the source needs to provide sufficient ion
intensity with good stability. Further, the pulsed oper-
ation intrinsic to separation in the drift cell may neces-
sitate a different mode of data collection. Three possible
means of determining configuration-specific reactivity
can be envisioned. If the temporal separation between
ion pulses is maintained during reaction in the collision
cell, the collection of reaction cross sections for different
configurations can be achieved simultaneously by mon-
itoring reactant and product ion intensities as a function
of time. If the separation is not maintained during
reaction, then it may be necessary to gate only one
configuration at a time into the reaction zone and
measure their reaction cross sections independently. In
this case, the temporal profiles of the reactant and
product ions need not be monitored. Alternatively, the
drift cell could be used to characterize the state distri-
butions of ions under specific ionization conditions, and
then the reactivity of these distributions could be stud-
ied in a continuous mode. By varying the ionization
conditions to alter the state distributions, the results of
such studies can be combined to yield state-specific
information, similar to the methods used for previous
state-specific experiments performed in our laboratory

[5, 15–30]. As noted above, however, because the abso-
lute quantities of the configurations would be charac-
terized, absolute cross sections for ground and excited
states could now be extracted from this procedure.

Typically, the examination of the reactions of atomic
transition-metal ions with H2, CH4, and other hydrocar-
bons require ion beam intensities of 105 to 106 per
second because the cross section for these reactions can
be small, single collision conditions are needed, and a
careful examination of threshold behavior requires as
much intensity as possible. Ion intensities of this mag-
nitude have been achieved on the test stand, but suc-
cessful mating to the GIBMS will require careful atten-
tion to minimizing ion losses between the source and
the GIBMS.

For such experiments, the source also must be stable
over the course of hours, ideally in terms of intensity
but primarily with regard to the separation established
between ions having different configurations. As yet, it
is unclear whether the ATDs can be relied upon not to
deviate appreciably over the course of such an experi-
ment. Such degradation could occur from EI filament
degradation, and pressure and temperature fluctua-
tions in the drift cell. In experiments to date, the ATDs
have exhibited instabilities that alter the arrival times as
well as peak intensities and relative ratios for different
configurations. However, once the ion signal is opti-
mized and the drift cell temperature equilibrated, both
the ATDs and the pulse intensity have been stable for
hours.

To augment the EI source currently employed to
generate metal ions, laser ablation and glow dis-
charge sources for the ion mobility source are being
developed. A laser ablation source of ions would be
intrinsically pulsed and would still allow variation of
state distributions by varying laser power. Further-
more, such a source is much more general, no longer
relying of the existence of volatile organometallic
precursors, and avoids potential difficulties associ-
ated with having these precursors in the ion trapping
regions, which may lead to excited-state deactivation,
as discussed above.

The design of the hexapole trap and drift cell is also
conducive to coupling to other types of ion sources. For
instance, the electrospray ionization source presently
being developed in our laboratory [41] can be mated to
the present hexapole trap/drift cell chamber, allowing
the possibility of separating complex biomolecules hav-
ing different conformations. Measuring quantitative
conformation-specific thermochemistry is an intriguing
idea that can be realized with such an approach.
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