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Abstract: Using the Fast On-line Reaction Apparatus
(FORA), the influence of various gas-purification columns
onto the formation of metal carbonyl complexes (MCCs)
under single-atom chemistry conditions was investigated.
MCCs were synthesized from single atoms of Mo, Tc, Ru and
Rh being produced by the spontaneous fission of 252Cf and
recoiling into a CO-gas containing carrier gas atmosphere.
The in-situ synthesized MCCs were volatile enough to be
transported by the carrier gas to a charcoal trap where they
were adsorbedand their subsequent decaywas registeredby
γ-spectrometry. It was found that the type and combination
of purification columns used to clean the applied CO-gas
strongly influences the obtained formation and transport
yields for all MCCs. With the exception of Rh-carbonyl,
intense gas-purification strategies resulted in reduced for-
mation and transport yields for MCCs in comparison with
less efficient or even completelymissing purification setups.
It was postulated that the observed reduction in yield might
depend on the content of Fe(CO)5 and Ni(CO)4, as well as
potentially other MCCs, in the CO-gas, being formed by the
interaction between CO and the steel-surfaces of FORA as
well as from impurities in the used charcoal traps. Subse-
quently, it was shown that macro amounts of Fe(CO)5,
Ni(CO)4, Mo(CO)6 and Re2(CO)10 added to the used process
gas indeed increase significantly the overall yields for MCCs
produced by 252Cf fission products. Ni(CO)4 appeared the
most potent to increase the yield. Therefore, it was used in
more detailed investigations. Using isothermal chromatog-
raphy, it was shown that Ni(CO)4 does not affect the

speciation of carbonyl species produced by the 252Cf fission
product 104Mo. For 107Tc, 110Ru and 111Rh a speciation change
cannot be excluded. For 111Rh a speciation change cannot be
excluded. An inter-carbonyl transfer mechanism is sug-
gested boosting the formation of MCCs. The current dis-
covery might allow for new opportunities in various
research fields, which are currently restricted by the low
overall yields for MCCs produced under single-atom chem-
istry conditions. Examples are the chemical investigation of
transactinides or the generation of radioactive ion beams
from refractory metals at accelerators.

Keywords: carbonyl complexes; single atom chemistry;
transition metals.

1 Introduction

The investigation of transactinides (TAs) is one of the most
fundamental and challenging tasks modern chemistry has
to offer. As TAs were not found to occur naturally until
today, they have to be produced in nuclear fusion reactions
being characterized by very low production rates ranging
from a few atoms per minute up to atoms per month.
Additionally, TAs generally have short half-lives in the
range of seconds to minutes creating the need for very
sensitive and fast chemical methods to investigate their
properties [1–4].

Due to those limitations, experiments with TAs are
often performed in the gas-phase. For TAs not being vola-
tile in their elemental state, this requires a chemical
transformation into volatile compounds. The harsh con-
ditions behind heavy-ion beam irradiated targets only
allowed the synthesis of thermally very stable compounds,
namely oxides, halides and oxohalides in the past. The
introduction of physical magnetic pre-separators between
accelerator and chemical setup allowed to circumvent this
limitation, giving access to the in-situ synthesis of more
fragile compounds [5]. One class of those compounds are
metal carbonyl complexes (MCCs), which all elements of
groups 6 to 9 in the periodic table form. In theory, this
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allows investigating Sg, Bh, Hs andMt in the chemical state
of their corresponding MCCs [3, 5].

Based on current knowledge from available literature,
it is assumed that the volatile compounds formed from
single atoms are indeed MCCs. For Mo and Ru, those are
likely the corresponding electronically saturated species
with 18 valence electrons, Mo(CO)6 and Ru(CO)5. Tc and Rh
are known to form polynuclear MCCs. However, under
single-atom chemistry conditions as applied here, the for-
mation of polynuclear complexes can be excluded due to
the large dilution of atoms. It is currently unknown what
speciation the observed Tc and Rh compounds have
formed [5–10]. The formation of 17 electron complexes or
hydrogen containing complexes was suggested for group 7
elements [11], as well as for group 9 elements [12].

In 2014, the very first synthesis of a TA-MCC, Sg(CO)6
was achieved by an international group at RIKEN in Japan
[6]. Despite the synthesis and product confirmation being
successful, the studywas suffering from low formation and
transport yields for Sg(CO)6 (about 5–10%) as well as for its
homologues Mo(CO)6 (40% yield) and W(CO)6 (10–20%
yield) being studied using the same strategy. Currently, it
appears that low overall yields are an intrinsic problem
when working with MCCs under single-atom chemistry
conditions [5].

A number of experimental studies were performed
during the past years targeted at determining adsorption
enthalpies of MCCs on quartz and PFA-TEFLON®, their first
bond dissociation energies (FBDEs) and the dependency of
their overall yield on a limited number of reaction param-
eters, e.g., the CO-content of the applied process gas and
the impact of O2 impurities [7–10, 13–16]. To improve and
expand the latter measurements, the Fast On-line Reaction
Apparatus (FORA) was developed facilitating systematic
investigations of the influence of awide number of reaction
parameters onto formation and transport of MCCs under
single-atom chemistry conditions [17]. The goal is to pro-
vide deeper insight into the formation of MCCs in general
and to suggest improved reaction conditions for the
investigation of MCCs in the future. Aside from applica-
tions related to TAs, investigations concerning the chem-
istry of MCCs might provide benefits in other applications
as well. MCCs are investigated as candidates for new
pharmaceuticals [18–21], were found to be formed in nu-
clear waste [22] and are under investigation to provide
access to new radioactive ion beams at accelerator facilities
[23, 24].

The influence of process gas purification on the for-
mation and transport of MCCs was investigated in this
study using various purification columns. Derived from
that, a new strategy for the synthesis of volatile compounds

from Mo, Tc, Ru and Rh under single-atom chemistry
conditions based on the addition of macro amounts of
MCCs, namely Fe(CO)5, Mo(CO)6, Re2(CO)10, and Ni(CO)4, is
presented as a useful alternative to previous approaches.

At last, a tentative formation reaction mechanism
including macro amounts of MCCs and an estimation of
maximum overall yields, which can be expected using the
new strategies, will be given.

2 Experimental

The FORA-system located at the University of Bern, Switzerland, was
used for the investigations described here. It is described in detail
elsewhere [17]. Briefly, the operation principle of FORA is based on a
252Cf-source, which is producing, amongst others, short-lived Mo, Tc,
Ru and Rh isotopes over its spontaneous fission decay branch (about
3%) at a rate of a few atoms per second. The fission products are
recoiling from the source into a reaction chamber, which is constantly
flushed by a CO-containing gas mixture. Depending on the reaction
conditions, the elements Mo, Tc, Ru and Rh form volatile compounds
in CO, which are transported further by the gas stream. They are
flushed through a 2 m-long PFA-TEFLON® capillary of 2 mm inner
diameter to reach a charcoal trap where they are adsorbed long
enough to decay. Their decay is monitored by a HPGe γ-detector using
the spectroscopic data summarized in Table 1. The obtained spectro-
metric signal is directly proportional to combined chemical and
transport yields for the associated species under the applied reaction
conditions. It is therefore possible to search for optimum reaction
conditions for synthesis and transport of volatile Mo, Tc, Ru and Rh
compounds under single-atom chemistry conditions and investigate
the influence of various reaction parameters [17, 25].

Since FORA is operated as a closed gas loop, it can be continu-
ously run without exchange of the process gas during the experiment.
A series of different purification columns can be installed in the loop to
maintain the purity of the used gas mixture. A Mass-Flow-Controller
(MFC) is used to control the gas flow rate in the loop. Additionally, a
pressure sensor and hygrometer are mounted in front of the reaction
chamber. Additional gaseous substances, e.g. H2O, O2 or inactive
MCCs, can be easily added to the system and will distribute homoge-
neously in the process gas. It is not excluded that the charcoal trap
used for catching the radioactive MCCs will partially also adsorb
added impurities. However, in the closed system an equilibrium
between impurities adsorbed to the charcoal and impurities remaining

Table : Isotopes investigated with their γ-lines and γ-branching
ratios as described in [].

Nuclide γ-energy γ-branching

Mo ./. keV /%
Tc . keV %
Ru . keV %
Rh . keV .%

The two peaks investigated for Mowere not properly resolved. They
were integrated together.
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in the gas phase will be established. Therefore, addition of various
compounds to test their influence on MCC formation is straightfor-
ward. Impurities will remain in the process gas either until they are
removed by a dedicated purification column or until the process gas is
exchanged.

The isotopes 104Mo, 107Tc, 110Ru and 111Rh were investigated as
markers for their corresponding MCC compounds as described in [17].
Note that when using FORA, Mo, Tc, Ru and Rh are always simulta-
neously investigated during the same measurement.

Care must be taken to minimize the influence of precursor effects
when choosing appropriate isotopes for investigation. The isotopes
investigated herewere chosen accordingly to avoid such effects. It was
observed in previous studies [17, 25] that the four investigated ele-
ments show independent behavior. This would not be the case if their
behaviors were significantly dominated by precursor effects. A
detailed explanation on how these isotopes were selected to avoid
precursor effects can be found in [17].

Figure 1 depicts schematically the FORA-setup as used during the
investigations presented here. A more detailed schematic represen-
tation of the reaction chamber in the FORA setup is shown in Figure 2.
Dew point, pressure and gas flow of the used process gas are contin-
uouslymonitored and can therefore be assured to stay constant during
operation. By default, two purification columns can be installed into
the FORA-setup. Both columns can be bypassed completely or sepa-
rately and can easily be replaced. Seven different columns were used
during this study: A Sicapent™, MicroTorr 602F, MicroTorr 902F,
nickelmetal, Mo(CO)6, Re2(CO)10 and heated charcoal. Sicapent™was
purchased from Merck, nickel (low carbon) from Johnson Matthey &
BrandenbergerAG,Mo(CO)6 fromFluka andRe2(CO)10 (98%) aswell as
the used charcoal were obtained from Sigma-Aldrich. Nickel was

reduced prior to usage by exposing it to a flow (25mL/min) of 100%H2

(99.999% from Carbagas) at 900 °C for 1 h. The Mo(CO)6 and Re2(CO)10
columnswereheated to 100 °C to facilitate the evaporation of theMCCs
into the process gas online during operation. 300mg of nickel, 150mg
of Mo(CO)6 and Re2(CO)10 were placed between quartz plugs to keep
the material in place inside of steel-pipes forming the corresponding
columns. Empty steel-pipes treated similarly to the filled ones were
shown in preparatory measurements to not impact the overall
MCC-yield significantly. The results are included in the supporting
information. The MicroTorr 602F and MicroTorr 902F cartridges are
professional purification columns manufactured by SAES Pure Gas
Products. The MicroTorr 602F cartridge is specifically designed to be
operated with CO-gas. According to the manufacturer, it removes all
impurities, except noble gases, N2 and H2, to concentrations of a few
ppb. It does not release any impurities into the process gas by itself [26,
27]. The MicroTorr 902F column on the other hand is designed to be
operated in noble gases and N2. As it contains metallic nickel, it will
potentially release Ni(CO)4 upon contact with CO [27, 28]. The charcoal
column was made by filling 800 mg of charcoal into a steel-pipe with
quartz-wool plugs at each side. An additional filter was placed right
after the charcoal column (in gas flow direction), to prevent the acci-
dental release of charcoal dust into the loop. The charcoal columnwas
heated at 450–500 °C under vacuum overnight prior to application.
Care was taken to avoid contact with air after the heating procedure.
Note here the difference between the charcoal trap always used for
detection behind the reaction chamber and the charcoal column used
in only one study for gas purification in front of the reaction chamber.

The Sicapent™ is used to selectively remove moisture from the
process gas, but no other impurities. The MicroTorr 602F column is
specifically designed to clear CO-gas. It removes various impurities

Figure 1: The FORA-system as used during the studies presented here. Three Mass-Flow-Controllers (MFCs) are installed, of which two (MFC1
and MFC2) are used to mix gases upon filling FORA while MFC3 is used to control the gas flow through the system. An analog Volume-Flow-
Meter (VFM) is used as an additional control of the internal gas flow. Pressure and dew point are monitored in front of the 252Cf-source. Up to
two purification cartridges can be installed (Columns 1 and 2). They can be bypassed separately. The green arrows represent the gas flow
pathway during initial filling of the system while the blue ones mark the flow during regular loop operation. The circles represent three-way
valves. Parts shown in red aremade fromPFA-TEFLON®, parts in black andblue aremade fromsteel 316L. The parts in blue are only required for
filling the system with fresh process gas. Additionally the isothermal chromatography (IC-Setup) is indicated, consisting of a quartz column
that can be cooled down to low temperatures. This setup can be introduced into the loop to chromatographically separate volatile products.
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including O2, H2O, CO2, MCCs, acids, bases and various organics to
impurity levels <1 ppbV. TheMicroTorr902F column removes the same
impurities down to levels <100 pptV. Additionally, it also removes H2.
However, since the MicroTorr902F column is based on a medium
containing nickel, it is not expected to work properly in a CO atmo-
sphere. It emits Ni(CO)4 upon contact with CO [27].

Fe(CO)5 (>99.99%) was provided by Sigma-Aldrich. Since it is a
liquidwith high volatility at room temperature, it was injected into the
running FORA-system using a dedicated setup depicted in Figure 3.
This setup was designed to be easily attachable and removable from
FORA. It was installed at the “Column 1” position (Figure 1). The
procedure of injecting Fe(CO)5 was as follows: V3was closedwhile the
other valves were all opened. If necessary, a fresh membrane was
attached in front of V1. The injection system was evacuated, before
being filled with the investigated carrier gas. V2 was closed. Since
Fe(CO)5 is toxic, the setup was detached between V2 and V3 before
being transferred to a fume hood. There, Fe(CO)5 was injected with a
syringe through themembrane into the volume between V1 and V2. V1
was closed directly afterwards to minimize intake of air through the
pierced membrane. The setup was then re-attached to the FORA-loop
and the space between V2 and V3 was evacuated using a turbo
molecular pump Hi-Cube® from Pfeiffer Vacuum to remove in the
connecting parts. To add Fe(CO)5, V4 was closed and V2/V3 were
opened. The injection setupwas therebyflushedwith process gas from
FORA and Fe(CO)5 was thus injected into the process gas flow.

A number of studies were devoted to further investigate the
observed effects. Ni(CO)4was chosen in all these investigations.Due to
its in-situ synthesis, Ni(CO)4 is easier to be introduced in the
FORA-system than the other investigated inactive MCCs without the
risk of introducing air contaminants.

It is not trivial to convert the amounts of inactive MCCs added to
the FORA-system into volume fractions. Fe(CO)5 is liquid at room
temperature but has a high vapor pressure, so it can be assumed to
completely evaporate upon being injected into the FORA-setup.

Assuming Fe(CO)5 to behave like an ideal gas, it can be calculated that
adding 100 μL of Fe(CO)5 into the FORA setup corresponds to roughly
0.2 Vol.-%, which corresponds to the amounts used in this study.
However, it must be emphasized that the real amount of Fe(CO)5
content in the process gas is lower by an unknown amount due to
adsorption of Fe(CO)5 on the inner surfaces of FORA and especially on
the used charcoal trap. For inactiveMo(CO)6 andRh(CO)10, calculating
the amount of inactive MCCs in the gas phase is much more difficult
since both compounds are solids at room temperature. It can therefore
not be assumed that they completely evaporate into the process gas of
FORA and adsorption effects are expected to be more severe. There-
fore, it is not possible to give exact volume fractions for those com-
pounds when adding them to the FORA-setup. Ni(CO)4 on the other
hand is synthesized in situ frommetallic nickel. The volume fraction in
FORAwill therefore be again dependent on the adsorptionon steel and
especially charcoal aswell as on the kinetics of the chemical formation
reaction. Therefore, any volume fraction estimate would be arbitrary.

The yield dependence of fission-product MCCs in a system con-
taining a nickel column upon insertion of a MicroTorr 602F purifica-
tion column was investigated. Using a different source of metallic
nickel – a MicroTorr 902F column – the previous observations ob-
tained using a nickel-filled steel-tube were confirmed. Additional
mass spectrometric investigations proved the formation of Ni(CO)4
and its distribution along the entire process gas. For these studies a
Cirrus 2® mass spectrometer from MKS instruments was used. The
mass spectrometer was attached to the FORA system using three-way
valves being installed before starting the corresponding measure-
ment. Sampling was performed without interrupting the gas flow. The
gas was injected directly into the ionization source of the mass spec-
trometer without any additional treatment.

To bolster speciation of single MCCs and to disprove the forma-
tion of mixed polynuclear MCCs isothermal chromatography (IC)
measurements were performed using a coiled open quartz tube with a
length of 2.4 m and inner diameter of 2 mm. The tube was placed in a

Figure 2: Schematic representation of the reaction chamber in the
FORA setup [17]. The cross-section of the chamber is shown and the
position of the 252Cf source is indicated as a black bar. Process gas
enters the reaction chamber through the two gas-inlets before
leaving the chamber again through the gas outlet. Between reaction
chamber and 252Cf source, a shutter-wheel is mounted which can be
used to open and close the reaction chamber towards the source
[17].

Figure 3: Setup used to add Fe(CO)5 into the FORA-system.
The procedure is explained in the text. The blue part represents a
membranewhile the red circles represent two-way valves labeled V1
to V4. The system is based on Swagelok®.
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Dewar filled with ethanol. Dry ice and liquid N2 were used for cooling
and keeping the temperature constant. A K-type thermocouple was
used to monitor the temperature of the cooling bath. The IC setup was
installed between the reaction chamber and charcoal trap. MCCs
produced in the reaction chamber therefore had to travel through the
cooled quartz column of the IC to be detected at the charcoal trap. The
measurements were performed using 100% CO at 1.00 bar and a gas
flow rate of 1000 mL/min. A Sicapent™ column was always online to
prevent any ice formation in the IC column. From the results of the IC,
the adsorption enthalpy of the produced, volatileMo-compoundswith
andwithout addition of macro amounts of Ni(CO)4 could be compared
with reference values. Thus, additional information towards a
possible speciation of the reaction products under such conditions
were obtained.

Lastly,measurements using a Sicapent™ column in combination
with a MicroTorr 602F cartridge for intense gas purification and
measurements using the combination of a Sicapent™ and a nickel
columnwere compared. In both cases 100%COwas used at a pressure
of 1.5 bar and at a gas flow rate of 1800 mL/min. These conditions
provided optimum reaction conditions according to our previous
investigations [17, 25]. Note, 1800 mL/min at 1.5 bar is the highest gas
flow that can be reached with FORA in a reproducible way in this
configuration.

Generally, in all experiments a lot of care was taken to avoid the
accidental intake of air into the process gas at any time. The charcoal
traps used for detection as well as the process gas were exchanged
before each measurement series. The process gas was exchanged by
evacuating the system using a turbo molecular pump Hi-Cube®

(Pfeiffer Vacuum GmbH), before filling it with fresh gas up to the
desired pressure and gas flow. All charcoal trapswere heated out prior
to usage at 150 °C with a gas flow rate of 110 mL/min N2 applied. CO
(99.995%) and He (99.999%) were obtained from Carbagas.

To allow for continuous measurements over long time spans, an
automation script based on LabVIEW (V14.0.1) was used to automat-
ically save and restart measurements. Spectra were recorded with a
HPGe-γ-detector and analyzed using Genie2k®. Both are products of
Canberra GmbH. For the analysis of small overlapping multi-peaks in
the gamma spectra the multi peak fitting package of Origin®Pro was
used. The data are generally corrected for the decay of 252Cf for
consistency.

3 Results and discussion

3.1 Purification systems

3.1.1 Comparison of purification systems

The synthesis of MCCs in FORA was investigated as a
function of time over multiple days. In Figure 4, changes of
yield are compared for three different purification setups
installed in front of the FORA reaction chamber.

The data shown in Figure 4weremeasured using 100%
CO at 1.00 bar at a gas flow rate of 1000 mL/min. Consec-
utive γ-measurements were performed with a duration of
1 h each. All macroscopically observable parameters were
held constant during the entire three measurement series.

The dew point did not exceed the detection limit of −100 °C
for all measurements including a Sicapent™ column.
During the measurements series using no columns at all,
the dew point slowly increased from below −100 to −83 °C
over time, corresponding to an increase of the water con-
tent in the carrier gas between about 20 and 400 ppbv.

An initial, time-dependent increase of overall yield is
well visible for Mo, Tc and Ru. For Rh it is missing. Similar
behaviors were already observed in the past using the
FORA-setup [17]. Particularly, forMo but to a smaller extent
also for Ru and Tc, the addition of a MicroTorr 602F
cartridge results in lower chemical and transport yields in
comparison with measurements using only a Sicapent™
column or no purification columns at all. The remarkable
exception is Rh, which is the only investigated element for
which the MicroTorr 602F purification column increased
the obtained yield.

3.1.2 Effect of intense gas purification

After the observation that efficient cleaning of the carrier
gas appears to lower the overall yield forMCCs, a long-term
measurement series was performed to further investigate
and confirm the previous observation. Figure 5 allows to
estimate the effect of intense gas purification onto forma-
tion and transport yields of volatile Mo, Tc, Ru and Rh
compounds. FORA was operated with 100% CO at 1.00 bar
and applying a gas flow rate of 1000 mL/min. The dew
point was below −100 °C for the entire experiment. The
process gaswas not exchanged. Pressure and gasflowwere
constant. The only parameter varied was the type of gas
purification. A Sicapent™ column was always used to
avoid accumulation of H2O. The MicroTorr 602F column
could be introduced or bypassed using two three-way
valves. It was not necessary to stop the gasflow for this. The
MicroTorr 602F columnwasfilledwith 100%COprior to the
experiment. Therefore, even the slightest pressure drop
could be excluded upon insertion of the additional column.

During the first 64 h, only a Sicapent™ column was
used for gas purification. The usual increase of MCC-yield
as a function of time is observed for all elements expect Rh.
After 65 h, the MicroTorr 602F purification column was
introduced. A continuous and strong decrease in yield is
immediately observed for Mo and Ru. The same behavior is
observed for Tc but less pronounced. Rh is the only element
showing an increase in yield upon addition of the addi-
tional column. After a total of 138 h, the MicroTorr 602F
column was removed again. For Mo and Ru, this results in
an increase in yield. For Tc the same is observed but to a
weaker extend. For Rh, the yield decreases.
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An initial increase of formation and transport yield as a
function of time is observed for MCCs of all elements expect
Rh in Figures 4 and 5. This behavior was attributed in pre-
vious investigations partially to the desorption of H2O from
the inner FORA-surfaces and its subsequent absorption by
the used purification columns. It was shown in [17] that H2O
reduces the formation and transport yields for MCCs of Mo
andRu even in small amounts. The effect of H2O onto Tc and
Rh was found to be less pronounced, which is in agreement
with the observations made here. The assumption that trace
amounts of water lower MCC-yields, is also in agreement
with the obtained maximum yields at varied purification
condition. Yields obtained after about 12 h for a system
without gas-purification are reduced in comparison to
measurements duringwhich a Sicapent™ columnwas used
as a H2O-getter (see Figure 4).

However, the moisture content of the process gas
cannot explain the observation that a MicroTorr 602F col-
umn reduces overall theMCC-yields. The yields obtained for
using a MicroTorr 602F professional purification column
were generally the lowest. Since the MicroTorr 602F column
is also removing H2O from the process gas to <1 ppb, the
addition of this column into the loop would be expected
to increase the yields. Additionally, the yields obtained
without purification columns were found to be rather con-
stant despite the increasing dew point, which is again not in
agreement with the assumption that the effects are purely
based on the reactions induced by H2O traces. Only large
amounts (dew point > −40 °C) of H2O were found in [17] to
increase the overall yield for volatile Tc compounds while
smaller amounts (dew-point < −40 °C), relevant for the
current study, had no significant impact. Therefore, also the

Figure 4: Results of long-term measurements comparing the change in MCC-yield over time for three different combinations of purification
columns. Experimental details are given in the text below. The three compared purification setups are: No purification cartridges at all (red
circles), only a Sicapent™ column (blue squares) and a Sicapent™ column followed by aMicroTorr 602F cartridge (black diamonds). The data
are shown for all four investigated isotopes and are normalized to the highest yield. The error bars correspond to the statistical error of the
measurement.

804 Y. Wittwer et al.: Gas purification and addition of macro amounts



observations for Tc cannot be explained based on the
moisture content of the process gas.

Theobservations related to theMicroTorr 602F cartridge
are fully confirmed by the data depicted in Figure 5. It ap-
pears that intense gas-purification is lowering the overall
MCC-yields. TheMicroTorr 602F cartridge seems to remove a
species boosting the synthesis and transport of MCCs. It is
worth noting that despite the yield being reduced upon
addition of the MicroTorr 602F cartridge, it is still higher
than the initial value obtained at the very beginning of the
measurement series. It is therefore concluded that the
observed behavior is actually a combination of two coun-
teracting effects: The removal of H2O on one side and a
possible yield decrease due to the removal of an unknown
boosting impurity on the other side. After removal of the

MicroTorr 602F cartridge from the loop, a strong and fast
increase of yields is observed for Mo, Ru followed to a
smaller extend by Tc. This could be explained by assuming
an in-situ synthesis of the favorable impurity inside of the
FORA-setup accumulating in the carrier gas. Rh is the
exception here. It actually behaves as a compound being
very sensitive to various impurities. An improved purifi
cation setup generally increases the yield for vola
tile Rh-compounds. This is in agreement with previous
investigations concerning the impact of impurities ontoMCC
formation, where Rh showed a high sensitivity towards
small amounts of O2 which are removed by the MicroTorr
602F cartridge [17]. As derived in the next chapter, it is
currently assumed that these yield increasing impurities are
inactive MCCs, especially Fe(CO)5 and Ni(CO)4, which are

Figure 5: Results from long-term measurements investigating the effect of intense gas purification onto the formation of MCCs. Data are
shown for all four investigated elements. The experimental conditions are given in the text. The active purification columns used in each step
arewritten at the bottomof the plot. The vertical lines stand for changes to the purification system. Blue dashed line, insertion of theMicroTorr
602F cartridge. Green dotted line, removal of the MicroTorr 602F-cartridge. The data are normalizes to the highest yield. The error bars
correspond to the statistical error of the measurement. The connecting lines between the symbols shall guide the eye.
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formed in situ during operation of FORA with CO and which
are removed from the process gas upon the introduction of
purification columns.

3.2 Carbonyl-boosters

The observations presented in Figures 4 and 5 point to-
wards the existence of an unidentified gas component
which is able to increase chemical and/or transport yields
for volatile species formed by Mo, Tc, Ru and potentially
Rh. The previously shown data suggest that such a
component would be absorbed by the MicroTorr 602F
cartridge, but not by a Sicapent™ column. Additionally, it
might be synthesized or/and accumulated over time in-
side of the FORA-setup giving rise to the continuously
increasing yield within the first 12 h after each gas ex-
change as also observed in previous experiments [17, 25]
and visible also in Figure 5 in the first 64 h and after the
removal of the MicroTorr 602F cartridge. The effect of
multiple impurities onto formation and transport of MCCs
was already investigated in [17, 25]. Any influence from
possible traces of CO2, CH4, H2, Ar and ambient air in the
CO-gas can therefore be safely excluded.

A common yet not investigated impurity typically
present in CO-gas are inactive metal carbonyl-complexes,
most importantly Fe(CO)5 and Ni(CO)4. The majority of the
FORA-system is based on steel, 316L, which contains
mostly iron, about 12.5–15% nickel, 17–19% chromium and
2.5–3% molybdenum [29]. Those elements might form
inactive MCCs upon contact with CO. Additionally, the
charcoal used to trap the volatile reaction products formed
by Mo, Tc, Ru and Rh contains metal impurities potentially
forming inactive MCCs. The manufacturer gives the con-
tents of Fe, Ni and Co in the used charcoal as ≤1% for Fe
and ≤0.005% for Ni and Co. It is expected that such inactive
MCCs are responsible for the effects described in chapter
3.1. The increase in yield as a function of time is expected to
be related to removal ofmoisture on one side [17] and the in
situ formation of inactive MCCs on the other. The decrease
in yield upon introduction of efficient purification setups is
expected to be causedby the removal of inactiveMCCs from
the process gas by the employed purification columns.

Particularly, the formation of Fe(CO)5, due to the vast
abundance of iron in steel and charcoal, and of Ni(CO)4,
due to its mild and rather efficient synthesis conditions,
appear likely.

Fe + 5CO→ Fe(CO)5
Ni + 4CO→ Ni(CO)4

Both compounds are volatile enough to be transported
in the gas phase. Hence, a series of investigations

concerning the addition of Fe(CO)5, Ni(CO)4 and other
inactiveMCCswas performed to evaluate their influence on
the formation and transport yield of radioactiveMCCs. Note
the difference between inactive MCCs and radioactive
MCCs to avoid confusion. Inactive MCC refers to macro
amounts of MCCs, for example Ni(CO)4 and Fe(CO)5, which
are added to the process gas. Radioactive MCC refers to
MCCs formed by 252Cf fission products in the FORA reaction
chamber, namely 104Mo(CO)6,

110Ru(CO)5 and the com-
plexes formed by 107Tc and 111Rh. To avoid confusion,
substances that are expected to increase the yield for for-
mation and transport of radioactive MCCs will be referred
to as “boosters”. Macro amounts of four different carbonyl
complexes were tested for their potential use as boosters:
Fe(CO)5, Mo(CO)6, Re2(CO)10 and Ni(CO)4.

As it is visible in the measurements shown here, it was
always waited for multiple hours before adding inactive
MCCs to the process gas. During this time, continous
measurements were already performed to observed time
dependent changes in the FORA system and to make sure
that the system reached a certain degree of stability before
adding the inactive MCCs. It is important to point out that
the goal of this initial waiting period was not to remove
time-dependent effects, as this would require a lot of
waiting time. Instead, the goal was to make sure that time
dependent changes in yield are small in comparison to the
actually targeted effects i.e., the effects of adding inactive
MCCs to the system are much stronger than the effect the
system shows as a function of time. If not pointed out
otherwise in the corresponding discussion, the changes on
yields caused by the introduction of boosters are always
much stronger than the remaining time dependent yield-
changes after the initial waiting time.

3.2.1 Fe(CO)5

First experiments were performed using Fe(CO)5 as a
booster. The procedure used to add Fe(CO)5 to the FORA
process gas is described in the experimental part.

Figure 6 illustrates the effects of Fe(CO)5 onto the
overall yield for radioactive MCCs. Before addition the
usual increase of yield over time is visible. The addition of
about 100 μL Fe(CO)5 increases the yield for volatile Mo,
Ru and Rh species sharply. For 104Mo, the increase in
signal is about 20%, for 110Ru 30% and for 111Rh 60–70%.
Particularly, for Mo it is remarkable that the usual time
dependent, slow increase of yield vanished after adding
Fe(CO)5. For

107Tc, no significant effect was observed. In
order to be sure that the observed effect was really caused
by Fe(CO)5, an additional measurement without using
CO-gas was performed.
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Figure 7 shows the results from measurements per-
formed in 100% He at 1 bar and a gas flow of 1000 ml/min
in FORA. Initially, as expected, no volatile radioactive Mo,
Tc, Ru and Rh species were synthesized and transported
while only He was flowing through the system. Using the
same procedure as before, 100 μL of Fe(CO)5 were injected
17 h after starting the continuous measurement series. The
formation and transport of volatile Mo, Tc, Ru and Rh
species is immediately observed. Adding another 100 μL of
Fe(CO)5 at the 21 h mark caused an additional increase in
yield. Measurements were continued overnight without
additionalmanipulation of the process gas. Over about 9 h,
a decrease in yield was observed until a decently stable
signal was achieved. At the 42 h mark, a charcoal column
(see experimental part) was introduced into the gas loop
and heated to 300 °C, causing an immediate yield drop for
Mo, Ru and Rh. 107Tc is the exception. Its signal is reduced

only slowly over time, even after insertion of the charcoal
column.

The green, horizontal lines in Figure 7 mark the
expected yield assuming complete decomposition of all
added Fe(CO)5 into Fe and CO according to the reaction:

Fe(CO)5 → Fe + 5CO

or release of CO due to partial dimerization according to:

2Fe(CO)5 → Fe2(CO)9 + CO

The corresponding calculation is based on the
assumption that the decomposition of the macroscopic
Fe(CO)5 carbonyl will lead to a significant increase of the
CO-concentration in the loop that otherwise contains only
helium. The details are given in the supporting informa-
tion. In all cases, the obtained yields upon addition of
Fe(CO)5 are higher than the predicted ones.

Figure 6: Effect of macroscopic Fe(CO)5 onto the yield of simultaneously measured radioactive MCCs in pure CO. Fe(CO)5 was added to 100%
CO at 1 bar and flowing at 1000 ml/min in the FORA-loop. Only a Sicapent™ column was used for purification. The data are normalized to the
last yieldmeasured before adding Fe(CO)5. The vertical, dashed, blue linesmark the point of 100 μL Fe(CO)5 injection. The error bars represent
the statistical error of the measurement.
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All inactive MCCs tested in this study showed different
degrees of booster activity. All of them were able to in-
crease selectively the yield for at least Mo and Ru carbonyl
formation.

For Fe(CO)5 the obtained data show that it acts as a
booster for volatile Mo, Ru and Rh species. As FORA is
largely based on steel-tubes and the charcoal used as trap
containing iron impurities, it is likely that Fe(CO)5 will
accumulate in the process gas during prolonged loop
operation. A slow increase of overall yields for volatile Mo,
Ru and Rh species can be expected. Indeed, this increase is
generally observed over time using the FORA-setup (see
e.g., Figure 4). This observation can be on one hand related
to the drying of the loop gas. On the other hand the slow
accumulation of Fe(CO)5 and other inactive MCCs like

Ni(CO)4 and Cr(CO)6 can permanently increase the yield
until a certain equilibrium saturation.

Experiments with Fe(CO)5 startingwith pure He confirm
theobservationspreviouslymade inCO.An increase in yield
for Tc was observed in He as well upon Fe(CO)5 addition –
differently from the measurements in pure CO. Fe(CO)5 is
assumed to be not completely stable in He and therefore it
might decompose or dimerize releasing free CO into the
process gas. Assuming that the reaction with Fe(CO) to
produce volatile species is more efficient than the reaction
with pure CO, the experimentally observed yield decreases
until anequilibriumbetween freeCOandFe(CO)5 is reached.
Hot charcoal provides a large surface onto which Fe(CO)5
will adsorb and decompose. Therefore, introducing a hot
charcoal cartridge into the loop causes additional Fe(CO)5 to

Figure 7: Effect of macroscopic Fe(CO)5 onto the yield of simultaneously measured radioactive MCCs in pure He. Fe(CO)5 was added in two
steps to 100%He at a pressure of 1 bar and a gas flow of 1000ml/min in FORA. Only a Sicapent™ columnwas used for purification. The dashed
blue lines mark the time of the two Fe(CO)5 injections, 100 μL each. The green, dotted lines mark the insertion of a charcoal column being
heated to 300 °C. The data are normalize to the highest yield. The error bars represent the statistical error of themeasurement. The horizontal,
straight, green lines in each plot mark the expected yield upon assuming a complete decomposition of the added Fe(CO)5 into metallic Fe and
CO, thus increasing the CO content in the He gas loop (for details see text).
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decompose into Fe and freeCO,which is clearly lowering the
yield for the formation of volatile Mo, Ru and Rh species,
despite an expected slight increase in CO concentration.
This is not surprising if one assumes Fe(CO)5 to be a more
efficient reagent for the formation of volatile Mo, Ru and Rh
species than pure CO. Since the reaction with pure CO is
disfavored in comparison to the reaction with Fe(CO)5,
converting Fe(CO)5 into Fe and CO does not increase but
lower the observed yield. The predicted overall yields
assuming full decomposition of Fe(CO)5 upon insertion of
hot charcoal were exceeded in all cases. It is possible that
the hot charcoal did not completely decompose all Fe(CO)5
in the process gas. A direct reaction between thermalized
atoms of Mo, Ru and Rh and Fe(CO)5 can be tentatively
concluded, which results in the synthesis of chemical spe-
cies volatile enough to be transported and registered at the
charcoal trap. Addition of more Fe(CO)5 enhances the for-
mation of volatile species as expected.

The behavior observed for Tc is an exception in this
regard. In pure He, its yield does increase when Fe(CO)5 is
added to the carrier gas but only decreases slowly, both,
over time and after insertion of a heated charcoal column.
It appears that Tc-MCC formation follows a different
mechanism upon contact with Fe(CO)5 than the other ele-
ments investigated. As the reactionwith Fe(CO)5 appears to
be not largely favored over the reaction with free CO, the
decomposition of Fe(CO)5 does not lower the formation
yield of Tc-MCCs. This is consistent with the observation in
pure CO, where the addition of Fe(CO)5 does not signifi-
cantly increase the observed yield. The agreement with the
data shown in Figure 5 is striking. If it is assumed that the
observed decrease in yield upon intense gas purification is
at least partially caused by the removal of inactive MCCs
accumulating in the FORA-setup, onewould indeed expect
Tc to only slightly react upon insertion of the MicroTorr
602F purification cartridge. Rh showed increasing yields
upon insertion of the MicroTorr 602F column despite its
yield being enhanced by Fe(CO)5 as well. This is probably
caused by its strong sensitivity towards small amounts of
other impurities in the process gas, such as O2, which was
previously shown particularly inhibitive towards Rh-MCC
formation [17].

Note that the chemical and transport yields for volatile,
radioactive species obtained with Fe(CO)5 in pure He are
low in comparison with measurements performed in CO,
also due to stopping range issues [17]. Generally, the
highest yields are observed in CO with Fe(CO)5 added,
followed by pure CO. Nevertheless, the data imply that
indeed Fe(CO)5 participates in the formation reaction of
MCCs from single atomic fission products.

The other three investigated, inactive MCCs appear to
behave as boosters as well. A direct quantitative compari-
son between the used, inactive MCCs is not trivial as they
differ in volatility and thus different amounts are present in
the gas phase.

3.2.2 Mo(CO)6

Inactive Mo(CO)6 added to 100% CO was tested for its
booster properties. It must not be confused with radioac-
tive 104Mo(CO)6, which is synthesized from 252Cf fission
products.

Like the previous inactive MCCs, inactive Mo(CO)6
was found to increase the yield for formation/transport of
radioactive MCCs for Mo and Ru (see Figure 8). For Tc, no
effect is visible as the increasing yield cannot be differ-
entiated from the usual increase over time. The data for Rh
are not showing a clear effect as well. For 104Mo it is
interesting to note that the increase in yield appears to be
slower compared to the additions of Fe(CO)5 (see Section
3.2.1) and Ni(CO)4 (see Section 3.2.4).

3.2.3 Re2(CO)10

Re2(CO)10 addition was tested for its booster properties. It
was assumed that Re2(CO)10might be especially well suited
to increase the yield for Tc and Rh by the formation of
mixed di-nuclear complexes (see Figure 9).

A strong boosting effect was observed for Mo and Rh,
increasing the yield for Mo by about 40% and for Rh by
about 60%. For Ru, the effect is only marginal while for Tc,
no effect was observed at all.

3.2.4 Ni(CO)4

Ni(CO)4 is the only MCC that can be synthesized in large
quantities at room temperature and ambient pressure by
bringing metallic nickel into contact with CO. It is a very
toxic and air-sensitive compound. Therefore, it was syn-
thesized in-situ by bringing CO into contact with freshly
reduced nickel in a steel pipe (Ni-column) inside of the
FORA-setup (see experimental part).

Like Fe(CO)5, a Ni-column inserted into the
FORA-setup is increasing the yield for the formation and
transport of volatile Mo, Tc, Ru and Rh compounds (see
Figure 10). Differently from Fe(CO)5, all targeted elements
are affected the same way. It must be emphasized that the
observed increase in yield cannot be directly compared
with the one observed for the addition of Fe(CO)5, since
different amounts of Fe(CO)5/nickel were added in the two
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separated measurement series. Nevertheless, the gain in
yield is remarkably high. For 104Mo and 110Ru, the yield is
doubled. For 107Tc and 111Rh, it increased by almost 75%.

3.3 Detailed study of the Ni(CO)4 booster

3.3.1 Effect of gas purification onto carbonyl boosters

Ni(CO)4 was found to be the only booster capable of
increasing the absolute yields for all investigated radioac-
tiveMCCs.Ni(CO)4 has a lowfirst carbonyl bonddissociation
energy (FBDE) in comparison with other MCCs [30].
Assuming the booster effect of inactive MCCs to be based on
ligand exchange reactions, the relative instability of the Ni-
CO bond might facilitate the CO exchange between Ni(CO)4

and Mo, Tc, Ru and Rh fission products. Additionally, fresh
metallic nickel produced in the decomposition of Ni(CO)4, is
known to be an efficient O2-getter, which is expected to
additionally enhance its booster effect particularly for Rh.

As observed in Figure 11, the exchange of a MicroTorr
602F cartridge with a freshly reduced Ni-column causes a
fast and strong increase in yield for volatile compounds of
Mo, Tc and Ru. The high yield is stable until the Ni-column
is again replaced with a MicroTorr 602F for intense process
gas purification (also for inactive MMCs), upon which the
observed yield was found to decrease again over time. For
Rh, the opposite behavior was observed. If the yield
enhancing effect observed for Mo, Tc and Ru upon addition
of a Ni-columnwas only based on the gettering capabilities
of metallic nickel, one would expect the yield for volatile
Rh compounds to increase as well, as it was demonstrated

Figure 8: Effect of adding inactive Mo(CO)6 to the process gas. The time of inserting the Mo(CO)6 column held at 100 °C into the FORA-loop is
marked by the dashed blue lines. FORA was operated using 100% CO at 1 bar at a gas flow of 1000 ml/min. A Sicapent™ column was used for
purification. The data are normalized to the last yield measured prior to the Mo(CO)6 addition. The error bars represent the statistical error of
the measurement.
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earlier that intense gas purification is increasing the yield
for Rh (cf. Figure 5). Instead, the MicroTorr 602F column
appears to be more favorable for the formation of MCCs
from Rh than a Ni-column producing Ni(CO)4 as a booster.

As a cross-check of the experiments performed with a
Ni-column, it was decided to use an alternate source of
Ni(CO)4 for confirmation. A MicroTorr 902F purification
column is expected to show a similar performance as the
freshly reduced Ni-columns usually employed in this
study, as it is based on a purification medium containing
metallic nickel [28]. No long-term measurements were
performed in this case, but as expected, a fast and strong
increase in yield was observed for all investigated MCCs of
Mo, Tc, Ru and Rh if the nickel-containing MicroTorr 902F
column was introduced to the loop.

The measurements were started directly after filling
FORA with fresh process gas. A slightly higher pressure in

connection with a slightly lower gas flow rate than usual
were chosen, being 1.25 bar and 900mL/min. Compared to
themeasurement with a Sicapent™ column only, for 104Mo
the gainwas a factor of 2.8, for 107Tc a factor of 2.2 for 110Ru a
factor of 3.2, and for 111Rh a slight increase by a factor of 1.3
has been observed.

The data are in agreement with previousmeasurements
using a Ni-column. Aparently, the nickel content in the
MicroTorr 902F column leads to an increase of the overall
yield of MCCs formed by all investigated isotopes. For Mo
and Ru, the obtained increase in yield is higher than the one
previously obtained (see Figure 10). This could be caused by
the slightly higher overall pressure of the process gas [17].
But a MicroTorr 902F column is also expected to show
increased yields for the formation of Ni(CO)4, likely due to
higher dispersion of nickel, and additionally better gas
purification capabilities than the self-made nickel columns.

Figure 9: Effect of adding inactive Re2(CO)10 to the process gas. The time of inserting the Re2(CO)10 column at 100 °C is marked by the dashed
blue lines. A Sicapent™ column was used for purification. FORA was operated using 100% CO at 1 bar at a gas flow rate of 1000 mL/min. The
data are normalized to the last yield measured prior to Re2(CO)10 addition. The error bars represent the statistical error of the measurement.
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3.3.2 Mass spectrometric analysis

To elucidate the processes related to the MicroTorr 902F
cartridge, mass spectroscopic investigations of the process
gas were performed. The gas was sampled from two spots:
Right in front of the reaction chamber, monitoring the gas
available for reaction and right after the charcoal trap,
monitoring the gas after being filtered by the charcoal trap.

As expected, the use of CO-gas in conjunctionwith the
MicroTorr 902F column leads to the formation of Ni(CO)4.
The corresponding species are visible in the mass spectra
shown in Figure 12. Ni(CO)4 was detected in front of the
reaction chamber as well as after the charcoal trap, indi-
cating that macro amounts of Ni(CO)4 are indeed not
completely retained by the charcoal trap. The spectrum
shown on the right side of Figure 12 allows identifying

naturally occurring isotopes of nickel as well as the
fragments Ni(CO)1, Ni(CO)2 and Ni(CO)3. Additionally,
56Fe is visible in the mass spectrum, indicating the for-
mation of Fe(CO)5 in the process gas as well.

Additional mass spectra were measured in front of the
reaction chamber with a MicroTorr 602F purification col-
umn being used (see Figure 13). As expected, Ni(CO)4 or
Fe(CO)5 could not be detected under these conditions as
well as O2. Note here again, that the

111Rh carbonly forma-
tion was very sensitive towards traces of oxygen. Thus, this
purification column, which removes efficiently oxygen,
was always shown to increase the formation and transport
yields of 111Rh carbonyl.

The mass spectrometry data presented are in complete
agreement with relating the booster effect observed for Ni-
columns to the formation of Ni(CO)4. Figure 11 reveals that

Figure 10: Effect of a Ni-column onto the yield for simultaneously measured volatile Mo, Tc, Ru and Rh compounds. Hundred percent CO at
1 bar at a gas flow of 1000mL/min were used in FORA. Only a Sicapent™ columnwas used for purification. The data are normalized to the last
yield measured before introducing the Ni-column. The vertical, dashed, blue lines mark the point at which the Ni-column was inserted. The
error bars represent the statistical error of the measurement.
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the booster effect upon addition of a Ni-column can indeed
be slowly eliminated by replacing the Ni-column with a
MicroTorr 602F purification cartridge which acts as a
Ni(CO)4 trap. The MicroTorr 602F cartridge was confirmed
to remove MCCs from the process gas [27]. The increase in
yield induced by the addition of a Ni-column is therefore
assumed to be indeed causedby the formation ofNi(CO)4. It
is likely that the oxygen-gettering capabilities of freshly
reduced nickel are increasing the effect. Nevertheless, it
must be considered that the MicroTorr 602F column is
actually very efficient at removing impurities from the
process gas as well. The data shown in Figure 5 reveal that
the MircoTorr 602F actually lowers the yield for the for-
mation of radioactiveMCCs. The purification capabilities of
reduced nickel are unlikely massively superior to the ones

of a MicroTorr 602F cartridge, which would be a necessary
condition to explain the opposite effect of the two columns
based on purification only. The booster effect of a Ni-
column can therefore be clearly assigned to the formation
of Ni(CO)4.

A MicroTorr 902F purification column, which is based
on a nickel containing medium, showed the same effect as
the self-made pure Ni-columns. Both columns are expected
to release Ni(CO)4 upon contact with CO. Additionally, the
MicroTorr 902F purification column removes trace amounts
of water and oxygen. The mass spectra in Figure 12 confirm
the formation of Ni(CO)4. The signal assigned to 56Fe might
indicate the formation of Fe(CO)5 as well in the FORA-setup.
The peaks corresponding to inactive MCCs are vanishing
upon addition of a MicroTorr 602F column, which is in

Figure 11: Long-termmeasurement series with different columns being introduced into the process gas loop of FORA. FORAwas operatedwith
100% CO at 1.00 bar at a gas flow rate of 1000 mL/min. A Sicapent™ cartridge was online during the entire measurement series. Initially, an
additional MicroTorr 602F column was online as well. The measurement series was immediately started after filling the FORA-system with
fresh process gas. Blue dashed line: Exchange of the initial MicroTorr 602F cartridge with a freshly reduced Ni-column. Green dotted line:
Exchange of the Ni-column with the previous MicroTorr 602F cartridge. The data are normalized to the yield measured before insertion of the
Ni-column. The error bars represent the statistical error of each measurement.
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agreement with assigning the reduction of yield upon
intensegas purification to the removal of inactiveMCCs from
the process gas.

3.3.3 Isothermal chromatography

External chromatograms were measured by inserting a
2.4 m-long quartz column into the FORA setup, which was
cooled to different temperatures. The results for all four
investigated elements are shown in Figure 14.

The results obtained for 104Mo(CO)6 are of higher
quality due to the high stability of the formed complex and
confirm the booster observations made previously in the
FORA loop. Note that during the IC experiments the water
trace content in the reaction gas was never as low and
controlled as in the FORA experiments without the
IC-column. Therefore, the absolute yields for Tc, Ru and Rh
were generally much lower than at optimum conditions,
which explains also the scatter of the data (see Figure 14). It
even appears, that the yields for Tc, Ru and Rh are higher
while using a MicroTorr 602F column, due to its cleaning
capacity, compared to the Ni(CO)4-booster. However, these
experiments were only intended to reveal different volatile
MCC species formed, when adding the yield-boosting
Ni(CO)4. Therefore, the normalized external chromato-
gram shall be used to identify various species by their
different interactions with the quartz surfaces, as shown in
Figure 15.

The obtained isothermal chromatography adsorption
data with and without Ni-column (Figure 15) are with the
given uncertainties in agreement for Mo. The same volatile
species is produced in purified CO aswell as COwith added
Ni(CO)4. It appears that under both conditions only one
species is produced. For 104Mo it is likelyMo(CO)6, since the
obtained gas chromatography data are in agreement with
the adsorption enthalpy determined by [8] for Mo(CO)6 on
quartz. It is concluded that upon addition of Ni(CO)4 to the
process gas, Mo produced by the spontaneous fission of
252Cf is still forming Mo(CO)6 and it is still transported as
such to the charcoal trap. Differences are observed for

Figure 13: Mass spectrum measured in 100% CO with a MicroTorr
602F column online for intense gas purification.

Figure 12: Mass spectrameasured in 100%COwith aMicroTorr 902F column inserted into the gas stream. Bothmass spectrawere recorded in
front of the reaction chamber. Left: Complete mass spectrum showing the peaks from CO as well as gas impurities. Note that the spectra can
only be qualitatively evaluated with the method used here. Right: Mass spectrum focusing onto the region where Ni(CO)4 was observed. The
MS parameters were optimized for measuring Ni(CO)4. The peaks associated with inactive MCCs are labeled.
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105Tc, 110Ru, and 111Rh. They might indicate the formation of
a species with a lower volatility when the Ni(CO)4 is present
in the carrier gas. Experimental values for the adsorption
enthalpy of Tc(CO)n and Ru(CO)5 on quartz are available
[9, 16]. In these reference experiments the presence of
inactive carbonyls was excluded by avoiding steel surfaces
in contact with the CO containing gas. The simulation re-
sults using the literature values for the adsorption en-
thalpies of carbonyl species of Tc andRu onquartz surfaces
are shown in Figure 15. They agree within the uncertainty
limits given in literature with the data obtained for 105Tc in
this work. The Ni(CO)4 addition does not significantly shift
the adsorption properties for the 105Tc species to conclude a

different chemical species. There is however, a deviation
for the data obtained for 110Ru. There can be only two rea-
sons given for this observation. Either the chromatography
surface quartz is modified slightly by the Ni(CO)4 adsorp-
tion, towards which Ru(CO)5 adsorption is sensitive and
not sensitive for Tc(CO)n and Mo(CO)6. Or the formation of
mixed complexes is leading to transport and deposition
phenomena not included in the simulation. For 111Rh, the
results indicate that Ni(CO)4 addition influences the
adsorption properties of the Rh species on quartz or that
even a new species with a lower volatility is formed upon
addition of Ni(CO)4. Dedicated experiments will have to
be performed with improved counting statistics and

Figure 14: Data obtained during IC investigations for all four investigated elements. The red dots correspond to measurements with a Ni-
column while the blue triangles correspond to measurements with a MicroTorr 602F cartridge. The data correspond to count numbers
accumulated for each isotope in the gamma spectra simultaneously measured at identical measuring times for each temperature. The error
bars represent the absolute uncertainty of each measurement deduced from the integration of the gamma sectra.
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reproducibility as well as with a controlled variable inac-
tive MCC contents in the carrier gas. This was beyond the
current work.

3.3.4 Maximum yield determination

The maximum achievable formation and transport yields
for volatile Mo, Tc, Ru and Rh species under well optimized
conditions with FORA were measured once with a Micro-
Torr 602F cartridge and once with a Ni-column. The results
are shown in Figure 16.

As expected, the obtained yields for Mo and Ru com-
pounds are much higher if a Ni-column is used. For Ru, the
yield increase corresponds to about a factor of two, forMo a
gain in yield of about 1.6 is achieved. For Tc, the gain

amounts to a factor of about 1.75. The yield for Rh was not
improved by using a Ni-column under this conditions.

3.4 General discussion

3.4.1 Excluding aerosol-based transport

Particularly, for this discussion using macroscopic
condensable components in the carrier gas it is impor-

tant to look at the possible accidental aerosol formation

upon adding macro amounts of inactive MCCs to the

FORA-setup. All emitted 252Cf fission products might

adsorb to potentially added aerosol particles, using

them as particle gas-jet vehicles for their transport to the

Figure 15: External Chromatograms deduced from the IC investigation of volatile species produced in the FORA setup with and without Ni-
column. The red dots correspond to measurements with a Ni-column while the blue triangles correspond to measurements with a MicroTorr
602F cartridge. The grey area shown for 104Mo corresponds to an adsorption enthalpy of 42.5± 2.5 kJ/mol as determined by [8] forMo(CO)6. For
107Tc, the grey area corresponds to an adsorption enthalpy of 43 ± 2 kJ/mol corresponding to Tc(CO)n [16] and for 110Ru, it corresponds to an
adsoprtion enthalpy of 35 ± 1 kJ/mol corresponding to Ru(CO)5 [9]. The error bars represent the propagated uncertainty of eachmeasurement.
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charcoal trap. Transport mechanisms based on aerosols

were used in multiple studies in the past and proved to

be effective [1, 2, 4]. This pathway can be excluded for the

observed transport for Mo, Tc, Ru and Rh based on the

following simple comparison.
Differentiating between aerosol based transport

mechanisms and formation of volatile compounds can be
achieved by comparing the γ-spectra obtained under
different conditions. Figure 17 compares a spectrum ob-
tained effectively using C-aerosol based transport with
spectra obtained using intense gas purification (Sica-
pent™ andMicroTorr 602F) andusing a Sicapent™ andNi-
column. The spectrum obtained using the C-aerosol gas-jet
is an older reference measurement from the same 252Cf-
source mounted in the Miss Piggy setup described in [31].

The Aerosol spectrum was measured for 7600 s at a gas
flow rate of 1500 mL/min. For comparison reasons the
spectra were normalized.

Contrary to transport based on synthesizing volatile
species, aerosol based transport is non-specific and
therefore it transports all fission products produced by
spontaneous fission of 252Cf as depicted in Figure 17. This
results in γ-spectra that are easily distinguishable from the
ones obtained transporting only volatile species. Spectra
obtained using Ni(CO)4, Fe(CO)5, Mo(CO)6 and Re2(CO)10
(see supporting information) are missing various isotopes
well visible in spectra obtained employing aerosol-based
transport. The indicated missing isotopes are non-volatile
elements without a volatile precursor (e.g., 99,101Nb) or with
a high independent fission yield (e.g., 144Ba). It is therefore

Figure 16: Measurement series performed under optimized reaction conditions as determined in recent studies [17]. MCC yields obtained for
two different process gas treatments are compared. Process gas, pressure and gas flow rate were the same for both measurement series (see
experimental section). Grey squares: Data points measured using a Sicapent™ column and a MicroTorr 602F cartridge for intense gas
purification. Red circles: Data obtained for using a Sicapent™ column and a Ni-column yielding both gas purification and addition of Ni(CO)4.
The data are normalized to the highest yield obtained for using a Sicapent™ and a MicroTorr 602F purification cartridge. The error bars
represent the statistical error of each measurement.
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concluded that the increase in Mo, Tc, Ru and Rh signal

using FORA and introducing inactive MCCs is not caused

by accidental aerosol-bound transport, but indeed by an

increase of formation and transport of MCCs. Note that

many of the peaks solely visible in aerosol based spectra

are still assignable to volatile or MCC forming isotopes,

which are however also transported using aerosol parti-

cles. The corresponding peaks were not assigned in

Figure 17 to maintain clarity.

3.4.2 Tentative reaction mechanism

The IC data are very encouraging for future studies using
carbonyl boosters for the efficient synthesis of MCCs under
single-atom chemistry conditions. The current IC based
investigation suggests the production of MCCs upon
interaction of inactive MCCs with single metal atoms in the
gas-phase. A reaction mechanism based on the exchange
of CO-ligands can be proposed to superimpose the pro-
duction by simple CO capture from the gas phase. The
mechanism exemplifying the formation of Mo(CO)6 is
shown in Figure 18. Similar mechanisms are expected for
the formation of Tc-MCCs, Ru(CO)5 and Rh-MCCs as well as
for the usage of different boosters like e.g. Fe(CO)5.

The exchange of one or multiple CO-ligands from
inactive MCCs to metal atoms after their production by
spontaneous fission is likely boosting the formation yields.
A single Ni(CO)4 complex does not contain enough
CO-ligands to form for example Mo(CO)6. Therefore, even a
follow-up reaction with additional inactive MCCs or CO
from the gas-phase is necessary. Unfortunately, no esti-
mation of the number of ligands being exchanged by this
mechanism can bemade. The formation of an intermediate
mixed metal carbonyl complex [32] cannot be excluded as
well. The booster effect is presumably mostly caused by
impacting the initial formation of radioactive MCCs while
the transport is not largely impacted. Note that in a CO
atmosphere, the action of inactive MCCs can be assumed to
be catalytic, as inactive MCCs might be regenerated (see
Figure 18).

The actual mechanism of radioactive MCC formation is
expected to be very complex. The data in Figure 8 suggest
that MCCs might show even an autocatalytic character, as
inactive Mo(CO)6 increases the formation of radioactive
104Mo(CO)6. This might be important for volatilization ef-
fects in radioactive waste. It is not clear if the booster effect
only affects metal atoms being thermalized in the gas-
phase or if the formation of MCCs from, e.g., transition
metal components of steel will also be increased. In the
latter case, addition of a booster to the process gas could
cause the formation of various MCCs from steel and from
impurities in the charcoal trap, e.g., Cr(CO)6. These MCCs
show potentially booster activities as well.

Figure 17: Qualitative comparison of γ-spectra obtained at three
experimental conditions. From top to bottom: Reference spectrum
using Miss Piggy and C-aerosols to transport fission products
(black, top); FORA-spectrum obtained using a Sicapent™ and
MicroTorr 602F cartridge for gas purification (blue, middle);
FORA-spectrum using a Sicapent™ and nickel column (red, bottom).
A selection of fission products characteristic for the measured
aerosol based spectrum are assigned to their corresponding peaks
(see text). The data are shown in a logarithmic scale.

Figure 18: Suggested, generalized mechanism for the action of
carbonyl boosters. Themechanism is shown for the specific reaction
between Ni(CO)4 and Mo, but is assumed to be similar for the other
fission product, the yields of which were boosted bymacro amounts
of MCCs. s.f. stands for spontaneous fission.
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In macrochemistry, there are actually a few examples
where MCCs of one kind were used to synthesize MCCs of
another. An example is the synthesis of Mo(CO)6 or W(CO)6
from heating a mixture of MoCl6/WCl6 and Fe(CO)5 in ether
[33]. Another example is the synthesis of Mo(CO)6 from
fission products by mixing U3O8 with Cr(CO)6 prior to
bombarding the mixture with neutrons [34].

3.4.3 The optimum conditions

With the data shown in Figure 16 andusing amethod based
on determining the spontaneous fission activity of the used
252Cf-source in separate measurements with catcher foils,
the overall absolute yield for each investigated species was
determined. Nuclear data from [35] and the equation for a
radioactive decay equilibrium given in [36] were used. A
full description of the method is given in the supporting
information. Cumulative fission yields were used for the
calculations. The results are given in Table 2. Note that the
yields given here are absolute yields.

Despite the large uncertainties associated with the
calculation method, the data in Table 2 give an idea about
the maximum achievable yields for each investigated
element using FORA. For discussion, it is referred to the
lower limits of the calculated yields. For Mo, excellent
yields >93% can be obtained while for Ru, yields likely

larger than 42%were reached. For Tc andRh, yields around
20% were obtained only, despite reaction parameter opti-
mization and usage of a booster.

It is important to emphasize that the large un-
certainties associated with the calculation of absolute
yields in the FORA-setup are not caused by the quality of
the measured data shown here, but by the uncertainties
related to the literature values needed for calculation. For
example, the γ-branching ratio for the investigated peak of
104Mo at 68.8 keV is associatedwith a relative error of 23.6%
according to [35]. During error propagation, these un-
certainties of the reference values cause the large standard
deviations shown in Table 2. This is also the reason, why
relative yields are given for most measurements presented
here instead of absolute yields. The large error bars caused
by the uncertainties of the literature values would strongly
diminish the quality of the experimental results.

4 Conclusion

In this studywe have demonstrated that inactive carbonyls
boost the formation of other carbonyls already at low levels
(below estimated 10 ppm) produced in CO atmospheres by
the operation in setups containing steel components. Us-
ing the FORA system it was shown that upon addition of
inactive MCC’s to the carrier gas up to concentrations of
1000 ppm a strongly increasing yield was observed for
MCCs formed by the fission products Mo, Tc, Ru and Rh.
The use of Ni(CO)4 resulted in about a factor of two higher
absolute yields for Mo and Ru. The MCC formation of Tc
appears to be least affected. For Rh-MCCs, the situation is
more complicated due to their higher sensitivity towards
impurities. A dedicated gas purification procedure has to
be developed,which does not influence the booster content
in the gas phase. The sensitivity of each investigated spe-
cies towards the impurities relevant for this study are
summarized in Table 3.

Table : Summary concerning the impact of all impurities relevant for this study onto the overall yields of the chemical species investigated.

Species/impurity Fe(CO) Mo(CO) Re(CO) Ni(CO) O HO

Mo(CO) + + + + − −
Tc(CO)n = = = + − +
Ru(CO) + + + + − −
Rh(CO)m + = + + − ?

Thedata shown for O andHOare taken from []. For this table, it is assumed that the investigated isotopes formmetal carbonyl species. A “+”
denotes a positive correlation, meaning that addition of the corresponding impurity was shown to increase the yield for the investigated
species. A “−” denotes a negative correlation, meaning that addition of the corresponding impurity was shown to decrease the yield for the
investigated species. A “=” denotes no correlation, therefore no impact of the impurity was found onto the investigated species. For Rh(CO)m
upon addition of HO, the data given in [] did not allow for a clear conclusion, therefore a “?” is noted for the correlation.

Table : Combined, absolute chemical formation and transport
yields calculated from the data shown in Figure .

Isotope Yield without booster/% Yield with booster/%

Mo  ±   ± 

Tc  ±   ± 

Ru  ±   ± 

Rh  ±   ± 

The method of calculation is described in the supporting information.
The large standard deviations are caused by uncertainties related to
fission yields and γ-branching ratios required for the calculations.
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It is concluded that the inactive MCCs themselves are
responsible for the observed increase in yield, with the
exception of experiments with Ni(CO)4, where the positive
effect was probably a combination of Ni(CO)4 itself and the
oxygen/water removal properties of the used freshly
reduced Ni-columns and fresh Ni-metal produced in the
decomposition of Ni(CO)4 throughout the FORA setup. The
presented data suggest that MCC boosters do not change
the speciation of the radioactive Mo compound but rather
impact its formation yield. For Tc, Ru and Rh the formation
of a different MCC with Ni(CO)4 cannot be excluded.

Otherwise, we would like to note, that the addition of
inactiveMCCsmay cause a number of prohibitive issues for
certain experiments, particularly with the lighter trans-
actinides. The addition of Ni(CO)4 to the process gas might
cause deposition of nickel on the inner surfaces of the used
setups influencing adsorption properties of surfaces. This
problem can probably be solved. E.g., in studies targeted at
investigating the first bond dissociation energy (FBDE) of
Sg(CO)6, Ni(CO)4 might be useable to increase the forma-
tion yield for this compound. Since Ni(CO)4 has a low FBDE
(around 105 kJ/mol according to [29]) it is expected to
thermally decompose at much lower temperatures than
Sg(CO)6. Therefore, it might be possible to use a dedicated
decomposition oven to selectively remove Ni(CO)4 directly
from the transport gas stream after the synthesis of Sg(CO)6
before entering the chromatographic setups.
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