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Reduced  mobilities  for ground-state  and electronic  excited-state  configurations  of  the  second-row  transi-
tion  metal  cations,  excluding  Tc+, have  been  measured.  These  values  were  obtained  using  an  ion  mobility
mass  spectrometer  that  utilizes  a  2 m  drift  tube  to generate  high-resolution  ion  mobility  data.  Several  of
these  atomic  cations  have  been  previously  studied  and  the  results  obtained  here  are  compared  to reduced
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mobilities  reported  in  the  literature.  In  all cases,  ions  were  generated  using  pulsed-laser  vaporization  of
either a metal  rod  or foil  target.  Presented  here  for the first  time  are  the  reduced  mobilities  of  Y+, Ru+,
and  Rh+. A  discussion  of  the observed  trends  in the mobilities  of  the second-row  transition  metal  series,
relative  to those  measured  for the first-row  series,  is also  provided.

© 2016  Published  by  Elsevier  B.V.

ransition metal cations

. Introduction

Elucidating the chemical and physical properties of transition
etal cations has been the source of considerable study over the

ast three decades [1–3]. From single atomic cations [4–7] to clus-
ers made up of many atoms [8–10], these ions are of particular
nterest because of the role they play in complex chemical reac-
ions, such as serving as catalysts for the oxidation of CO [11–13]
nd saturated hydrocarbons [14,15]. The chemistry associated with
hese species can be especially complicated due to the large number
f energetically low-lying electronic excited states that are read-
ly accessible during the ionization/vaporization processes [16,17].
hese excited states are particularly long lived, with radiative life-
imes on the order of milliseconds to seconds. The reason for these
elatively long lifetimes is that parity forbidden transitions must
ccur in order to deactivate the electronic excited states (s to d
rbital transitions).

Ion mobility (IM) is an analytical technique that was first devel-
ped in the 1950s [18,19]. At its core, IM measures the velocity of an
on traveling through a buffer gas under the influence of an applied
lectric field. The factor relating the velocity (v) and the electric

eld (E) is the mobility (K).

 = KE (1)

∗ Corresponding author.
E-mail address: manardmj@nv.doe.gov (M.J. Manard).
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Mobilities are usually reported as reduced mobilities (K0), the
mobility at 273 K and 760 Torr.

K = K0
T

273
760

p
(2)

This reduced mobility is determined by the collision cross section
of the ion [20]. Mobility measurements have experienced a sizeable
resurgence over the past 25 years [21–24] and have been applied
to a wide variety of systems ranging from single atoms [25–29] to
proteins [30–33]. In recent years, there has been a thrust toward
the development of high-resolution IM instrumentation capable of
resolving a 1% difference in cross section/mobility. Much of this
effort has been focused on resolving multiple stable conformations
of relatively large biomolecules in the gas phase [34–36]. Many of
these instruments utilize drift tubes ranging in length from approx-
imately 1–2 m to produce high-resolution IM spectra [37–39]. Data
now exist demonstrating the capability of applying high-resolution
IM to large molecules. However, few examples of high-resolution
IM being applied to smaller systems, including atomic ions, are
found in the literature. Studies of this type have the potential to
elucidate some of the fundamental physical properties of these
relatively simple systems, such as resolving metastable electronic
excited-states from ground-state configurations.

Previous investigations have applied IM to transition metal

cations [25–29]. Kemper and Bowers found that the ground-state
electronic configurations of first-row transition metal cations could
be distinguished from excited-state configurations using IM [25].
For these ions, the low energy electronic states either have a 3dn

dx.doi.org/10.1016/j.ijms.2016.07.006
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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r a 4s3dn − 1 electronic configuration; thus, deactivation from the
xcited states to the ground state is parity forbidden, allowing them
o be characterized. Subsequent studies have applied IM to some of
he second- and third-row transition metal cations, yielding similar
esults [26–28]. In all cases, ions having electronic configurations
ith occupied s orbitals were shown to have higher mobilities rel-

tive to states with only d orbitals occupied. This phenomenon is
ttributed to the s orbital having a more repulsive interaction with
he filled 1s2 orbital of helium. This repulsive interaction neutral-
zes the attractive forces that rise from the charge-induced dipole
otential of the cation-He collision, decreasing the capture radius
f ions with occupied s orbitals and yielding increased mobilities.

Here, we report the reduced mobilities of the second-row transi-
ion metal cations as measured with a high-resolution ion mobility

ass spectrometer (IMMS). With the exception of radioactive Tc,
he complete second-row series of transition metals has been
haracterized. Both ground-state and electronic excited-state con-
gurations of the metal cations were generated, and mobilities
ere measured for all observed configurations. The reduced mobil-

ties reported here are compared to available experimental values
n the literature [26–28] as well as theoretical values obtained from
alculation [40,41]. In addition to the transition metal cations that
ere studied previously, the results for the Y+, Ru+, and Rh+ are
resented here for the first time.

. Experimental method

A detailed treatment of the instrument design has been previ-
usly provided [42]; thus, only a brief description is given here.
n overview of the instrument is shown in Fig. 1. Ions are gener-
ted from pulsed laser vaporization of the stationary metal rod or
oil target housed in the ion source. A Nd:YAG laser (Continuum,

odel NY82-10), with a maximum power output of approximately
00 mJ/pulse operating at 532 nm with a repetition rate of 10 Hz,

s used to irradiate the sample. Since only a small fraction of the
vailable power is used for optimum ion formation, no attempt to
orrelate relative populations of ground and excited states with
aser power was performed. The beam is focused through a lens
nd enters the vacuum chamber through a 2-inch-diameter laser
indow.

Ions exiting the laser source are collected and guided through
he source chamber using an electrodynamic ion funnel [43,44].
he ion funnel uses an RF-modulated electric field, superimposed
n a DC gradient, to guide the beam under conditions where the
ean-free-path of the ions is much less than the distance being

raversed. The funnel interior orifices form an hourglass shape first
escribed by Tang et al. [45]. The funnel contains an ion-trapping
egion located near the entrance of the drift tube. Here, ions are
ccumulated and pulsed into the tube, establishing the start time
t = 0) for the mobility measurements. A 90% transmission nickel

esh screen is applied to an electrode at the entrance of the drift
ube. This electrode is located 6 mm from the final entrance fun-
el electrode and serves to both prevent any RF and/or gate pulses

rom penetrating the drift region and to precisely define the start
f the drift potential and drift length. The drift tube measures 2 m
n length and is made up of ten, resistively coated glass tubes.

A second ion funnel is located at the exit of the drift tube. The
xit ion funnel serves primarily to compress the ion packets that
ay  have become radially diffuse while drifting through the 2 m

ube, dramatically increasing the sensitivity of the instrument. A
0% transmission nickel mesh is mounted to the electrode that

irectly follows the drift tube to prevent RF penetration from the
xit funnel into the drift region. It also defines the end of the drift
egion. The ion funnels at both the entrance and exit of the drift tube
ssentially eliminate end effects. These effects occur in two ways.
l of Mass Spectrometry 407 (2016) 69–76

(1) Ions can penetrate into the drift space upon entrance (until their
kinetic energy is lost through collision). This reduces the effective
drift length and can increase the apparent mobility. In the present
instrument, the ions are thermalized in the relative high pressure
of the source chamber before entering the drift space and no such
penetration occurs. (2) A different end effect occurs upon exiting
the drift tube. If a pressure-limiting orifice is present, bulk move-
ment of the buffer gas will occur in the space near the orifice over a
dimension comparable to the orifice diameter. The ions are carried
along with the buffer gas at a velocity higher than the true drift
velocity. The effect, again, reduces the effective drift length. The
addition of an exit funnel removes the exit orifice from the drift
length, since the drift length is then determined by the entrance
and exit screens.

After leaving the exit funnel, ions enter a focusing region that
collimates the beam into the quadrupole mass analyzer. A set of
steering electrodes, situated near the entrance of the quadrupole,
is used to both maximize ion transmission through this section of
the instrument and to inject a mobility-selected analyte into the
quadrupole for mass analysis, if desired. Following mass analysis
by the quadrupole, ions are detected with a conversion dynode and
electron multiplier.

To collect the mobility data, a pulse of ions is injected into the
pressurized drift tube. The pressure in the tube is typically on the
order of 1.5–20 Torr. The buffer gas (helium) is flowed into the drift
tube to maintain constant pressure. A weak, homogeneous electric
field is applied across the length of the tube, causing the ion packet
to drift toward the exit. The ion packet is rapidly thermalized by
collision with the buffer gas. Ions exiting the tube are then detected
as a function of time to establish an arrival time distribution (ATD).
The drift field is then varied and a new arrival time determined. This
is repeated, generating a plot of ion arrival time versus the ratio of
the pressure to the drift voltage (p/V). The reduced mobility of the
ions, K0, is given by Eq. (3):

K0 =
(

l2
273

760T

p

V

1
ta − t0

)
(3)

where l is the length of the drift tube, T is the temperature in Kelvin,
p is the pressure of the buffer gas in Torr, V is the drift voltage, ta

is the arrival time of the ions acquired from the center of the ATD
peak, and t0 is the time the ions spend outside of the drift tube. A
plot of ta versus p/V has a slope inversely proportional to K0 and an
intercept equal to t0:

ta =
(

p

V

273l2

760T

1
K0

)
+ t0 (4)

The collision cross section (�) is calculated from K0 using Eq. (5),

� = 3e

16N0

(
2�

�kbT

)1⁄2 1
K0

(5)

where N0 is the number density of the buffer gas at STP
(molecules/cm3), e is the charge of the ion, � is the ion-buffer gas
reduced mass, kb is Boltzmann’s constant, and T is the temperature.

3. Results and discussion

The reduced mobilities of the second-row transition metal
cations measured here are summarized in Table 1. All mobilities
were measured at an ambient temperature of approximately 295 K.
In some cases, electronic excited-state as well as ground-state
configurations of the second-row transition metal cations were

observed in the ATDs. For the majority of these systems, multiple
mobility measurements were made over a range of pressures; thus,
the precision of the reported mobility values were also determined.
Accordingly, the standard deviations of the measured mobilities,



M.J. Manard, P.R. Kemper / International Journal of Mass Spectrometry 407 (2016) 69–76 71

Fig. 1. A schematic representation of the IMMS  instrumentation. Essential components that make up the system are labeled. To establish the relative scale of the instrument,
the  drift tube measures 2 m in length.

Table 1
A summary of the reduced mobilities measured for the second-row transition metal cations.

Ion Peak K0 (cm2 V−1 s−1)

This Worka Std. Dev.b Number of Exps.b P Range (Torr)b Ref. [26]c (±3%.) Ref [27] Ref. [28]c Ref. [41]

Y+ I 17.1 0.09 5 1.5–5

Zr+ I 25.0 0.14 7 1.5–5 25.3

Nb+ I 15.1 0.04 5 2.5–5 15.5

Mo+ I 19.6 0.04 4 2.5–10 20.6 18.5 ± 1.9

Ru+ I 17.9 0.06 5 2.5–10

Rh+ I 21.0 0.07 4 5–10
II  17.1 0.10 4 5–10

Pd+ I 21.3 0.04 6 2.5–10 22.9 23.2 ± 0.4
II  17.1 0.06 6 2.5–10 18.1 18.2 ± 0.6

Ag+ I 21.8 0.10 3 2.5–5 22.1
II  17.1 0.10 5 2.5–10 17.7 18 ± 1 17.4

Cd+ I 21.6 0.03 3 5–10 22.2 21.6

a The uncertainty in the mobility values measured as part of this work is ±2%. Ground-state configurations are shown in bold.
b Standard deviations reported here are for several separate mobility measurements made for each ion studied over a range of drift pressures (P). Thus, the number of

experiments that were used to generate the reported values and the drift pressure range are provided.
c Only mobilities for peaks corresponding to those observed in the present study are given for clarity in comparison.
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Table 2
Low-lying electronic states for the second-row transition metal cations.a

Ion State Configuration Energy (eV)

Y+ 1S 5s2 0.00
3D 5s4d 0.14
1D 5s4d 0.41

Zr+ 4F 5s4d2 0.07
4F 4d3 0.39
2D 5s4d2 0.54
2P 5s4d2 0.73
2F 5s4d2 0.76
4P 5s4d2 0.96

Nb+ 5D 4d4 0.06
5F 5s4d3 0.39
3P 4d4 0.78
3F 4d4 0.98
3H 4d4 1.22
3G 4d4 1.31
5P 5s4d3 1.36

Mo+ 6S 4d5 0.00
6D 5s4d4 1.55
4G 4d5 1.90
4P 4d5 1.96

Ru+ 4F 4d7 0.22
4P 4d7 1.08
6D 5s4d6 1.32
2G 4d7 1.44
2P 4d7 1.72
2D 4d7 1.91
2H 4d7 1.96

Rh+ 3F 4d8 0.25
3P 4d8 1.21
1D 4d8 1.44
1G 4d8 1.84
5F 5s4d7 2.41

Pd+ 2D 4d9 0.22
4F 5s4d8 3.44
2F 5s4d8 4.14

Ag+ 1S 5d10 0.00
3D 5s4d9 4.96

Cd+ 2S 5s4d10 0.00
2P 5p4d10 5.63

a Ground states are shown in bold. The energies associated with each state are
averaged over J-levels with the zero of energy being the ground state. All values
were acquired from Ref. [46].
ig. 2. An ATD of Y+ acquired at a drift pressure of 2.5 Torr. Ion intensity (y-axis) is
n  arbitrary units with the zero of intensity at the horizontal axis.

he number of experiments that were used to acquire these val-
es, and the drift pressure range used to generate the mobility
easurements are also given in Table 1. A detailed discussion of

he expected overall experimental accuracy of the mobilities mea-
ured by the instrument (±2%) has been provided elsewhere [42].

hen possible, mobilities were acquired using multiple naturally
ccurring isotopes for a given element to ensure results obtained
ere free from any potential impurities. Results for the three new

ystems (Y+, Ru+, and Rh+) are presented first.

.1. Y+

The ATD for Y+ is shown in Fig. 2. One peak is observed in the
pectrum. The mobility data is summarized in Table 1. Similar to
esults obtained for the first-row transition metal series [42], these
ata demonstrate the high level of precision in the high-resolution
obility measurement.
It has been well established that states containing a single elec-

ron in an s orbital have significantly higher mobilities than those
ontaining only d electrons with unoccupied s shells [25,42]. Fewer
xamples exist of mobilities measured for transition metal cations
aving a filled s orbital, as is the case here for Y+. Table 2 provides
he assignments and the relative energetics of the low-lying elec-
ronic states of Y+. The ground state of Y+ is the 1S state having a 5s2

onfiguration. The single peak in the ATD of Y+ strongly suggests
hat it contains the ground-state configuration of the ion. Accord-
ngly, the ATD shown in Fig. 2 is assigned to the ground state 5s2

onfiguration of Y+.

.2. Ru+

The ATD of Ru+ is shown in Fig. 3. One feature is observed. Simi-
arly to Y+, the single peak observed in the ATD of Ru+ suggests that
nly the electronic ground-state configuration of the ion is present.
he mobility data is given in Table 1. Table 2 provides the assign-
ents and the relative energetics of the low-lying electronic states

+ 4 7
f Ru . The F 4d electronic ground-state configuration of the ion is
ssigned to the peak shown in Fig. 3. The observed mobility is sim-
lar to those measured for other late second-row transition metal
ations.

Fig. 3. An ATD of Ru+ acquired at a drift pressure of 2.5 Torr. Ion intensity (y-axis)
is  in arbitrary units with the zero of intensity at the horizontal axis.
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ig. 4. An ATD of Rh+ acquired at a drift pressure of 5 Torr. Note the bridging between
he  two peaks, indicating deactivation of the electronic excited state. Ion intensity
y-axis) is in arbitrary units with the zero of intensity at the horizontal axis.

.3. Rh+

Fig. 4 shows the ATD acquired for Rh+. Two  peaks are found
n the spectrum, with a significant amount of ion courts observed
etween the two features. The “filling in” between the peaks is
eferred to as “bridging”. It is caused by collisionally-induced deac-
ivation of the electronic excited state occurring in the drift tube.

The two peaks observed in the ATD of Rh+ indicate that two
lectronic configurations of the ion are present. This follows the
reviously observed first-row transition metal trend where one
lectronic configuration has a relatively high mobility while the
econd configuration has a significantly lower mobility. The mea-
ured mobilities of the two configurations differ by 18.6% (Table 1),
llustrated by the large temporal separation of the two  peaks shown
n Fig. 4.

Table 2 provides the low-lying electronic states of Rh+. The
round state of the ion has a 4d8 configuration and is likely con-
ained in peak II. Three excited states having this same electronic
onfiguration are observed above the ground state, ranging in
nergy from 1.21 to 1.84 eV. These states may  also be contained
n peak II. The first electronic excited state having a 5s4d7 configu-
ation is found 2.41 eV above the ground state. Peak I likely contains
his excited-state configuration of Rh+. The bridging between the
wo features observed in Fig. 4 indicates that a significant amount
f collisionally-induced deactivation of the electronic excited-state
o the ground-state configuration does occur in the drift tube. A
etailed measurement of the deactivation rate of the electronic
xcited state of Rh+ will be explored as part of a future effort to
easure deactivation rates for second-row transition metal cations
here multiple configurations are observed. As will be seen, the

ater transition metal cations (including Rh+) are much less prone
o deactivation and tend to show multiple peaks in their respective
TDs. This is similar to results obtained for the first-row transition
etal cations [42].

.4. Previously investigated second-row transition metal cations
ith one mobility peak

ATDs for Zr+
, Nb+

, Mo+
, and Cd+ are shown in Fig. 5. For each of
hese second-row transition metal cations, one peak is observed.
he mobility data acquired as part of this effort for these cations
s summarized in Table 1. In all cases, a high level of precision and
epeatability is demonstrated by these results. Table 1 also lists the
l of Mass Spectrometry 407 (2016) 69–76 73

mobilities previously measured for these transition metal cations.
In general, there is good agreement between all measured values.
This includes a theoretically calculated mobility for Cd+ reported
by Qing et al. [41,47].

Multiple features were observed in the ATDs of Zr+, Nb+, and
Mo+ measured in previous studies. Ibrahim et al. [26] observed two
peaks in the ATD of Zr+. They also observed two peaks in the ATD of
Nb+. Iceman et al. [28] observed two peaks in the ATD of Mo+, while
only peak was observed for ATD of Mo+ in the study performed by
Ibrahim et al.

In the previous studies of Zr+, the high mobility peak was
assigned to the 4F 5s4d2 ground-state configuration. Some low-
lying excited states, also having 5s4d2 configurations, could also
be contained in this peak. The lower mobility peak was  said to
contain the 4d3 electronic excited state of the ion. In the previous
Nb+ study, the ground state, which has a 4d4 electronic config-
uration, was assigned to the peak with the lower mobility. The
higher mobility peaks were assigned to the electronic excited state
having a 5s4d3 configuration. Some controversy is found in the lit-
erature for the assignment of the Mo+ electronic states. Iceman et al.
assigned the 4d5 ground-state configuration to the lower mobility
peak observed in their data and the 5s4d4 electronic excited-state
configuration to a higher mobility peak. The findings of Ibrahim
et al. were less conclusive. The single peak they observed had a
mobility of 20.6 cm2 V−1 s−1; no definitive assignment was  made.
No deactivation from the electronic excited states of either Zr+ or
Nb+ was  observed in the respective ATDs acquired by Ibrahim et al.
Similarly, no deactivation rate for the excited state of Mo+ was
reported by Iceman et al.

Based on the agreement with mobilities reported in the liter-
ature, the ATDs shown in Fig. 5 likely contain the ground-state
electronic configurations of Zr+, Nb+, Mo+, and Cd+. Thus, Fig. 5a
contains the 4F 5s4d2 ground-state configuration of Zr+. Some elec-
tronic excited states may  have been present but have likely been
completely relaxed to the ground state. This hypothesis is sup-
ported by the slight asymmetry observed in the ATD of Zr+, which
tails to lower mobilities. Fig. 5b is assigned to the 4d4 electronic
configuration of Nb+. The ground state 4d5 electronic configura-
tion of Mo+ is assigned to the ATD shown in Fig. 5c, suggesting that
the peak observed by Ibrahim et al. was the ground-state configu-
ration of the ion. The electronic state assigned to the peak in Fig. 5d
is the ground state 5s4d10 configuration of Cd+. The lack of multiple
electronic configurations observed in the ATD of Zr+

, Nb+
, and Mo+

can be attributed to relaxation of the electronic excited states to the
ground state. Although no rates of deactivation have been reported
in previous studies, the single peaks observed in the ATDs in Fig. 5
are not unexpected. The increase in collisions that occurs on these
significantly longer timescales, relative to all previous experiments,
has likely led to deactivation of the electronic excited-state con-
figurations. This was  also found when characterizing the first-row
transition metal cation series with the 2 m drift tube [42]. The single
peak in the ATD of Cd+ is expected since the first excited state of Cd+

is both relatively high in energy (5.63 eV above the ground state)
and not metastable (having a 5p4d10 electronic configuration).

3.5. Previously investigated second-row transition metal cations
with two mobility peaks

ATDs of Pd+ and Ag+ are shown in Fig. 6. For these second-row
transition metal cations, two peaks are observed in the spectra. In
both cases, a moderate degree of bridging is observed between the
two peaks in the respective ATDs. Pd+ and Ag+ mobilities measured

as part of this effort, as well as values reported in the literature, are
given in Table 1. The overall agreement between the previously
measured mobilities and those reported here is good, with most
values being within the experimental errors of past studies.
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ig. 5. ATDs of previously investigated second-row transition metal cations where 

light  asymmetry of the peak tailing to longer times. (b) An ATD of Nb+ acquired at
n  ATD of Cd+ acquired at a drift pressure of 10 Torr. In all cases, ion intensities (y-a

Two previous studies have reported on the mobility of Pd+.
brahim et al. [26] and Tayler et al. [27] observed two  peaks for Pd+.
n both studies, the peak with the higher mobility peak reported to
ontain the electronic excited states of the ion having 5s3d8 config-
rations and the lower mobility peak was reported to contain the
round state of Pd+ having a 4d9 configuration. These two previous
tudies also reported on the mobility of Ag+. Ibrahim et al. observed
wo peaks in the ATD of Ag+, while Taylor et al. only observed one
eak. The peak with the higher mobility was reported to contain the
D electronic excited state of the ion having a 5s4d9 configuration,
hile the lower mobility peak contained the 1S ground-state of Ag+

aving a 4d10 configuration. In addition to the experimental stud-
es, a theoretical investigation calculated the mobility of ground
tate Ag+ [41]. Finally, Ibrahim et al. observed a small amount of
eactivation for the excited-state configurations of both Pd+ and
g+, and reported an estimated deactivation rate constant for Pd+ of
–8 x 10−14 cm3/s. No deactivation rate for relaxation of the excited
tate of Ag+ was given.

Based on the agreement with mobilities reported in the lit-
rature, the ground state 4d9 configuration of Pd+ is assigned to
eak II (Fig. 6a) and the electronic excited states, having 5s4d8

onfigurations, are assigned to peak I. Similarly, peak I (Fig. 6b)
s assigned to the 5s4d9 electronic excited states of Ag+, with peak
I containing the 4d10 ground-state configuration of the ion. For
oth ATDs shown in Fig. 6, the observed bridging between peaks I
nd II indicates that deactivation of the 5s4dn − 1 excited states to
he 4dn ground states is occurring in the drift tube. The deactiva-
ion observed here is more substantial than what was previously

easured. This is again attributed to the increase in collisions expe-
ienced by the ions in the 2 m drift tube. As previously stated, a

etailed measurement of the deactivation rate of the electronic
xcited states of the second-row transition metal cations will be
xplored as part of a future effort.
ak was  observed. (a) An ATD of Zr+ acquired at a drift pressure of 2.5 Torr. Note the
t pressure of 2.5 Torr. (c) An ATD of Mo+ acquired at a drift pressure of 10 Torr. (d)
re in arbitrary units with the zero of intensity at the horizontal axis.

3.6. Observed trends in the reduced mobilities of the first- and
second-row transition metal cations

Fig. 7 shows a plot of the reduced mobilities (ground and excited
states) of the first- and second-row transition metal cations. The
mobilities of the first row have been taken from the literature
[25,42], and the mobilities of the second row are values that have
been measured as part of this effort. In general, it is clear that the
mobilities of the second-row transition metal cations are “interme-
diate” to those of the first-row cations when corresponding periodic
table group members are compared. The term “intermediate” is
used to describe the situation observed here where ions with 4dn

electronic configurations have higher mobilities than the analogous
group member with a 3dn configuration, while ions with 5s4dn − 1

configurations have mobilities that are lower that their 4s3dn − 1

analogs. One exception to this trend is observed for Nb+, which has
a lower mobilities than V+ with the equivalent electronic configu-
ration. Y+ also has a lower mobility than either the ground-state or
electronic excited-state configurations of Sc+ (4s3d and 3d2, respec-
tively). However, it is important to note that the only observed
electronic configuration of Y+ (ground state, 5s2) is unique when
compared to those of Sc+.

Kemper and Bowers described the origin of the large separa-
tion in the mobilities of the 4s3dn − 1 and 3dn configurations of
the first-row transition metal cations [25]. Briefly, the 4s orbitals
of these ions have radii ranging from approximately 1.9–1.4 Å
across the first row from Sc+ to Cu+ [48]. The hard-sphere radius
of helium is 0.6 Å, leading to repulsive interactions at internuclear
distances of approximately 2.5–2.0 Å. As previously mentioned, the
primary attractive force at play is the charge-induced dipole poten-

tial, which has a capture radius of 2.47 Å at 300 K for the first-row
transition metal cations [25]. Since this distance is on the order of
the M+-He colliding pair, it leads to a strong repulsive force near
the capture radius. This, in turn, promotes grazing collisions where
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Fig. 6. ATDs of previously investigated second-row transition metal cations where
two peaks were observed. (a) An ATD of Pd+ acquired at a drift pressure of 10 Torr. (b)
An  ATD of Ag+ acquired at a drift pressure of 2.5 Torr. In both cases, note the bridging
between the two peaks (shown at a magnification of 100×) indicating deactivation
of  the electronic excited state. Additionally, ion intensities (y-axes) are in arbitrary
units with the zero of intensity at the horizontal axis.

Fig. 7. A plot of the reduced mobilities (ground and excited states) of the first- and
second-row transition metal cations. The mobilities of the first-row cations, shown
as  black dots, were acquired from Ref. [42], while those shown as green squares
w
a
a

l
r
a
i
l

recently been acquired using the high-resolution IMMS  system that
ere acquired from Ref. [25]. Mobilities of the second-row cations were acquired
s  part of this effort, and are shown as red triangles. The electronic configurations
ssigned to the mobilities are labeled.

ittle momentum is transferred. Conversely, the radius of the first-
ow transition metal cations with 3dn configurations ranges from

pproximately 0.9–0.5 Å (Sc+ to Cu+), yielding M+-He repulsion at
nternuclear distances from 1.5 to 1.1 Å. These distances are much
ess than the capture radius, which allows orbiting (capture) colli-
l of Mass Spectrometry 407 (2016) 69–76 75

sions to occur. This leads to significantly reduced mobilities due
to the larger momentum transfer in these interactions. A more
detailed theoretical discussion is provided by McDaniel and Mason
[49].

The interplay between the sizes of valence orbitals with the
charge-induced dipole potential of the M+-He colliding pair can also
be used to explain the observed mobility trends of the second-row
transition metal cations. For ions with 4dn configurations, the radii
of the 4d orbitals are between those of the 3dn and 4s3dn − 1 orbitals
of the first-row, ranging from 1.3 to 0.7 Å for Y+ to Ag+, respec-
tively [48]. These values lead to M+-He repulsion at internuclear
distances of approximately 1.9–1.3 Å. The capture radius arising
from the charge-induced dipole potential is only slightly less than
that of the first row (approximately 2.45 Å). This leads to collisions
that are less efficient at transferring momentum to the buffer gas for
the second-row series of cations (4dn configurations) when com-
pared to the first row (3dn configurations). However, this effect is
less than that observed for the first-row ions with 4s3dn − 1 configu-
rations and thus, the reduced mobilities of the second-row cations
with 4dn configurations are higher than their first-row counter-
parts with 3dn configurations, while simultaneously being lower
than the first-row ions with 4s3dn − 1 configurations.

The situation is different for the second-row transition metal
cations having 5s4dn−1 configurations. Here, the radii of the 5s
orbitals are larger than any of the others previously mentioned,
ranging in size from approximately 2.0–1.5 Å from Y+ to Ag+,
respectively. These radii generate a strong repulsive interaction
when colliding with He at internuclear distances of approximately
2.6–2.1 Å. As with 4s3dn−1 configurations of the first row, this
repulsive interaction should essentially nullify the charge-induced
dipole potential. Thus, the trend of lower mobilities for the 5s4dn  − 1

second-row transition metal cations (when compared to their
4s3dn − 1 analogs) is likely not due to the charge-induced dipole
potential, but instead may  simply result from the increased size of
the 5s orbitals compared to the 4s orbitals of the first row [48]. In
other words, the ion’s larger physical cross section is responsible for
the decreased mobility. This relatively straightforward explanation
for the observed trend would also account for why the mobili-
ties of the 5s4dn − 1 configurations of Rh+, Pd+, and Ag+ appear to
slightly increase when compared to one another, since the orbital
radii of these ions slightly decrease across the period. However, it
would not explain why  the 5s4d2 configuration of Zr+ has a higher
mobility than those measured for 5s4dn − 1 configurations of other
second-row transition metal ions.

Finally, the two second-row transition metal cations that break
the observed trend of having mobilities intermediate those of their
first row analogs are both found early in the period. It is clear
from the data plotted in Fig. 7 that the early transition metals of
both the first and second row behave differently than the systems
found later in the period. The mobilities of the early transition metal
cations show large oscillations in overall magnitude, whereas the
later metal ions tend to exhibit mobility values of similar mag-
nitude. In addition to being early in the second row, Y+ has a
ground-state valence electronic configuration (5s2) that is unique
when compared to any other first- or second-row transition metal
cation. This observation may  account for the mobility of Y+ break-
ing from the observed trend. A theoretical study of the mobilities
of select lanthanides reported that the fully occupied 6s orbital of
Lu+ (6s24f14 ground-state configuration) has a stronger interaction
with helium due to a deeper potential energy well for the attrac-
tive interaction than the singly occupied 6s orbital of Yb+ (6s4f14

ground-state configuration) [50]. Experimental mobility data has
supports the results of these calculations. The data indicate that the
mobility of Lu+ is 13.8% lower than the mobility measured for Yb+.
These data will be published as part of a future manuscript on the
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[47] E. Qing, L.A. Viehland, E.P.F. Lee, T.G. Wright, J. Chem. Phys. 124 (2006) 044316.
[48] L.A. Barnes, M. Rosi, C.W. Bauschlicher Jr., J. Chem. Phys. 93 (1990) 609.
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Wiley & Sons, Inc, New York, 1973.
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obilities of lanthanide cations. A similar situation could be at play
or the fully occupied 5s orbital of Y+, where a stronger interaction
ith the buffer gas could account for the relatively low mobility of

he cation when compared to the rest of the second-row transition
etal cations. For ground state Nb+ (4d4 configuration), the reason

or the relatively low mobility of the ion is not obvious, but sug-
ests that a particularly strong interaction potential could also be
nvolved.

. Conclusions

Reduced mobilities for ground-state and electronic excited-
tate configurations of the second-row transition metal cations,
xcluding radioactive Tc+, have been measured. For each system,
ultiple measurements were made and averaged over a range of

rift pressures. In all cases, a high degree of precision was found
n the acquired mobilities, with typical standard deviations of less
han 1% among the measurements. Several of these atomic cations
ave been previously studied and agreement between the ion
obilities obtained here and values reported in the literature, both

xperimental and theoretical, are good in most cases. In addition to
hese ions, the reduced mobilities of Y+, Ru+, and Rh+ are reported
ere for the first time. Electronic configuration assignments were
ade for the observed ATDs in accordance with those reported

or other second-row transition metal cations, where relatively
igher mobility peaks are assigned to contain electronic states hav-

ng 5s4dn − 1 configurations and relatively low mobility peaks are
ssigned to contain electronic states having 4dn configurations. A
omparison of the mobilities measured for the second-row transi-
ion metal series, relative to the first row, has been provided. With
he exception of Y+ and Nb+, the mobilities of the second-row tran-
ition metal cations are “intermediate” to those of the first row (i.e.,
alues measured for the second-row cations with 4dn electronic
onfigurations have higher mobilities than the analogous first-row
roup member with a 3dn configuration and ions with 5s4dn − 1

onfigurations have lower mobilities than their 4s3dn−1 analogs).
 discussion of the underlying reasons that may  give rise to the
bserved mobility trend has also been given.
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