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Abstract

The reactions of stored ruthenium and osmium cations with oxygen have been studied in a Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer. In case of osmium the reaction products OsO+ and OsO2

+ have been observed and corresponding reaction-rate
c cting
g d unless the
c ectrometer
[ le future
s
©

K

1

r
i
s
A
t
e
p
e
p
i
s
1
d

C

n the
-
des
nt

os-
rac-
gas-
n
to
al

c ex-

This
kine-
ets.
s are
lera-
e
ith

1
d

onstants have been determined. In addition, there is an unreactive fraction of Os+ ions due to the presence of a slightly endothermic rea
round state. Only the excited states react with oxygen. For ruthenium no spontaneous reaction with oxygen has been observe
yclotron motion of Ru+ was excited. The results are discussed with respect to a similar investigation in a Penning trap-TOF mass sp
U. Rieth, A. Herlert, J.V. Kratz, L. Schweikhard, M. Vogel, C. Walther, Radiochim. Acta 90 (2002) 337] and with respect to possib
tudies of ion-molecule reactions of the homologous super-heavy element 108 (hassium).
2004 Elsevier B.V. All rights reserved.
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. Introduction

The discovery of the heaviest elements[1] immediately
aised the question of their properties. In particular, there
s a strong interest in the chemical characterization with re-
pect to their position in the periodic table of elements[2].
s the nuclear charge increases, strong relativistic effects on

he electron configuration are expected[3,4], similar and in
xcess of those already observed, e.g., in the case of gas-
hase ion chemistry of gold[5]. Experimental data and en-
rgy levels from Hartree-Fock calculations have been com-
ared for the trans-actinides and their homologous elements

n order to study the change in chemical behavior[6]. The re-
ults from gas-chromatographic experiments for the elements
04 (rutherfordium) and 105 (dubnium) showed deviations
ue to relativistic effects[7,8] whereas for the elements 106

∗ Corresponding author. Present address: CERN, Physics Department,
H-1211 Geneva 23, Switzerland.
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(seaborgium) and 107 (bohrium) the expected position i
periodic table was confirmed[9,10]. Fully relativistic den
sity functional calculations on the volatile group 8 tetroxi
RuO4, OsO4 and HsO4 predict a similarity of the eleme
108 (hassium) to its lighter homologues ruthenium and
mium [11]. Recently, the chemical separation and cha
terization of hassium has been performed with a new
chromatographic separation system[12], and the oxidatio
of seven Hs atoms to HsO4 could be found and compared
the production of OsO4 confirming the predicted chemic
behavior of element 108[13].

In addition to the aqueous and gas-chromatographi
periments, the use of the ion trapping device SHIPTRAP[14]
is planned for the investigation of superheavy elements.
device is a Penning-trap apparatus located at SHIP, a
matic separator for reaction recoil particles from thin targ
For the production of superheavy elements, the target
irradiated by beams of heavy ions from the linear acce
tor UNILAC at GSI[15]. After their flight through SHIP th
recoil ions are stopped in a “gas cell”, a chamber filled w

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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nobel gas, bunched and thermalized in a radiofrequency trap-
ping system and finally transferred into a Penning trap where
they are captured in flight. While the ions are stored their
reaction kinematics with respect to given gases may be stud-
ied. The variable storage duration will allow the investiga-
tion of short- as well as long-lived trans-actinides, including
those with a half-lifeT < 100 ms which are not accessible
to gas-chromatographic methods. As a first test of the future
gas-phase ion-molecule reactions of the heaviest elements
at SHIPTRAP, the oxidation of ruthenium and osmium has
been investigated recently[16] at the ClusterTrap, a Penning
trap-TOF mass spectrometer[17]. The reaction of osmium
up to the dioxide OsO2+ was observed and the osmium and
osmiumoxide reaction rates were determined[16], although
earlier bond-energy values infer a slightly endothermic re-
action with oxygen[18]. In addition, the observation of a
spontaneous reaction of ruthenium was observed in contra-
diction to a previously reported endothermic behavior[19]
and thus left the results in a status which asked for further
investigations. In the following, an independent experiment
on the ion-molecule reactions of Ru+ and Os+ with oxygen
is presented, where FT-ICR mass spectrometry was applied.

2. Experimental setup and procedure

FT-
I ich
i dual-
c o-
i er-

F ence. asure.

imental setup. For the present experiments only the source
cell has been used. A scheme of the experimental sequence
is shown inFig. 1(b): Before the production and capturing
of the ions the cell was emptied by pulsing the trapping plate
potential to−10 V. The osmium and ruthenium ions were
produced by laser ablation from a corresponding target with
a CO2 laser at a wavelength of 10.6�m. These targets con-
sisted of copper plates where osmium and ruthenium had
been electrolytically deposited on[16]. They were mounted
on the automatic solids-probe of the spectrometer. The target
was set to about 5 mm distance from the trapping plate of the
cell and rotated to bring new osmium or ruthenium material
to the position of the laser pulse focus on the probe. Both
trapping plates may be set to a variable potential of 1 to 10 V
(with respect to the excite/detect plates which were on ground
potential). In general, a trapping potential ofU0 = 1 V has
been applied. For capturing, the endcap plate potential is set
to 0 V to allow the ions to drift into the source cell. 80�s
after the laser pulse, i.e., just before the ions can leave the
cell, the trapping plate potential is reset to 1 V. In addition to
the laser ablation from the target, ions can be produced by
ionization of gas particles in the cell volume by 70-eV elec-
trons from an electron gun. The electron beam is applied for
about 200 ms and since the ions are produced inside the ion
trap the potentials need not to be changed during the electron
b

d to
t leak
v
( ribed
i lli-
The experiments were performed with a commercial
CR mass spectrometer (EXTREL FT/MS 2001-DX), wh
s equipped with a 2.7-T superconducting magnet and a “
ell” trap configuration, i.e., two cubic ICR cells, each of tw
nch size.Fig. 1(a) shows a schematic overview of the exp

ig. 1. (a) Overview of the experimental setup. (b) Experimental sequ
 The thermalization with argon (dashed line) was not applied in all mements

ombardment.
The stored ruthenium or osmium ions were subjecte

he oxygen gas, which is introduced to the cell through a
alve at a pressure range of 4× 10−8 mbar to 2× 10−6 mbar
the pressure in the cell volume was determined as desc
n the Appendix). In addition to the reaction gas, a co
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sion gas (argon) may be pulsed into the cell region. With
two sequentially mounted valves a pulse of approximately
1 × 10−4 mbar is applied for a one-second collision period
to quench electronically excited states to the ground state of
the ions and to bring the ion ensemble in the trap to room
temperature. The reaction period was varied between 0 and
50 s. Starting conditions were defined by the removal of all
ions that had already reacted with oxygen by resonant ra-
dial ejection. After a defined delay, i.e., a reaction period,
all ions stored in the cell were detected by standard FT-ICR
mass analysis: A dipolar excitation of the cyclotron motion
of the ions was applied with a frequency sweep at a rate of
1.2 kHz/�s for 2.14 ms. The ion signal was recorded for about
3 ms with a sample rate of 5.3 MHz for a transient length of
16K data points. The resolving power was about 1400 for
Ru+ and 700 for Os+.

3. Results

3.1. Reaction of Ru+ with oxygen

The ruthenium cations are stored in the source cell and ex-
posed to oxygen at a fixed pressure for a variable reaction time
(10�s < �t < 50 s). After the reaction time the remaining
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Fig. 2. (a) FT-ICR mass spectra after the reaction of Ru+ with oxygen at a
pressurep = 3.0 × 10−7 mbar fort = 50 s. (b) FT-ICR mass spectra after
the reaction of Ru+ with oxygen at a pressurep = 4.4 × 10−6 mbar for
t = 5 s. The ruthenium isotopes that are excited with a dipolar rf-excitation
prior to the reaction period are marked with a shaded area. Only96Ru is not
excited. (c) FT-ICR mass spectra after the reaction of Ru+ with oxygen at
a pressurep = 5.7 × 10−6 mbar for t = 5 s. Only one isotope,102Ru, has
been excited with a dipolar rf-excitation (indicated with the shaded area).

3.2. Reaction of osmium ions with oxygen

A spontaneous oxidation of osmium ions has been ob-
served in a previous investigation[16], although an endother-
mic behavior is expected[18]. In the present experiment a
reaction of osmium ions with oxygen was observed, too. As
an example,Fig. 3shows FT-ICR mass spectra with the rel-
ative ion intensities for the reaction of Os+ with oxygen at a
pressurep = 2.3 × 10−7 mbar for different reaction periods.
The mass spectra show the production of the monoxide and
dioxide which can be clearly identified with the characteris-
tic isotopic pattern of osmium. No higher oxides have been
observed. From the relative abundances of Os+, OsO+ and
recursor ions as well as the metal-oxide and metal-dio
roduct ions are detected.Fig. 2(a) shows a typical mass spe

rum as recorded after a reaction period of 50 s at a pre
= 3.0 × 10−7 mbar. The reaction of ruthenium ions w

xygen

u+ + O2 → RuO+ + O• (1)

s endothermic withD(Ru+–O) = 3.81(5) eV[19]. Thus, as
xpected, no oxidation process was observed (seeFig. 2(a)).
he situation changes if the kinetic energy of the ions is
reased.Fig. 2(b) shows a mass spectrum that demonst
he formation of RuO+ after ICR excitation (frequency swe
ith a rate of 4 Hz/�s for a range of 33 kHz) of all isotop
ith the exception of96Ru+. An increase of the radius

he cyclotron motion up to 2.4 cm corresponds to an incr
f the kinetic energy of the ions in the ICR cell of up
.2 keV. Thus, the Ru+ ions may overcome the endotherm
arrier and form RuO+. Since the manipulation of the io
otion and therefore of the kinetic energy is mass se

ive, only one single isotope may be excited for the reac
ith oxygen. As an example,Fig. 2(c) shows the oxidatio
f 102Ru+ as the only isotope of the ensemble from96Ru

o 104Ru (excitation frequency sweep range 5 kHz). In g
ral, the threshold for an endothermic reaction can be d
ined by use of a FT-ICR mass spectrometer[20] similar
s with a guided ion beam mass spectrometer in the
f the reaction of Ru+ with oxygen[19]. However, the ab
olute excitation amplitude was not available in the pre
tudy.
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Fig. 3. FT-ICR mass spectra after the reaction of Os+ with oxygen at a
pressurep = 2.3 × 10−7 mbar fort = 0.05, 0.3, 3, and 20 s.

OsO2
+ the reaction kinetics can be derived. As an example,

the relative ion intensities of the osmium ions (empty circles),
the monoxide ions (filled circles) and the dioxide ions (filled
triangles) are shown inFig. 4 as a function of the reaction
period for a pressurep = 5.8 × 10−7 mbar. The Os+ signal
shows an exponential decrease. The monoxide-ion signal in-
creases at some 10 ms to a maximum at about 600 ms and
disappears almost completely for large reaction times. This
decrease of the OsO+ signal is accompanied by the formation
of osmium-dioxide ions. The solid lines represent fits to the

Fig. 4. Relative abundance of Os+ (empty circles), OsO+ (filled circles), and
O
r ta. The
p

measured data as discussed below. Obviously, the reaction is
at least composed of two sequential oxidation steps:

Os+ + O2 → OsO+ + O•, with rate constantk1 (2)

OsO+ + O2 → OsO2
+ + O•, with rate constantk2 (3)

In addition to the reactions observed, a fraction of the Os+
ions does not react to OsO+. The solution of the differen-
tial equations of sequential reactions (or decays) is a set of
exponential functions, which describe the intensities of the
precursor and the products. In the present case:

N0(t) = n0 + (1 − n0)e−c1t (4)

N1(t) = (1 − n0)
c1

c2 − c1
(e−c1t − e−c2t) (5)

N2(t) = (1 − n0)

[
1 + 1

c2 − c1
(c1e−c2t − c2e−c1t)

]
(6)

where Ni represent the relative abundance of osmium,
osmium-monoxide and osmium-dioxide ions andn0 is the
fraction of osmium ions that do not react with oxygen. The
pressure-dependent rate constantsc1 andc2 as well as the
fractionn0 were obtained from a simultaneous least-square
fit of Eqs.(4)–(6) to the data. From these fit parameters the
reaction rate constantsk1 andk2 are calculated by

k
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sO2
+ (filled triangles) as a function of the reaction timet. The solid lines

epresent the result of a simultaneous fit of the rate equations to the da
ressure wasp = 5.8 × 10−7 mbar and the trapping potentialU0 = 10 V.
i = ci

kBT

p
, i = 1, 2 (7)

hereT = 300 K is assumed for the ambient temperature
ndicated by the solid lines inFig. 4the data are well fitted b
he equations. The osmium reaction has been investigat
ve different oxygen pressures. These measurements
alues for the reaction ratesk1 andk2 as shown inFig. 5(a)
filled and empty circles, respectively). The deviations
ue to day-to-day fluctuations. The mean values are〈k1〉 =
1.5 ± 0.1) × 10−10 cm3 molecule−1 s−1 and〈k2〉 = (5.0 ±
.3) × 10−11 cm3 molecule−1 s−1 as indicated inFig. 5(a) by
he shaded areas. No dependence of the rate constantsk1 and
2 on the pressurep is observed.

To investigate the origin of Os+ ions which do not reac
he fractionn0 is plotted as a function of the oxygen press
in Fig. 5(b) (filled circles). The mean value (dashed li

s given by〈n0〉 = 0.35(2). No dependence on the press
s observed where the deviations to the mean value are
elated to the day-to-day fluctuations of the measured
onstants. The data was also analyzed for each isotop
rately. For the isotopes188Os,189Os,190Os, and192Os the
orresponding rate constants and fractions were determ
nd no isotope dependence was observed.

In addition, the reaction was investigated as a functio
he trapping potential. The maximum kinetic energy in the
al harmonic motion of the ions in the electrostatic quadru
otential of the ICR cell depends on the trapping pote
0 which is applied between the trapping plates and the
lectrode plates. The rate constantsk1 andk2 have been mea
ured as a function ofU0. The result is shown inFig. 6(a) with
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Fig. 5. (a) Reaction ratesk1 (filled circles) of Os+ andk2 (empty circles) of
OsO+ with oxygen as a function of the oxygen pressure in the ICR cell. As a
comparison the result of a measurement with argon quench is shown with a
triangle as symbol. The mean values are given with a solid and dashed line,
respectively, where the uncertainties are indicated by the shaded areas. (b)
Fractionn0 as a function of the oxygen pressure in the ICR-cell. The dashed
line indicates the mean value.

filled and empty symbols, respectively. For comparison the
mean values fork1 andk2 as determined above (U0 = 1 V)
are indicated. While fork2 no significant change is observed,
the ratek1 seems to increase for larger values ofU0. The de-
pendence of the fractionn0 on the trapping potentialU0 is
shown inFig. 6(b), where a slight decrease for larger trapping
potentials is observed.

As discussed below, the observation of a non-reacting frac-
tion n0 indicates that the reactions are due to excited states.
With the application of an argon gas pulse before the reaction
a quenching of the excited states has been tried. No significant
change in the measured rate constantsk1 andk2 as well as
the observed fractionn0 has been found within the pressure
regime investigated (p < 2.0 × 10−6 mbar). As an example
the result from one measurement with argon-quenching is
plotted inFig. 5(a) with filled and empty triangles and inFig.
5(b) with an empty circle. Only in case of the ratek1 the devi-
ation seems larger than expected from a statistical fluctuation.
However, during the measurements variations were observed,
e.g., on a day-to-day basis (with and without quenching).

4. Discussion

The recent study of the reaction of ruthenium ions with
oxygen[16] showed a reaction of Ru+ to the monoxide and
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Fig. 6. (a) Reaction ratesk1 (filled symbols) andk2 (empty symbols), and
(b) fractionn0 as a function of the trapping potentialU0 applied between
ring electrode plates and endcap plates. For comparison the solid and dashed
lines give the mean values as determined inFig. 5 for a different series of
measurement (on different days) atU0 = 1 V.

even to the dioxide although the reaction is known to be en-
dothermic[19]. The present FT-ICR MS investigation con-
firms the endothermicity of the reactions. Only an increase
of the kinetic energy of specific ruthenium isotopes results in
the corresponding reaction to RuO+. Note that in the previ-
ous work[16] a quadrupolar excitation of all ions including
the oxides had been applied to center the ions[21] and thus to
avoid ion loss. For convenience oxygen had been used both
as reaction gas and as buffer gas for axialization. With the
application of the quadrupolar excitation the kinetic energy
of the ions probably has been excited similar to the case of
dipolar excitation in the present FT-ICR study where a re-
action with oxygen was induced. Since all ion species, i.e.,
Ru+, RuO+ and RuO2

+, had been centered by quadrupolar
excitation even a reaction to the dioxide occurred. In contrast,
in the present study only the Ru+ ions were excited and thus
no higher oxides of ruthenium were produced.

With respect to the possible influence of the quadrupo-
lar excitation on the osmium reaction rates, the situation is
somewhat different. The rates reported earlierk′

1 = (2.6 ±
0.3) × 10−12 cm3 molecule−1 s−1 and k′

2 = (9.4 ± 4.0) ×
10−12 cm3 molecule−1 s−1 [16] are about 100 and 5 times
smaller, respectively, than the present FT-ICR rates. Espe-
cially the first reaction to the monoxide deviates significantly.
The difference is also obvious from the relative abundance
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Table 1
Electronic states of ruthenium and osmium ions and their population from a Maxwell–Boltzmann distribution (data taken from[25,26])

Ion State Electron configuration J Energy (eV) Population (%)

300 K 700 K 1500 K 3000 K 7000 K

Ru+ 4d7 a4F 9/2 0.000 99.95 96.23 79.27 58.75 36.10
7/2 0.189 0.05 3.36 14.71 22.64 21.12
5/2 0.309 � 0.01 0.34 4.35 10.66 12.97
3/2 0.385 0.07 1.61 5.30 7.63

4d7 a4P 5/2 1.024 � 0.01 0.02 0.67 3.97
3/2 1.051 0.01 0.40 2.53
1/2 1.162 � 0.01 0.13 1.05

4d6( 5D)5s a6D 9/2 1.135 0.01 0.73 5.50
7/2 1.258 � 0.01 0.36 3.59
5/2 1.345 � 0.01 0.19 2.33
3/2 1.401 0.10 1.41
1/2 1.439 0.04 0.66

Os+ 5d6( 5D)6s 6D 9/2 0.000 100.00 99.93 95.98 77.32 42.27
7/2 0.445 0.05 2.45 11.04 16.16
5/2 0.487 0.02 1.33 7.05 11.31
3/2 0.693 � 0.01 0.18 2.12 5.36
1/2 0.823 0.03 0.64 2.16

5d56s2 6S 5/2 0.978 0.03 1.05 5.01
5d5( 5D)6s 4D 7/2 1.421 � 0.01 0.25 3.21

5/2 1.445 0.17 2.31
3/2 1.629 0.06 1.14

of produced monoxides. In[16] the maximum relative abun-
dance is only a few percent whereas here the maximum value
reaches about 40% OsO+. In the earlier study the decrease
of the Os+ cations took place in the same time range as the
creation of the dioxide ions. In the present investigation the
relative abundances clearly show different time domains for
the decay of Os+ and the build up of OsO2+.

While the monoxide ions OsO+ react completely to the
dioxide ions, a large fraction of original precursor ions, Os+,
does not react at all. This indicates the existence of states
with different reaction rates or endothermic behavior. Note
that the ground state does not necessarily have the lowest
reaction rate[22]. For example, in the ion-molecule reaction
of Fe+ with NO some excited states of Fe+ do not react in
contrast to the ground state[23]. Excited electronic states of
ions may be generated in laser ablation from a target[24] as
applied in the present investigation.

In a FT-ICR study of gas-phase ion chemistry of osmium
tetroxide and its fragment ions by Irikura and Beauchamp
[18], the bond energies of OsO+ and OsO2+ were deter-
mined. Although the direct reaction of Os+ with oxygen was
not investigated, the bond energies were derived from thermo-
chemical quantities obtained from several other observed re-
actions, e.g. OsOn+ + H2 → OsOn−1

+ + H2O (n = 1 − 3).
The calculated bond energies areD(Os+–O) = 4.34(52) eV
a + he
b
[ ted.

x-
c ion of
t

cited states of Ru+ and Os+ and their population for several
different temperatures. In the case of osmium the popula-
tion of the excited states atT = 7000 K is similar to the
fraction of ions that have reacted with oxygen. The low-
est excited state withE = 0.445 eV lies well within the
energy differenceD(O–O) − D(Os+–O) = 0.78(52) eV, i.e.,
allows a reaction to the monoxide. In the case of the ruthe-
nium ions the energy of the populated excited states up to
T = 7000 K is not sufficient to overcome the energy dif-
ferenceD(O–O) − D(Ru+–O) = 1.31(5) eV to form RuO+.
This is in agreement with the experimental results where only
kinetically excited ions react with oxygen.

5. Summary and conclusion

For ruthenium an endothermic reaction with oxygen has
been confirmed and the recently observed reaction to RuO+
[16] can be explained with the reported quadrupolar excita-
tion that has been applied during the reaction period to reduce
ion loss for large reaction times. The quadrupolar excitation
in Ref. [16] might have led to an increase of the kinetic en-
ergy of the ions and thus to a reaction with oxygen. A similar
effect on the osmium reaction kinetics cannot be excluded
and may have influenced the results.

gen
h
a
O
(
0 r-
ndD(OsO –O) = 4.55(52) eV, which are smaller than t
ond energy of the oxygen moleculeD(O–O) = 5.12 eV

19]. Therefore, a slightly endothermic behavior is expec
The observed reaction of Os+ is thus probably due to e

ited states that have been produced during the creat
he ions by laser ablation from the target.Table 1lists ex-
In the case of osmium ions a reaction with oxy
as been observed and the rate constantsk1 for the re-
ction Os+ + O2 → OsO+ + O• and k2 for the reaction
sO+ + O2 → OsO2

+ + O• have been determined:k1 =
1.5 ± 0.1) × 10−10 cm3 molecule−1 s−1 and k2 = (5.0 ±
.3) × 10−11 cm3 molecule−1 s−1 (only the statistical unce
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tainties are given). No higher oxides have been observed.
A fraction of unreactive osmium cations is explained with
a non-reactive ground state of Os+. The comparison to the
previous investigation[16] shows a deviation in the rates
of about two orders of magnitude, possibly due to kineti-
cally excited ions rather than excited states as in the present
study. The application of gas pulses to quench the reactive
excited states by collisions with argon atoms showed only
minor changes of the observed fraction or the reaction rates.
Further investigations of the quenching process are neces-
sary and other nobel gases might be more efficient than
argon.

The endothermic behavior of ruthenium and osmium in the
reaction with oxygen as well as the measured reaction rates
for the excited states of Os+ lead to the same conclusion as
in Ref. [16] with respect to reactions of the homologous el-
ement hassium: The partial pressures of oxygen that allow
long reaction times without significant ion loss might be too
low to perform ion chemistry for the superheavy elements in
an ion trap. However, for long lived isotopes like269Hs with
about 10 s half-life ion-molecule reactions in an ICR cell are
still to be considered, especially with respect to reaction dy-
namics which can be monitored with FT-ICR mass analysis
without removing the ions from the trap. Other exothermic
reactions should be studied and compared between the ho-
m
s a re-
c
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Fig. 7. (a) Relative abundance of CH4
+ as a function of the reaction time at

a methane pressure of 3.5 × 10−8 mbar. In this example the rate constant for
the reaction of methane CH4

+ to CH5
+ is c = 0.96(2) s−1. (b) Calibration

of the pressure gauge: “true pressure” as a function of the corrected pressure
readoutpi,corr, which has been adjusted with the corresponding empirical
gas-correction factorRg (for details seeAppendix).

which has a reaction constant ofk0 = (1.13± 0.08)×
10−9 cm3 molecule−1 s−1 (at T = 300 K) (mean value from
[29]). The methane ions were created in the source cell by
electron impact ionization as described in Section2. For
a given pressure readoutpi of a Bayard–Alpert ionization
gauge the ratio

R = [CH4
+]

[CH4
+] + [CH5

+]
(9)

was measured as a function of the reaction periodt as
shown in Fig. 7(a). With an exponential fit to the data,
R(t) = a exp(−ct), the actual pressure in the ICR cellpt was
determined in analogy to Eq.(7)

pt = c
kBT

k0
(10)

In addition, the pressure readout needs to be adjusted for the
use of methane since the gauge is normalized to nitrogen:

pi,corr = piRg (11)

where the correction factorsRg(methane)= 0.62(2) and
Rg(oxygen)= 1.15(2) [30] have been applied for the deter-
mination of the oxygen pressure in the source cell. InFig. 7(b)
the resulting linear correlation between the corrected pressure
r .
ologous elements. For example the bond energy of N2O is
maller than the bond energies of the osmium oxides and
ent investigation of gas-phase oxidation of Os+ with nitrous
xide clearly showed the exothermic production of osm
xides up to the tetroxide OsO4

+ [27]. In addition, reaction
n gas cells, which are used to stop the superheavy ions
reation, have the advantage of higher partial pressures
eactive gases which are mixed with the buffer gas (usua
oble gas like helium or argon)[28] and the reaction produc
ay be transferred to the Penning trap for mass analys
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ppendix. Calibration of pressure gauge

The pressure in the ion cell cannot be measured dir
nd therefore needs to be calibrated for the ion-molecu
ction measurements. The calibration was performed b
f the well-known reaction

H4
+ + CH4 → CH5

+ + CH3 (8)
 eadoutpi,corrand the determined actual pressurept is shown
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