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Abstract: Fission products recoiling from a 252Cf sponta-
neous fission source were stopped in various mixtures 
of inert gases containing CO and NO. For the elements 
of the transisition metal series Mo, Tc, Ru, and Rh pre-
vious observations of pure carbonyl complexes were 
reproduced. However, no formation of volatile mixed 
nitrosyl-carbonyl complexes or pure nitrosyl complexes 
for these elements have been observed. Instead, effi-
cient production of volatile nitrosyl compounds for sin-
gle iodine atoms, presumably nitrosyl iodide, NOI, was 
detected. This observation is of interest as potential 
transport path for iodine in nuclear accident scenarios 
and as a model for radiochemistry with the recently dis-
covered heaviest halogen tennessine (Z = 117).
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1   Introduction
Chemical studies of transactinide elements require 
access to fast and in-situ separations of volatile mole-
cules formed in gas phase reactions. Given the short 
half-life for isotopes of currently investigated elements, 
reaching the below one second regime, the kinetics for 
formation of suitable compounds has to be fast. This is a 
prerequisite to study their equilibrium behavior for the 
determination of thermochemical data. So far, for light 
transactinides with Z between 104 (rutherfordium) and 

108 (hassium) (oxy)halides or oxides have been syn-
thesized at their highest oxidation states (for a current 
detailed review see [1]). For elements currently under 
study, Z = 112 (Cn), Z = 113 (Nh), and Z = 114 (Fl) the ele-
mental state was chosen, since these elements appear 
volatile (for review see [2]). One recent breakthrough 
was the application of carbon monoxide (CO) as reac-
tive gas in on-line gas-jet experiments [3]. With this 
technique, products recoiling from heavy-ion-induced 
nuclear fusion reactions or nuclear fission are stopped 
in a gas cell containing gas mixtures of CO with inert 
gases He, Ar, or N2 or just pure CO. The gas phase com-
plexes are then in-situ formed and subsequently trans-
ported through thin capillaries to detection setups. It 
could be shown that d-elements form carbonyl com-
plexes that are gaseous under ambient conditions. 
Such compounds, e.g. group 6  hexacarbonyls M(CO)6, 
are molecules featuring the central atom in its zero-
oxidation state that is surrounded by six CO molecules. 
This means that all metal valence electrons are present. 
Additionally, the d-orbitals of the transition metal are 
involved in the formation of the molecular orbitals. 
These, are subject to secondary relativistic expansion, 
and are occupied by the electron donation from CO 
ligands (18-electron rule or EAN-rule). This opens up 
fascinating perspectives in heaviest element chemistry 
research, because relativistic effects may be even more 
pronounced for compounds formed with a central atom 
in its zero-oxidation state compared to its highest oxida-
tion state in previously investigated compounds [1, 2]. 
The influence of relativistic effects on chemical proper-
ties of heaviest elements is a fascinating topic of current 
theoretical chemistry as well, for review see [1, 4]. Mean-
while carbonyl complexes have been studied for several 
4d and 5d elements [3, 5–9] and even one 6d transacti-
nide element Sg [10]. The thermal stability of some of 
those carbonyl complexes are under investigation [11, 
12] in order to address the binding strength of the M-CO 
bonds, which is expected to be directly affected by rela-
tivistic effects [13–15].

In this study we investigated, whether NO gas can 
replace CO gas in such in situ reactions to form similar vola-
tile complexes, the so-called nitrosyl complex compounds 
or mixed nitrosyl carbonyl complex compounds.
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2   Macrochemical information on 
nitrosyl complexes and nitrosyl 
compounds

Nitrogen oxide is an important pollutant in the atmos-
phere and has large physiological impact [16]. Emission 
sources are mostly related to car exhaust, predominantly 
from diesel engines, where NO forms at the high combus-
tion temperatures. A natural source of NO in the atmos-
phere is also lightening. The nitrogen oxide radical with 
an unpaired electron is much more reactive compared to 
carbon monoxide. Therefore, NO is oxidizing, whereas CO 
has typically reducing character. Depending on the reac-
tion partner NO can exist in three different chemical forms 
cationic NO+, neutral NO, and anionic NO−; the latter not 
only in gas phase but also in solution [17]. If exposed to 
oxygen, NO is converted into nitrogen dioxide according to 
equation (1).

 
+ →2 22 NO O 2 NO

 (1)

Furthermore, NO reacts with oxygen and water to 
form HNO2, nitrous acid following the reaction scheme 
shown in equation (2).

 
+ + →2 2 24 NO O 2 H O 4 HNO

 (2)

NO forms different types of bonding with other atoms: 
a) sharing of an electron pair, b) donation of an electron, 
and c) acceptance of an electron. Only the first option a) is 
similar to that of CO because it leaves a reaction partner in 
an unchanged redox state. However, due to the unpaired 
electron of NO the reaction type a) is rather scarce. Mostly 
the second type dominates, i.e. NO acts as an electron 
donor forming the positively charged nitrosyl ion NO+ that 
is isoelectronic to CO (see equation 3).

 ≡ ↔ ≡+:N O: :[ C] O: (3)

However, it can react also as oxidizer of metals 
forming oxides and N2 according to equation (4).

 2 22 NO M N MO+ → +
 (4)

Because of this reactivity pure nitrosyl complexes 
with metals are very rare. One example is Ni(NO)4, which 
obeys the EAN rule (18 electrons). However, quite exten-
sive knowledge exists on mixed nitrosyl-carbonyl metal 
complexes. Such compounds are typically not volatile 
at ambient conditions. Examples are mixed nitrosyl-car-
bonyl complexes with the group 7 metals Tc and Re [18]. 
For Mn mixed CO-NO complexes have been observed by 

matrix isolation methods [19]. Also widely known are 
organometallic compounds with NO featuring various 
mostly π-binding organic ligands, both with and without 
CO [20]. For extensive reviews on nitrosyl complex chem-
istry we refer to [18, 20] and references therein.

Apart from complex compounds, also known are vola-
tile nitrosyl halides. Nitrosyl fluoride is a colorless strongly 
fluorinating gas with a melting point of −132.5 °C and a 
boiling point of −59.9 °C [21]. Nitrosyl chloride is a very 
reactive yellowish red gas with the formula NOCl. It has 
a melting point of −59.6 °C and a boiling point of −6.4 °C. 
[22]. Its occurrence in aqua regia and its preparation from 
NO and Cl2 is known since long times, see e.g. [23]. Nitrosyl 
bromide is a red liquid melting at −55.5 °C and having a 
boiling point of ≈0 °C [21], and thus, appears less volatile. 
NOBr might play a role in the ozone cycle over the arctic 
[24] as well as nitrosyl iodide, NOI, which is believed to 
be relevant to the tropospheric ozone cycle [25–27]. No 
other physical or chemical properties are known for NOI. 
Mutual correlations of thermodynamic state functions 
[28] are used here to expose the trends in group 17 of the 
periodic table for the thermodynamic stability (Figure 1), 
i.e. the enthalpy of formation of nitrosyl halides from the 
elements (ΔfHo) and the reaction enthalpies for the direct 
reactions of NO with halogen atoms (ΔrHo), relevant for 
the in situ reaction, as expected for the halogen atoms as 
recoiling fission products thermalized in a NO containing 

Figure 1: The standard formation enthalpy of nitrosyl halides 
ΔfHo(NOX) from the corresponding elemental halogen, nitrogen and 
oxygen (thermodynamic stability) [29] plotted against the standard 
formation enthalpy ΔfHo(X atom) of single atomic elements (red) and 
their electron affinity Ea (blue).  
The dotted lines show the extrapolated expectations for the stability 
of nitrosyl halides of At and Ts using predicted stability data for the 
gaseous elements and electron affinities from [30–32]. Note the 
expected stability decrease along the elements of group 17.
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gas phase (Figure 2, and eq. 2). The stability of nitrosyl 
halides decreases with increasing atomic number of the 
halogen atom (data from [29–32]). The reaction between 
halogens and nitrous oxide (see eq. 5) under inert gas con-
dition is known to be exothermic:

 + →X NO XNO (5)

The trends along group 17 elements indicate anincreas-
ingly endothremic reaction. Note the escape of the fluo-
rine from the periodic trend.

3   Experimental
An approximately 700 kBq 252Cf target available at Bern 
University was used as source for fission products [33]. 
Fragments recoiling from the spontaneous fission were 
thermalized in a recoil chamber flushed with a carrier 
gas (He). The advantage of a 252Cf SF-source if compared 
to a 235U neutron-induced fission source (e.g. available at 
the SINQ gas-jet facility at Paul Scherrer Institute) is the 
shift of the light mass peak towards heavier elements. This 
gives access to higher yields of d-elements like Mo, Tc, Ru, 
and Rh (see Figure 3). On the other hand, from the halo-
gens only iodine is formed with reasonable fission yield, 
while, e.g. Br is much depleted.

Prior to entering the recoil chamber, reactive gases such 
as CO and/or NO could be added to the inert carrier gas He 
at variable flow rates. At the exit of the recoil chamber a 
Perfluoroalkoxy-(PFA®)-Teflon capillary with an inner dia-
meter of 2 mm diameter and a length of 2 m was used to 
guide the volatile products to a charcoal trap mounted in 
front of a HPGe γ-detector. The set-up enabled therefore 
continuous detection of volatile fission products with half-
lives on the order of seconds and higher. The sampling and 
counting time chosen for each experiment was 30 min.

4   Results
In order to confirm previous observations with a similar 
source [6], the first experiment was conducted with 
0.5 L/min He purity 99.999 % (He 5.0, Carbagas) and 
0.5 L/min CO purity 99.997 % (CO 4.7, Carbagas). Figure 4 
shows the γ-spectrum observed during 30  min collec-
tion time. As expected, the main lines can be assigned 
to isotopes of molybdenum, technetium ruthenium and 
rhodium. Some minor lines are from isotopes Xe (with its 
decay products Cs and Ba). If the reactive gas is changed 
from CO to 99.5 % pure NO (NO 2.5, Air Liquide), the spec-
trum depicted in Figure 5 was observed. No γ-lines from 
d-elements are identified anymore. Instead, all γ-lines can 
be assigned to iodine. The 137Cs-line at 662 keV in Figure 4 
is due to accumulated 137Cs on the pre-used char coal trap.

In the following, gas composition parameters were 
varied. The results are summarized in Table 1. To our sur-
prise, even with only 10 vol-% or 5 vol-% NO added to the 
carrier gas the yield of iodine transport remained quite high 
at 62 ± 17 and 71 ± 5 %, respectively. Adding to the NO/He 
gas mixture also CO did not influence the yield of iodine. 
On the contrary, no traces of d-elements could be identified 
with NO added to the transport gas, even at rather low con-
centration and irrespective of the amount of CO gas admix-
ture. Note the disappearance of the distinct main lines of I 
isotopes in the experiments without NO (Figure 4). 

5  Discussion
Our measurements clearly show that NO gas cannot be 
used for separation and transport of volatile d-element 
complexes. The oxidative character of NO obviously leads 
to an immediate oxidation of atomic d-elements, which 
are known to form stable higher oxidation states. In NO/
CO gas mixtures no formation of volatile compounds with 
d-elements have been observed. This observation is in line 
with knowledge from macrochemistry.

Figure 2: The standard reaction enthalpy ΔrHo(NOX) of the formation 
reaction of the nitrosyl halide from the corresponding gaseous 
halogen atoms and NO (equation 5) [29] plotted against the 
standard formation enthalpy ΔfHo(X atom) of single atomic elements 
(red) and their electron affinity Ea (blue).  
The dotted lines show the extrapolated expectations for the reaction 
enthalpy for the heavier halogens At and Ts using predicted stability 
data for the gaseous elements and electron affinities [30–32]. Note, 
for At the reaction is still exothermic.
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The formation of halogen compounds with NO was 
clearly observed, even with an additional CO content in 
the carrier gas being equivalent to that of NO. For atomic 

iodine as a typical example for halogen atoms the yield 
seems to be rather high even at low NO concentration 
down to 5 vol-% added to an inert carrier gas (He). We 

Figure 3: Fission products identified with the 252Cf source at Bern University (white colored squares): (a) light mass fragments; (b) heavy 
mass fragments.  
Stable or long-lived isotopes (T1/2 > 1a) are represented as black colored squares. Unidentifed isotopes are shown in grey colored squares. 
Asterisk indicates an identified metastable state (adopted from Düllmann et al. [33]).

Figure 4: γ-spectrum obtained during a 30 min collection time of 
fission products by adding carbon monoxide gas with a charcoal 
trap in front of a HPGe detector.

Figure 5: γ-spectrum obtained during a 30 min collection time of 
fission products by adding nitrous oxide gas with a charcoal trap in 
front of a HPGe detector.
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assume that bromine would behave similarly to iodine, 
given the fact that nitrosyl complexes of bromine are more 
stable than those of iodine (see Figures 1 and 2).

It would be interesting to study the behaviour of At 
with NO in future experiments. Astatine is the first halogen 
predicted to be metallic [30]. From the general trend of 
decreasing stability of nitrosyl compounds with increas-
ing atomic number from Cl to I the compound AtNO is less 
likely to be formed (see Figures 1 and 2). The same assump-
tion holds true for its superheavy homologue tennessine, 
(Ts, Z = 117). However, the reaction of NO with single atomic 
At in the gas phase seems slightly exothermic. The expected 
reaction entropy loss might be prohibitive, for a negative 
Gibbs energy for this reaction, though. The formation of 
the superheavy TsNO seems quite questionable, making an 
investigation of Ts along this path a ride for relativistic sur-
prises. Therfore, also predictions from relativistic ab initio 
density functional theory are required. Tennessine was dis-
covered in 2010 (see for review of all related experiments 
[34]) and the known isotopes are 293, 294Ts with an average life 
time of about 22 ms and 51 ms, respectively. So far, on-line 
chemical separations have been performed with nuclides 
having half-lives down to about 0.5 s, e.g. with 287Fl [35]. It 
would therefore require a major technological improvement 
to increase the formation and separation time of molecules 
by one order of magnitude. The observed reaction might be 
interesting for developing a chemical system for Ts using a 
radiofrequency gas stopping cell, e.g. [36]. Preparation of 
such experiments are under way.
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