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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 @&l00sQ" have been observed and corresponding reaction-rate
constants have been determined. In addition, there is an unreactive fractiohioh®slue to the presence of a slightly endothermic reacting
ground state. Only the excited states react with oxygen. For ruthenium no spontaneous reaction with oxygen has been observed unless the
cyclotron motion of Rt was excited. The results are discussed with respect to a similar investigation in a Penning trap-TOF mass spectrometer
[U. Rieth, A. Herlert, J.V. Kratz, L. Schweikhard, M. Vogel, C. Walther, Radiochim. Acta 90 (2002) 337] and with respect to possible future
studies of ion-molecule reactions of the homologous super-heavy element 108 (hassium).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (seaborgium) and 107 (bohrium) the expected position in the
periodic table was confirmef®,10]. Fully relativistic den-
The discovery of the heaviest elemefit} immediately sity functional calculations on the volatile group 8 tetroxides
raised the question of their properties. In particular, there RuQs, OsQ and HsQ predict a similarity of the element
is a strong interest in the chemical characterization with re- 108 (hassium) to its lighter homologues ruthenium and os-
spect to their position in the periodic table of elemdg{s mium [11]. Recently, the chemical separation and charac-
As the nuclear charge increases, strong relativistic effects onterization of hassium has been performed with a new gas-
the electron configuration are expec{8¢#], similar and in chromatographic separation syst§l2], and the oxidation
excess of those already observed, e.g., in the case of gasef seven Hs atoms to Hs@ould be found and compared to
phase ion chemistry of gol]. Experimental data and en- the production of Os@confirming the predicted chemical
ergy levels from Hartree-Fock calculations have been com- behavior of element 108.3].
pared for the trans-actinides and their homologous elements In addition to the aqueous and gas-chromatographic ex-
in order to study the change in chemical beha{édr The re- periments, the use of the ion trapping device SHIPTRAR
sults from gas-chromatographic experiments for the elementsis planned for the investigation of superheavy elements. This
104 (rutherfordium) and 105 (dubnium) showed deviations device is a Penning-trap apparatus located at SHIP, a kine-
due to relativistic effectf7,8] whereas for the elements 106 matic separator for reaction recoil particles from thin targets.
For the production of superheavy elements, the targets are
B ) _ irradiated by beams of heavy ions from the linear accelera-
e o e ooy address: CERN, Physics DepatmeNtyq, yNILAC at GSI[15]. After their flight through SHIP the
E-mail addressalexander.herlert@cern.ch (A. Herlert), recoil ions are stopped in a “gas cell”, a chamber filled with
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nobel gas, bunched and thermalized in a radiofrequency trap-imental setup. For the present experiments only the source
ping system and finally transferred into a Penning trap where cell has been used. A scheme of the experimental sequence
they are captured in flight. While the ions are stored their is shown inFig. 1(b): Before the production and capturing
reaction kinematics with respect to given gases may be stud-of the ions the cell was emptied by pulsing the trapping plate
ied. The variable storage duration will allow the investiga- potential to—10V. The osmium and ruthenium ions were
tion of short- as well as long-lived trans-actinides, including produced by laser ablation from a corresponding target with
those with a half-lifeT < 100 ms which are not accessible a CQO laser at a wavelength of 10u.8n. These targets con-
to gas-chromatographic methods. As a first test of the future sisted of copper plates where osmium and ruthenium had
gas-phase ion-molecule reactions of the heaviest elementdeen electrolytically deposited ¢h6]. They were mounted
at SHIPTRAP, the oxidation of ruthenium and osmium has on the automatic solids-probe of the spectrometer. The target
been investigated recen{l{6] at the ClusterTrap, a Penning was set to about 5 mm distance from the trapping plate of the
trap-TOF mass spectrometdr7]. The reaction of osmium  cell and rotated to bring new osmium or ruthenium material
up to the dioxide Os@" was observed and the osmium and to the position of the laser pulse focus on the probe. Both
osmiumoxide reaction rates were determifieg], although trapping plates may be set to a variable potential of 1 to 10V
earlier bond-energy values infer a slightly endothermic re- (with respectto the excite/detect plates which were on ground
action with oxygen18]. In addition, the observation of a potential). In general, a trapping potential 3§ = 1V has
spontaneous reaction of ruthenium was observed in contra-been applied. For capturing, the endcap plate potential is set
diction to a previously reported endothermic behayi®] to OV to allow the ions to drift into the source cell. B8
and thus left the results in a status which asked for further after the laser pulse, i.e., just before the ions can leave the
investigations. In the following, an independent experiment cell, the trapping plate potential is reset to 1 V. In addition to
on the ion-molecule reactions of Rand Og with oxygen the laser ablation from the target, ions can be produced by
is presented, where FT-ICR mass spectrometry was applied.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
2. Experimental setup and procedure trap the potentials need not to be changed during the electron
bombardment.

The experiments were performed with a commercial FT-  The stored ruthenium or osmium ions were subjected to
ICR mass spectrometer (EXTREL FT/MS 2001-DX), which the oxygen gas, which is introduced to the cell through a leak
is equipped with a 2.7-T superconducting magnet and a “dual- valve at a pressure range o&k410~8 mbar to 2x 10~° mbar
cell” trap configuration, i.e., two cubic ICR cells, each of two- (the pressure in the cell volume was determined as described
inch size Fig. 1(a) shows a schematic overview of the exper- in the Appendi¥. In addition to the reaction gas, a colli-
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Fig. 1. (a) Overview of the experimental setup. (b) Experimental sequence. The thermalization with argon (dashed line) was not applied inraknteasure
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sion gas (argon) may be pulsed into the cell region. With 100]
two sequentially mounted valves a pulse of approximately
1 x 10~*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
50s. 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, J_l
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
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is endothermic withD(Ru™0) = 3.81(5) eV[19]. Thus, as _ _ ,
expected, no oxidaton process was observedipdl). 1.2 O TICR s et e pan A onge e
The situation changes if the kinetic energy of the ions is iN- e reaction of RA with oxygen at a pressurg = 4.4 x 10-6 mbar for
creasedFig. 2b) shows a mass spectrum that demonstrates: = 5s. The ruthenium isotopes that are excited with a dipolar rf-excitation
the formation of Ru® after ICR excitation (frequency sweep  prior to the reaction period are marked with a shaded area. ®Rlyis not
with a rate of 4 Hzks for a range of 33 kHz) of all isotopes excited. (c) FT-ICR mases spectra after the reaction 0‘f Rith g;(ygen at
with the exception of®Rut. An increase of the radius of ‘;‘pressur.e’ = 5.7 10-°mbar fors = 5. Only one isotope?Ru, has

. . een excited with a dipolar rf-excitation (indicated with the shaded area).
the cyclotron motion up to 2.4 cm corresponds to an increase
of the kinetic energy of the ions in the ICR cell of up to
1.2 keV. Thus, the Rtiions may overcome the endothermic 3.2. Reaction of osmium ions with oxygen
barrier and form Ru®. Since the manipulation of the ion
motion and therefore of the kinetic energy is mass selec- A spontaneous oxidation of osmium ions has been ob-
tive, only one single isotope may be excited for the reaction served in a previous investigatifi6], although an endother-
with oxygen. As an examplé&ig. 2c) shows the oxidation  mic behavior is expectefl 8]. In the present experiment a
of 192Rut as the only isotope of the ensemble fréfiRu reaction of osmium ions with oxygen was observed, too. As
to 199Ru (excitation frequency sweep range 5kHz). In gen- an exampleFig. 3shows FT-ICR mass spectra with the rel-
eral, the threshold for an endothermic reaction can be deter-ative ion intensities for the reaction of ©svith oxygen at a
mined by use of a FT-ICR mass spectromgg&] similar pressure = 2.3 x 10~ mbar for different reaction periods.
as with a guided ion beam mass spectrometer in the caselhe mass spectra show the production of the monoxide and
of the reaction of Rt with oxygen[19]. However, the ab-  dioxide which can be clearly identified with the characteris-
solute excitation amplitude was not available in the present tic isotopic pattern of osmium. No higher oxides have been
studly. observed. From the relative abundances of G8sO" and
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Fig. 3. FT-ICR mass spectra after the reaction of- @gth oxygen at a
pressure = 2.3 x 10~ mbar forr = 0.05, 0.3, 3, and 20s.
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measured data as discussed below. Obviously, the reaction is
at least composed of two sequential oxidation steps:

Os" + 0, — OsO" + 0°, with rate constant; 2)
OsO" + 0, - OsQ™ + 0°, with rate constarit,  (3)

In addition to the reactions observed, a fraction of thé 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:

No(1) = no + (1 — no)e™ ¥ (4)
1

C2C_ o (e—clt _ e—czt) (5)

N1(r) = (1 — no)

Na(t) = (L= no) [1+ (cre7 — Cze_clt)} 6)

c2—c
where N; represent the relative abundance of osmium,
osmium-monoxide and osmium-dioxide ions angdis the
fraction of osmium ions that do not react with oxygen. The
pressure-dependent rate constant@ndc, as well as the
fractionng were obtained from a simultaneous least-square
fit of Egs. (4)—(6)to the data. From these fit parameters the
reaction rate constantg andk; are calculated by
ksT

ki=c¢ , i=12 @)
p

OsQy+ the reaction kinetics can be derived. As an example, whereT = 300 K is assumed for the ambient temperature. As

the relative ion intensities of the osmium ions (empty circles),
the monoxide ions (filled circles) and the dioxide ions (filled
triangles) are shown ifig. 4 as a function of the reaction
period for a pressurg = 5.8 x 10~ mbar. The O$ signal

indicated by the solid lines iRig. 4the data are well fitted by

the equations. The osmium reaction has been investigated for
five different oxygen pressures. These measurements yield
values for the reaction ratés andk, as shown irFig. 5a)

shows an exponential decrease. The monoxide-ion signal in-(filled and empty circles, respectively). The deviations are
creases at some 10ms to a maximum at about 600 ms andlue to day—to—da¥0fluctuat|ons. T?e mean values(bfp=
disappears almost completely for large reaction times. This (1:5% 0.1) x 10*%cm® molecule*s™* and (kz) = (5.0+

decrease of the OsGsignal is accompanied by the formation

0.3) x 10 1 cm® molecule 1 st asindicated ifFig. 5a) by

of osmium-dioxide ions. The solid lines represent fits to the the shaded areas. No dependence of the rate conkiame
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Fig. 4. Relative abundance of Og¢empty circles), OsO (filled circles), and
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k2 on the pressurpis observed.

To investigate the origin of Gsions which do not react,
the fractiom is plotted as a function of the oxygen pressure
p in Fig. 5b) (filled circles). The mean value (dashed line)
is given by(ng) = 0.35(2). No dependence on the pressure
is observed where the deviations to the mean value are cor-
related to the day-to-day fluctuations of the measured rate
constants. The data was also analyzed for each isotope sep-
arately. For the isotope§20s, 1890s,1900s, and'®20Os the
corresponding rate constants and fractions were determined
and no isotope dependence was observed.

In addition, the reaction was investigated as a function of
the trapping potential. The maximum kinetic energy in the ax-
ial harmonic motion of the ions in the electrostatic quadrupole
potential of the ICR cell depends on the trapping potential
Up which is applied between the trapping plates and the ring

represent the result of a simultaneous fit of the rate equations to the data. The€lectrode plates. The rate constantandk, have been mea-

pressure wap = 5.8 x 10~7 mbar and the trapping potentiéh = 10 V.

sured as a function d@fy. The resultis shown iRig. 6(a) with
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OsOt w_ith oxygen as a function of the oxygen pressure in the_ICR cell. A_s 8 Fig. 6. (a) Reaction rates (filled symbols) andc, (empty symbols), and
comparison the result of a measurement w_|th argon quench is shown W|t_h 8(p) fractionng as a function of the trapping potentielh applied between
triangle as symbol. The mean values are given with a solid and dashed line, i electrode plates and endcap plates. For comparison the solid and dashed

respectively, where the uncertainties are indicated by the shaded areas. (b}

Fractionng 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 fok1 andk; as determined abové/§ = 1V)

are indicated. While fok, no significant change is observed,
the ratek; seems to increase for larger valuedigf The de-
pendence of the fractiomg on the trapping potentidlg 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 ng indicates that the reactions are due to excited states.
With the application of an argon gas pulse before the reaction
aquenching of the excited states has been tried. No significan
change in the measured rate constaatandk; as well as
the observed fractiong has been found within the pressure
regime investigatedy( < 2.0 x 10~® mbar). As an example
the result from one measurement with argon-quenching is
plotted inFig. 5(a) with filled and empty triangles and kig.

5(b) with an empty circle. Only in case of the ratethe 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 Ruto the monoxide and

ines give the mean values as determinedim 5 for a different series of
measurement (on different days)(& = 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 RtIONote that in the previ-

ous work[16] a quadrupolar excitation of all ions including

the oxides had been applied to center the [@f}$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

%f 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.,
Rut, RuO* and RuGQT, had been centered by quadrupolar
excitation even a reaction to the dioxide occurred. In contrast,
in the present study only the Rions 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 eartipe= (2.6 +
0.3) x 107 2cm*molecule*s™1 and &, = (9.4 + 4.0) x
10-12cmé moleculel 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 takgb,26n
lon State Electron configuration J Energy (eV) Population (%)
300K 700K 1500K 3000K 7000K
Ru* ad’ a‘F 9/2 0.000 995 9623 7927 5875 3610
7/2 0.189 005 336 1471 2264 2112
5/2 0.309 <« 0.01 034 435 1066 1297
3/2 0.385 007 161 530 763
ad’ a*p 5/2 1.024 < 0.01 002 067 397
3/2 1.051 001 040 253
1/2 1.162 < 0.01 013 105
4d8(5D)5s aD 9/2 1.135 001 073 550
7/2 1.258 < 0.01 036 359
5/2 1.345 < 0.01 019 233
3/2 1.401 010 141
1/2 1.439 004 066
Ost 58(°D)6s 5D 9/2 0.000 10M0 9993 9598 7732 4227
712 0.445 005 245 1104 1616
5/2 0.487 002 133 7.05 1131
3/2 0.693 < 0.01 018 212 536
1/2 0.823 003 064 216
56°68 6s 5/2 0.978 ®m3 105 501
5d¢°(°D)6s ‘D 712 1.421 <« 0.01 025 321
5/2 1.445 o7 231
3/2 1.629 006 114

of produced monoxides. [16] the maximum relative abun-  cited states of Riand OS and their population for several

dance is only a few percent whereas here the maximum valuedifferent temperatures. In the case of osmium the popula-

reaches about 40% OS30In the earlier study the decrease tion of the excited states & = 7000 K is similar to the

of the Os" cations took place in the same time range as the fraction of ions that have reacted with oxygen. The low-

creation of the dioxide ions. In the present investigation the est excited state withe = 0.445¢eV lies well within the

relative abundances clearly show different time domains for energy differenc&(0-0) — D(0Os™0) = 0.78(52) eV, i.e.,

the decay of Os and the build up of Osg'. allows a reaction to the monoxide. In the case of the ruthe-
While the monoxide ions OsOreact completely to the  njum ions the energy of the populated excited states up to

dioxide ions, a large fraction of original precursorions;Qs 7 = 7000K is not sufficient to overcome the energy dif-

does not react at all. This indicates the existence of statesferenceD(0-0) — D(Ru*-0) = 1.31(5) eV to form RuQ.

with different reaction rates or endothermic behavior. Note This isin agreement with the experimental results where only

that the ground state does not necessarily have the loweskinetically excited ions react with oxygen.

reaction ratg22]. For example, in the ion-molecule reaction

of Fe™ with NO some excited states of Falo not react in

contrast to the ground st&f23]. Excited electronic states of 5. Summary and conclusion

ions may be generated in laser ablation from a tg@y8tas

applied in the present investigation. For ruthenium an endothermic reaction with oxygen has
In a FT-ICR study of gas-phase ion chemistry of osmium been confirmed and the recently observed reaction to'RuO

tetroxide and its fragment ions by Irikura and Beauchamp [16] can be explained with the reported quadrupolar excita-

[18], the bond energies of OsOand OsQ™ were deter- tion that has been applied during the reaction period to reduce

mined. Although the direct reaction of ®svith oxygen was ion loss for large reaction times. The quadrupolar excitation

notinvestigated, the bond energies were derived fromthermo-in Ref.[16] might have led to an increase of the kinetic en-

chemical quantities obtained from several other observed re-ergy of the ions and thus to a reaction with oxygen. A similar

actions, e.g.Os” + Hy — 0sQ,_17 +H,O(n = 1 — 3). effect on the osmium reaction kinetics cannot be excluded
The calculated bond energies @»¢0s™—0) = 4.34(52) eV and may have influenced the results.
and D(OsO"—0) = 4.55(52) eV, which are smaller than the In the case of osmium ions a reaction with oxygen

bond energy of the oxygen molecul(O-O) =5.12eV has been observed and the rate constantfor the re-
[19]. Therefore, a slightly endothermic behavior is expected. action O + O, — OsO" + O® and k, for the reaction
The observed reaction of ®ss thus probably due to ex- 0OsO" + O, — OsQ™ + O°* have been determined; =
cited states that have been produced during the creation of(1.5+ 0.1) x 10-1°cm® molecule s and &, = (5.0 +
the ions by laser ablation from the targ&able 1lists ex- 0.3) x 10~ cm® molecule ! s~1 (only the statistical uncer-
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tainties are given). No higher oxides have been observed. 10

A fraction of unreactive osmium cations is explained with 094

a non-reactive ground state of ©sThe comparison to the ;m 08,

previous investigatio16] shows a deviation in the rates ©Q g;

of about two orders of magnitude, possibly due to kineti- = 05l

cally excited ions rather than excited states as in the present S 4l

study. The application of gas pulses to quench the reactive = 03]

excited states by collisions with argon atoms showed only O o2/

minor changes of the observed fraction or the reaction rates. 0.1 .
Further investigations of the quenching process are neces- 00 e ;035
sary and other nobel gases might be more efficient than @) PRESSURE / mbar
argon. 310°]

The endothermic behavior of ruthenium and osmiuminthe
reaction with oxygen as well as the measured reaction rates +
for the excited states of Odead to the same conclusion as %107 |
in Ref.[16] with respect to reactions of the homologous el- 3 Hf
ement hassium: The partial pressures of oxygen that allow E ¥
long reaction times without significant ion loss might be too < 1x10°% ] p
low to perform ion chemistry for the superheavy elements in o
an ion trap. However, for long lived isotopes Ii#&Hs with i
about 10 s half-life ion-molecule reactions in an ICR cell are 00" — —
still to be considered, especially with respect to reaction dy- b) 1,; 13”, mbar 2x10

namics which can be monitored with FT-ICR mass analysis

without removing the ions from the trap. Other exothermic Fig. 7. (a) Relative abundance of GHas a function of the reaction time at

reactions should be studied and compared between the hoa methane pressure a3x 10-8 mbar. In this example the rate constant for

mo'ogous elements. For example the bond energyzm N the reaction of methane GH to CHst isc = 096(2) st (b) Calibration

smaller than the bond energies of the osmium oxides and a re Of the pressure gauge: “true pressure” as a function of the corrected pressure
. . . . . . . readoutp; corr, Which has been adjusted with the corresponding empirical

cent investigation of gas-phase oxidation of@gth nitrous gas-correction factoR, (for details sed\ppendiy).

oxide clearly showed the exothermic production of osmium

QX|des up to thg tetroxide Og® [27]. In addition, reac_t|ons which has a reaction constant b = (1134 0.08) x

in gas cells, which are used to stop the superheavy ions after.

) : : 102 cm® molecule 1 s~1 (at 7 = 300 K) (mean value from
creat!on, have the_advantag_e ofhlgher partial pressures Ofth(TZQ]). The methane ions were created in the source cell by
reactive gases which are mixed with the buffer gas (usually A glectron impact ionization as described in SectrFor

noble gas like helium or argof)8] and the reaction products . S
. ; a given pressure readopt of a Bayard—Alpert ionization
may be transferred to the Penning trap for mass analysis. gauge the ratio

[CH4™]
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advice. ko

In addition, the pressure readout needs to be adjusted for the
use of methane since the gauge is normalized to nitrogen:
Appendix. Calibration of pressure gauge
Pi,corr = PiRg (11)
The pressure in the ion cell cannot be measured directly
and therefore needs to be calibrated for the ion-molecule re-where the correction factor&g(methane)= 0.62(2) and
action measurements. The calibration was performed by useRg(0xygen)= 1.15(2)[30] have been applied for the deter-
of the well-known reaction mination of the oxygen pressure in the source celfitn 7(b)
the resulting linear correlation between the corrected pressure
CHs" + CH4 — CHs" + CHg 8 readoutp; corrand the determined actual presspyes shown.
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