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Abstract: Metal carbonyl complexes were used for study-

ing the gas-phase chemical behavior of Mo, Ru, W and

Os isotopes with an on-line low temperature isothermal

gas chromatography apparatus. Short-lived Mo and Ru

isotopes were produced by a 252Cf spontaneous �ssion

source. Short-lived nuclides of W and Os were produced

using the heavy ion reactions 19F + 159Tb and 165Ho, re-
spectively. Short-lived products were thermalized in a re-

coil chamber �lled with a gas mixture of helium and car-

bon monoxide. The carbonyls formed were then trans-

ported through capillaries to an isothermal chromatogra-

phy column for study of the adsorption behavior as a func-

tion of temperature. On-line isothermal chromatography

(IC) experiments on Te�on (PTFE) and quartz surfaces

showed that short-lived isotopes of the listed elements can

form carbonyl complexes which are very volatile and in-

teract most likely in physical sorption processes. Deduced

adsorption enthalpies of Mo and Ru carbonyls were −38 ±
2 kJ/mol and −36 ± 2 kJ/mol, respectively. These values
are in good agreementwith literature data, partly obtained

with di�erent chromatographic techniques. A validation

of the appliedMonte Carlomodel to deduce adsorption en-

thalpies with Mo isotopes of di�erent half-lives proved the

validity of theunderlyingadsorptionmodel. The investiga-

tions using a gas-jet system coupled to a heavy ion accel-

erator without any preseparator clearly showed the limita-

tions of the approach. The He and CO gas mixture, which

was directly added into the chamber, will result in decom-

position of CO gas and produce some aerosol particles. Af-

ter the experiment of 173W and 179Os in the heavy ion ex-
periments, the Te�on column was covered by a yellowish

deposit; the adsorption enthalpy of W and Os carbonyls

could thereforenotbeproperly deducedusingMonteCarlo

simulations.
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1 Introduction

Metal carbonyl-complexes are characteristic for d-

elements and are well-known to be volatile. These

compounds provide a chance to investigate in future

several superheavy elements in the gas-phase. In macro-

chemistry, formation of carbonyls is only possible at

high pressure and temperature [1, 2]. However, volatile
99Mo(CO)6 [3], 104Mo(CO)6 [4] and 105Mo(CO)6 [5],
were synthesized at ambient temperature and pressure

in hot-atom reactions in neutron-induced �ssion of

(235U2O3) mixed with Cr(CO)6 solid powder. Recently,

volatile carbonyl complexes have been formed with

recoiling �ssion products in-situ in a CO gas atmosphere

at the TRIGA Mainz reactor in neutron-induced �ssion

of
235U and

249Cf , respectively, as well as in the heavy

ion reaction 24Mg+144Sm behind the gas-�lled magnetic

separator TASCA [6–8]. These experiments paved the way

to study carbonyl complexes in online experiments with

short-lived isotopes of group V to IX of the Periodic Table.

Deduced adsorption enthalpies of observed carbonyls

with used chromatographic columns indicated that these

molecules are indeed very volatile, i.e. gaseous at ambient

conditions. Both isothermal chromatography (IC) and

thermochromatography (TC) techniques were applied in

their study [7, 8].
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All isotopes of superheavy elements (i.e. transac-

tinides with atomic numbers� > 103) are short-lived and
available only at a level of one-atom-at-a-time. Experimen-

tal systems used to study their chemical properties are

therefore preferentially tested with short-lived isotopes of

homologous elements of the Periodic Table. Some of those

homologues can be produced in nuclear �ssion processes

with a 252Cf source [9]. Californium-252 has a 3.11% spon-
taneous �ssion branch and a half-life of about 2.6 a. The

asymmetric �ssionmode of
252Cf leads to two peaks in the

mass distribution ranging from95 to 120 atomicmass units

(amu) and 130 to 155 amu, respectively. Hence, neutron-
rich isotopes of elements in the regions of Sr to Pd and

of Sn to Nd are formed [9]. Among those elements, iso-

topes of Mo and Ru serve as homologous elements of su-

perheavy elements Sg (106) and Hs (108), respectively.

These products are formed with much higher indepen-

dent yields in spontaneous �ssion of
252Cf compared to

neutron-induced �ssion of 235U at, e.g., a research reactor.
The reason is the well known shift of the light mass peak

towards heavier products when going from 235U to 252Cf
�ssion.

Heavy ion fusion reactions are also an excellent tool

to produce short-lived isotopes of nearly all elements. The

spectrum of formed elements is much narrower compared

to synthesis of tracer nuclides via �ssion. Recently, the de-

velopment of gas-�lled recoil separators plays an impor-

tant role in nuclear physics and chemistry experiments in

the SHE region. The advantages of gas-�lled recoil sepa-

rators are the removal of primary beam particles, and re-

duction of unwanted transfer products which may inter-

fere with or obscure the detection of desired products in

nuclear decay spectroscopy [10, 11].

In the present work, �rstly the
252Cf source of the In-

stitute ofModern Physics (IMP) served as a source of short-

lived �ssion products which were thermalized in a recoil

chamber �lled with a gas mixture of helium and carbon

monoxide. The carbonyls formed were then transported

through capillaries to an isothermal chromatography col-

umn for study of the adsorption behavior as a function

of temperature. The adsorption enthalpies of Mo and Ru

carbonyls were obtained using well-known Monte Carlo

models. Secondly, isotopes of W and Os were formed in

heavy ion reactions between a 19F beam and 159Tb and
165Ho targets, respectively, at the sector focused cyclotron
(SFC) of IMP. Due to the limited conditions, this experi-

ment was performed at an accelerator without any presep-

arator. A gas mixture of He and CO was added into the re-

coil chamber directly and carbonyls of W and Os may be

formed. Again the behavior of their carbonyls was investi-

gated to compare it with that of the homologous elements

Mo (for W) and Ru (for Os), respectively.

Therefore this study aims at a) performing a �rst in-

dependent con�rmation of a recently observed surprising

formation of carbonyls of d-elements with CO [7, 8], b) to

verify the quality of the applied Monte Carlo modeling of

observed chromatograms in an isothermal device using

Mo isotopes of di�erent half-lives, and c) to study whether

it is possible to synthesize carbonyls in a collecting cham-

ber connected directly to heavy ion accelerator without

any preseparator. This latter attempt would enable syn-

thesis of superheavy element carbonyls with much higher

overall yields since a relatively thick target could be used

and any loss caused by transmission through a separator

could be avoided.

2 Experimental

Figure 1 shows the schematics of the experimental set-up

used in the experiment with the 252Cf source. High-purity
He gas (99.999%, Hefei Cryogenic Vacuum Nutech Com-

pany Limited, China) and high-purity CO gas (99.999%,
Beijing Ya’nan Gas Technology Company Limited, China)

were mixed by mass �ow controllers before passing

througha cylindrical chamberwith an inner diameter (i.d.)

of 5.5 cm which had a bell-shaped outlet facing a 252Cf
source at a variable distance. Studies were performed at

a distance of 10 cm between the outlet and the 252Cf
source. Helium served as carrier gas to which CO was

added as reactive gas to reach a total gas �ow rate of

1 L/min. The pressure in the recoil chamber was about

1.2 atm. The 252Cf sourcewas prepared about10 years ago
by electrodepositing 0.5 �g of 252Cf on a stainless steel

disk [12]. Volatile metal carbonyls were synthesized in situ

in the recoil chamber and then transported through a 4m
long Te�on (PTFE) capillary (i.d. = 2mm) to the isother-

mal chromatography device.

Figure 2 depicts the experimental set-up used in stud-

ies at the heavy ion accelerator. Tb or Ho targets of about

0.7 mg/cm2 thickness were prepared by molecular plat-

ing on a 19 �m thick Be foil. The dimension of the col-

lecting chamber was 5 cm (dia.) and 13 cm (length). The

He gas pressure in the chamber was about 1.2 atm. At the
entrance of the chamber a double window system was

mounted with a 2.3mg/cm2 thick HAVAR entrance foil,

followed by a He cooling gas prior to entering the Be back-

ing foil. The beam energy of
19F was 125MeV which re-

sulted in a center of target (cot) energy of 101MeV after
passing through the metal foils and the cooling gas. At

this incident energy, the excitation function of the
159Tb
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Fig. 1: Schematics of the experimental setup used in the 252Cf experiments. The whole system consists of (i) a gas-jet unit including mass

flow controllers, (ii) a 252Cf SF source installed inside a recoil chamber shielded with lead and para�n blocks, (iii) a low temperature on-line

isothermal gas chromatography apparatus including a low temperature circulating pump with ethyl alcohol as a medium, (iv) an

HPGe-�-detector and a 5 cm long activated charcoal �lter shielded with lead blocks, and �nally, (v) a tail gas treating unit including a CO
absorbing liquid.

Fig. 2: Gas-jet chamber used in the 19F experiments. The beam
passed through a double window system prior to entering the

target. Carbonyl formation occurs in the chamber which is also

influenced by the beam. All other components of the set-up were

identical to those depicted in Figure 1.

(19F, 5�) 173W (�1/2 = 7.6 min) reaction as well as the
165Ho (19F, 5�) 179Os (�1/2 = 6.3 min) reaction exhibits

a cross section of about 350mb. The average beam inten-

sity asparticle currentwasabout 60particle-nA.At the exit

of the chamber the volatile productswere transportedwith

theHecarrier gas througha5 m longTe�oncapillary to the
isothermal chromatography device.

Inside the isothermal chromatography device a 2m
long column (i.d.=2mm) made of Te�on (PTFE) or quartz

was kept at a variable temperature. The chromatography

column was positioned in a low temperature cooling cir-

culating unit (model No: DFY-5/80 ∘C, Zhengzhou Yarong

InstrumentCompanyLimited, China). The isothermal tem-

perature of this unit could be varied in 10 degree steps

from 0 ∘C to−80 ∘C. After passing through this chromatog-

raphy column, the still volatile carbonyl complexes were

transported through a 1m long Te�on capillary to an ac-

tivated charcoal �lter (glass tube, i.d. = 4mm, length =
5 cm, including 0.8 g of activated charcoal blocked with

absorbent cotton onboth sides) facing anHPGe-�-detector
(type EG&G Ortec GEM- 30200-P with a relative e�ciency

of 30%). The energy resolution (FWHM) was 2.27 keV at
1332 keV �-ray energy. Hence, the total transport time

from the chamber in the
252Cf experiments to the activated

charcoal �lter was estimated to be less than 14 s on the ba-

sis of the gas �ow rates. In the heavy ion experiments the

total transport time was less than 17 s. After each exper-

iment the activated charcoal �lter was replaced. The tail

gaswas bubbled through a cuprous chloride/ammonia so-

lution to absorb the poisonous excess CO gas, before dis-

charge into a fume hood.

�-ray spectraweremeasured, i) of �ssionproducts col-

lected with a steel plate positioned opposite to the
252Cf

�ssion source to provide information on the total yield of

�ssion products; however, in an o�inemode and ii) of the

activated charcoal �lter in an online mode (see Figure 1).

In the experiments at the heavy ion accelerator no direct

catch measurement was made. Most measurements were

performedwith the same counting time of 30min, in some

cases extended to 2 h to improve the counting statistics.
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Fig. 3: Yield of 104Mo with di�erent distances (X) between the outlet of the capillary and the source at di�erent CO concentrations.

3 Results and discussion

The recoil ranges of the �ssion products inside of the col-

lecting chamber (see Figure 1) had an important e�ect on

their yield. Hence, before the experiment the optimumdis-

tance between the outlet of the capillary and the source

was determined. The results for 104Mo are shown in Fig-

ure 3. X denotes the distance between the
252Cf �ssion

source and the exit of the capillary. In these experiments

the low temperature chromatography unit was bypassed

(see Figure 1). Figure 3 shows that the CO concentration in

the gas in�uenced the value of X and the maximal counts

of 104Mo with 50% CO are almost equal to those with 75%
CO. Hence, the optimum distance X as 10 cmwas selected
for further experiments (He:CO = 1:1).

Using 104Mo, the relative yield curve of Mo-carbonyls,
presumably of Mo(CO)6, as a function of the CO concen-

tration is shown in Figure 4. We deduce that the relative

yield of Mo-carbonyl complexes is 75% with a CO con-

centration of 50%, and it reaches 87% at a CO concentra-

tion of 75%, under such an experimental condition. In or-

der to optimize the CO consumption we chose a CO con-

centration of 50% in the mixed gas. Therefore, all sub-

sequent experiments were performed with 500mL/min
He and 500mL/min CO, respectively. The relative yield of
104Mo(CO)6 was given as more than 80% compared to an

on-line experimental �-spectrumby using KCl aerosol (ob-

tained at about 690 ∘C) and 1 L/min pure carrier gas.
Figure 5a shows the �-ray spectrum obtained in the

direct catch experiment where �ssion products were col-

lected for 30min and measured for 30min. According to
the previous experiment and literature data, only themain

�-ray lines in the �-ray spectrum are identi�ed roughly to
103Mo, 104Mo, 103Nb, 107Tc, 105Tc, 132Te, 105Tc, 105Mo,
105Ru, 141Ba, 134Te, 139Xe, 142Ba, 138Xe, 101Tc, 146Ce,

Fig. 4: Relative yield curve of 104Mo(CO)
6
as a function of the CO

concentration in the He carrier gas.

104Tc,146Pr etc. Figure 5b depicts a measurement of the ac-

tivated charcoal �lter with pure He as carrier gas. Only

peaks of gaseous Xe isotopes can be seen. Figure 5c shows

the �-ray spectrum obtained from the activated charcoal

�lter with 1 L/min mixture gas (He:CO = 1:1). In addi-

tion to the peaks of gaseous Xe isotopes, only � peaks of
short lived isotopes of Mo, Tc, Ru and Rh could be ob-

served. �-rays of isotopes of Ba, Te and Ce, which appear

in Figure 5a, are absent in Figure 5c, and we thus exclude

aerosol transport in the carbonyl experiments by using the
252Cf source. Volatile compounds, identi�ed as carbonyl

complexeswere formedwhen 1 L/minmixture gas (He:CO

= 1:1) was used.
One should, however, be aware that in the �ssion pro-

cess many nuclides of an isobar are formed. Table 1 sum-

marizes the calculated fractional independent yields in

spontaneous �ssion (SF) of
252Cf [13]. As an example, the

nuclide 104Tc which was well observed in the �-ray spec-
trum was produced with a low yield as primary �ssion

product but formed mainly via �-decay of its precursors
104Mo, 104Nb and 104Zr. Therefore, not all observed iso-
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Fig. 5: �-ray spectra of a direct catch collected during 30 min (a), of products collected on the charcoal trap with pure He (b) and of products
collected on the charcoal trap with a 1 : 1 He/CO gas mixture (c).

Table 1: Fractional independent yields of �ssion fragments from the

SF decay of 252Cf in % (from [13], approx. values because not

corrected for prompt neutron emission).

Isobar Y Zr Nb Mo Tc Ru Rh

104 0.4 21 67 12 0.1

106 1.2 35 58 5.3

108 2 51 44 2

110 8 63 28 0.8

topes represent the chemical properties of the correspond-

ing element. A chemical interpretation of observed chro-

matographic properties requires (i) an analysis of the nu-

clide’s half-life, (ii) a comparisonwith the independent �s-

sion yield (see Table 1), (iii) a knowledge of the transport

time from the collecting chamber to the activated charcoal

�lter, and (iv) a knowledge of �ssion isobar members that

can form volatile metal carbonyls.

As
106Mo, with a half-life of 8.4 s, was detected but not

several �ssion nuclides with half-lives of a few seconds,

we conclude that our system had a separation time in the

sameorder ofmagnitude as the half-life of 106Mo, in agree-
mentwith estimatesmade on the basis of the gas �ow rates

(see above). In order to eliminate �uctuations in transport

yield we normalized all measured count rates to that of
139Xe which is independent of carbonyl formation.

A VB code was compiled for Monte Carlo simulation

of the yield curves [14], based on a microscopic model by

Zvara [15]. Figure 6 shows the relative yield vs. isothermal

temperature for 104Mo(CO)6 on a Te�on surface using the
isothermal cooling unit (see Figure 1). The �50% value of
104Mowas−67 ∘C. The solid linewas the result of aMonte-
Carlo simulation [15] of the experimental data with an en-

thalpy of adsorption Δ	ads of −38 kJ/mol. The dashed

lines indicate the error range of±1 kJ/mol. This error does
not include any systematic uncertainty.

Relative yields of 104−106Mo(CO)6,
105Tc(CO)� and

109Ru(CO)� on a quartz surface are shown in Figure 7.

We assume that 104Mo (�1/2 = 60 s), 105Mo (�1/2 = 35.6 s)
and
106Mo (�1/2 = 8.4 s) were transported in the form of

Mo(CO)6 to the �lter. The �50% values of the di�erent iso-
topes of Mo depend on their half-lives (see Figure 7a),
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Fig. 6: Relative yield of 104Mo(CO)
6
as a function of isothermal

temperature on a Teflon surface.

as expected from the Monte Carlo model prediction [15]

and similar to an observation made in the study of Tc ox-

ides [12]. As expected, the adsorption enthalpies deduced

from the three curves are similar with −39 ± 1 kJ/mol,
representing the chemical behavior of Mo. Though

105Mo
and 105Tc have obviously di�erent half-lives (35.6 s vs.
7.6min), the �50% values are identical (see Figure 7b).

This result can be explained as follows: maybe 105Tc was
formed in the charcoal �lter by �-decay of the trans-

ported precursor 105Mo. If the kinetics to form a volatile

Tc compound is signi�cantly slower than that of forming

a volatile Mo compound, this as well might result in iden-

tical�50% values for 105Mo and 105Tc. The deduced adsorp-
tion enthalpy on the quartz surface for Mo carbonyls is

−39 ± 1 kJ/mol, which is consistent with literature values
of − 42.5 ± 2.5 kJ/mol and −36 ± 8 kJ/mol, respectively,
obtained by IC and TC techniques on quartz [7, 8].
109Ru is a good representative of the chemical behav-

ior of ruthenium due to the short half-lives of the precur-

sors 109Tc (�1/2 = 0.86 s) and 109Mo (�1/2 = 0.53 s), respec-
tively, which are too short to be transported with signi�-

cant yield to the chromatography column.Becauseof a low

independent �ssion yield the decay product of
109Ru, i.e.

109Rh, also represents the chemical behavior of Ru. More-
over, due to the low independent �ssion yield, themeasur-

ing time for
109Ruwas extended to 2 h in order to get better

statistics. This case is similar to the situation for 105Tc and
105Mo. Unfortunately, we have not identi�ed any �-line of
an isotope of Tc that could be used to determine the chem-

ical behavior of this element.

In summary, the nuclides used to study the chemical

behaviour of Mo and Ru are listed in Table 2. Evidently, no

di�erence in adsorption enthalpywas observed for the two

surfaces of quartz and Te�on which points to a physical

sorption process. At present, we cannot prove which car-

Fig. 7: Isothermal chromatography curves of di�erent isotopes of Mo

and Ru on quartz surface. The solid lines represent Monte Carlo

simulations adapted to the experimental data. Figs. 7a and 7b

represent adsorption of molybdenum on quartz; while Figure 7c

represents that of ruthenium (see text). Figure 7a shows the

expected shift of the break-through curve as a function of half-life.

bonyl compounds were formed. Further investigations are

needed to clarify the speciation.

After the experiment of
173W and

179Os, the Te�on

column was covered by a yellowish deposit at a temper-

ature below about −40 ∘C. At higher temperatures this
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Table 2: Adsorption enthalpies of carbonyl complexes of

molybdenum, technetium and ruthenium on Teflon and quartz

surfaces. (Some isotopes of di�erent elements may represent the

chemical properties of the listed element, see Figure 7b).

Elements Isotopes Δ�ads on di�erent materials
Teflon Quartz

Mo 104Mo −38 ± 1 kJ/mol −39 ± 1 kJ/mol
105Mo −37 ± 1 kJ/mol −38 ± 1 kJ/mol
106Mo −37 ± 1 kJ/mol −39 ± 1 kJ/mol
104Tc −39 ± 2 kJ/mol −39 ± 1 kJ/mol
105Tc −39 ± 1 kJ/mol −38 ± 1 kJ/mol

Ru 109Ru −37 ± 1 kJ/mol −35 ± 1 kJ/mol
109Rh −36 ± 1 kJ/mol −36 ± 1 kJ/mol

deposit was found on the �lter mounted behind the col-

umn. We assign this deposit to formation of carbon par-

ticles, caused by interaction of the beam with the He/CO

gas. A similar phenomenon has been reported by Fe-

doseev et al.[16]. In their work, they mentioned that the

�-diketone was decomposed when �-diketone vapours

were directly added into the target chamber. The yield

curve of tungsten on a Te�on column, which was cov-

ered with unknown deposit, was measured. The results

are shown in Figure 8. Each point wasmeasured for about

30min. AlthoughW and Osmay be formed as volatile car-

bonyls when He/CO gas was added in the heavy ion ex-

periments, the adsorption enthalpy ofW andOs cannot be

deduced properly using Monte Carlo simulations, because

the Te�on columnwas covered by a yellowish deposit after

the experiment.

Figure 9 shows the �-ray spectrum obtained in a mea-

surement of 173W carbonyls. In addition to themain peaks

of
173W, the �-ray lines of 21Na, 25Na and 19O, whichwere

Fig. 8: Yield curve of 173W in an isothermal experiment on an

unclean Teflon surface.

Fig. 9: �-ray spectrum obtained in a measurement of W carbonyls.

Besides �-lines that can be assigned to isotopes of W, also isotopes
of Na are observed, most likely transported by aerosol particles.

most likely formed in nucleon transfer reaction with the
19F beam, can also be observed. We normalized all mea-

sured count rates to that of 19O (�1/2 = 27.1 s) to eliminate

�uctuations in transport yield. However, sodium can only

be transported with aerosol particles. So some aerosol par-

ticles have been produced in our experiment, which indi-

cates that the beam leads to the decomposition of part of

the CO gas.

To investigate the limitation of the applied technique

the yield of
173W was measured as a function of the beam

intensity as particle current (Figure 10). The yield of 173W
increases with the increasing beam intensity and reaches

a plateau at about 140 particle-nA. Because more aerosol

particles will be produced at high beam intensity, our ex-

periments were carried out at the average beam intensity

of about 60 particle-nA.

Fig. 10: Yield of 173W from di�erent �-lines as a function of beam
intensity.
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4 Conclusions

An on-line low temperature isothermal gas chromatog-

raphy apparatus coupled to a
252Cf SF source at IMP

was used to study molybdenum- and ruthenium- carbonyl

complexes synthesized with carbon monoxide. Rather

similar adsorption enthalpies on Te�on and quartz sur-

faces for these formed carbonyl complexes were observed

which points to a physical sorption process of these com-

pounds in their surface interactions. This work is the

�rst con�rmation of a recent discovery that carbonyls

can be formed under ambient condition [7, 8]. The mea-

sured adsorption enthalpies of Mo carbonyls on quartz

surface agree well with literature data [7]. Moreover,

the shifts of the break-through curves in the isothermal

columns for Mo isotopes of di�erent half-lives prove the

validity of the applied model to describe the adsorption

process.

In the heavy ion experiments clear limitations were

observed when carbonyls were formed in the gas vol-

ume containing CO, being heavily in�uenced by the beam

plasma (gas-jet technique). Even though this technique

would enable higher overall yields compared to the re-

cently applied investigation of formation of tungsten and

osmium carbonyls [7] behind the preseparator TASCA, it is

obvious that aerosol formation and beam intensity limita-

tionmake this approachnot suitable for applications in fu-

ture superheavy element chemistry experiments. Because

the Te�on column was covered by a yellowish deposit af-

ter the experiment ofWandOs, the adsorption enthalpy of

W and Os cannot be deduced properly using Monte Carlo

simulations.

This study also corroborates perspectives for studying

the gas chemistry of superheavy elements Sg and Hs in

a gas volume containing CO.
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