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Nitrosyl**
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Motivated by the potentially adverse effects of dissociative
electron attachment (DEA) in focused electron beam
induced processing (FEBIP), we have conducted a gas-
phase DEA study on the common FEBIP precursor molecule,
cobalt tricarbonyl nitrosyl. We have determined the absolute
DEA cross-sections and the branching ratios for the individ-
ual fragmentation processes in the energy range from about
0–9 eV. We further report the adiabatic electron affinities
(EAs) of the corresponding neutral radicals. Finally, we
propose a fragmentation mechanism, which we believe is
valid for DEA to metal–carbonyl compounds in general.

Initially discovered as an unwelcome side effect in
electron microscopy,[1] FEBIP has quickly been embraced as
a clean and precise tool for manipulating and controlling
matter on a small scale. A focused, high-energy electron beam
is used to locally dissociate adsorbed precursor molecules.
Ideally, a chemically and structurally well-defined deposit is
left behind while volatile fragments are pumped away.
Minimization of the spatial resolution and eliminating con-
tamination of the deposited structures remain the two main
challenges of FEBIP.[2,3]

Albeit a highly focused primary electron beam, the width
of the deposits is typically a multiple of the incident beam
diameter.[4] Elastic and inelastic scattering events are
unavoidable when irradiating samples with high-energy
electron beams. Consequently, secondary (SE) and back-
scattered electrons (BSE) are emitted from the sample
surface and the deposit, creating electron flux outside the
focus point of the primary beam. Simulations as well as
experiments show that the SE energy distribution typically
peaks at low energies, that is,< 15 eV, and their intensities are
far from negligible.[2, 4, 5]

At these low energies, a new fragmentation pathway
becomes available, that is, DEA. In contrast to fragmentation
by direct electron impact, where excess energy of several
electron volts is required, DEA can occur close to zero eV
threshold. Furthermore, DEA reactions can exhibit fairly
large cross-sections of 10�18 to 10�16 m2 and are highly bond
selective with regards to the electron energy.[6,7]

Because of the abundance of low-energy SEs and BSEs
generated in FEBIP and the potentially high cross-sections,
DEA may play a significant role in FEBIP broadening.
Additionally, the high bond selectivity in DEA may contrib-
ute to the deposition of incompletely decomposed precursor
molecules and thus to an increased nonmetallic fraction of the
deposit. Presently, no DEA cross-section data has been
reported on relevant FEBIP precursor molecules and current
simulations either neglect dissociation caused by low-energy
electrons altogether or have to rely on an educated guess for
the cross-sections.[4]

Herein we report absolute DEA cross-sections and
branching ratios for cobalt tricarbonyl nitrosyl. We report
the electron affinities for the neutral radical fragments and we
propose a general DEA mechanism for metal–carbonyl
compounds.

The present experiments were performed in a crossed
electron/molecular beam apparatus[8] under single collision
conditions. The molecular beam was generated by gas
effusion through a stainless steel capillary and the pressure
was monitored with an absolute capacitance gauge (MKS
Baratron, 0–7 Pa). The electron beam (full width at half
maximum, FWHM, of 140 meV) was generated by a trochoi-
dal electron monochromator and the energy scale was
calibrated relative to the formation of SF6

� from SF6 at an
electron energy of 0 eV. Absolute cross-sections were esti-
mated relative to the cross-section of SF5

�/SF6 at 300 K.[9] In
the mass range studied, the transmission through the quad-
ropol and the detection efficiency should not vary much.
However, the ion extraction field is fairly low (1 V cm�1) and
ions formed with high kinetic energy may thus escape
collection. This is likely to be the main source of error, and
though the kinetic energy is not likely to be substantial in the
fragmentation processes studied, it is adequate to look at
these cross-sections as a lower limit. Conservatively, we
estimate the absolute errors to be about a factor of two.
Cobalt tricarbonyl nitrosyl was purchased from Strem Chem-
icals (Bischheim, France) and used as received.

Figure 1 shows the energy dependence of the DEA cross-
sections for the formation of the individual negative ion
fragments. The fragmentation pattern is characterized by the
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loss of one or more CO units (Figure 1a–c), the loss of one
NO unit (Figure 1d), or the loss of one NO and one or more
CO units (Figure 1 e–g). The most prominent channel is the
formation of [Co(CO)2NO]� through cleavage of one CO unit
from the parent molecular anion (Figure 1a). This channel
shows a narrow contribution close to 0 eV in the ion yield
curve and a broader one that peaks close to 1 eV. Based on
the commonly measured high cross-sections for DEA pro-
cesses close to 0 eV, and the fact that the population of energy
levels v = 1 and v = 2 of the symmetric Co–CO stretch
vibration (n = 390 cm�1)[10] at room temperature is about
15.4 and 2.5%, respectively, we assign the narrow contribu-
tion close to 0 eV to hot-band transitions. For the formation of
[Co(CO)2NO]� at its maximum of around 1 eV, we estimate
the cross-section to be close to 4 � 10�16 cm2. The second most
prominent channel in DEA to [Co(CO)3NO] is the formation
of [Co(CO)3]

� , that is, the loss of the NO ligand (Figure 1d).
This decay channel peaks close to 2 eV and we estimate the
cross-section to be close to 5 � 10�17 cm2. The further loss of a
CO ligand from [Co(CO)2NO]� and [Co(CO)3]

� , respec-
tively, is in both cases characterized by a broad peak in the
respective ion yield curve, shifted by approximately 1 eV with
regards to the precursor. Both of these peaks are highly
asymmetric with a sharp rise at the low-energy side but a
smoother, Gaussian-like, decay on the high-energy side. We
estimate the cross-section for both of these processes to be
close to 2 � 10�17 cm2 at the respective maxima. The loss of
one more CO ligand to form [CoNO]� takes place in the
energy range from 4–7 eV and has its maximum close to 5 eV.

The contribution from [CoCO]� , on the other hand, stretches
from 4–8 eV, peaks between 6 and 7 eV and has a clear
shoulder at the low-energy side. The cross-section for these
processes is estimated to be 2 � 10�18 and 4 � 10�18 cm2 at the
respective maxima. Finally, Co� stripped of all ligands is
observed through a high-energy resonance centered slightly
above 7 eV with a maximum cross-section of about 7 �
10�19 cm2. The parent anion [Co(CO)3NO]� is not discernible
under the present experimental conditions.

The UV/Vis absorption spectrum of [Co(CO)3NO] con-
sists of two broad bands centered around 380 nm (around
3.3 eV) and 210 nm (around 5.9 eV), respectively.[11] Photo-
dissociation studies at excitation wavelengths close to the first
maximum of 355 nm (around 3.5 eV) indicate loss of both CO
and NO ligands. Generally, the photodissociation mechanism
of metal–carbonyl compounds is understood as an initial
photoexcitation to a repulsive state, causing loss of the first
ligand. Internal redistribution of the excess energy then leads
to further sequential ligand loss.[11, 12] The fragmentation
mechanism observed in our DEA study can be explained in
a similar manner. Here, the initial step at low energies is the
formation of a single-particle shape-resonance, which peaks
at 1 eV and predominantly decays by loss of a CO ligand. The
contribution at about 2 eV, on the other hand, that also results
in NO loss, is tentatively assigned to a low-lying core-excited
resonance, which corresponds to the band observed at 380 nm
(3.3 eV) in the UV/Vis region. Hence, this resonance is
correlated with the HOMO–LUMO transition, but in DEA
the ion yield is shifted towards lower electron energies
because of the competition of autodetachment from the
transient negative ion (TNI). In both cases an initial
occupation of a previously empty MO causes direct bond
rupture and the shape of the ion yield curves for
[Co(CO)2NO]� and [Co(CO)3]

� are governed by the forma-
tion and survival probability of the respective TNI. After this
initial dissociation step, however, the excess energy is redis-
tributed within the remaining anion fragment and further,
statistical dissociation takes place. The loss of the second (and
third) ligand is thus governed by the energetics and not the
initial formation probability of the respective TNIs. This is
evident by the steep threshold for the loss of CO from
[Co(CO)3]

� and [Co(CO)2NO]� (Figure 1b,e). This also
applies to the formation of the Co� anion, although, in this
case, we assign the initial step to the formation of a core-
excited resonance, which probably corresponds to the band at
210 nm in the UV/Vis spectrum. We draw this conclusion
from the threshold behavior and the shape of the ion yield as
well as the fact that this resonance contributes significantly to
the yield of [CoCO]� (see Gaussian fits in Figure 1 f and the
Supporting Information) but is absent in the yield of
[CoNO]� . Hence, this resonance must initially decay by loss
of NO before further statistical fragmentation leads to
[CoCO]� and finally Co� . As statistical decay strongly
depends on the time scale of the experiment it would be
interesting to further verify the proposed mechanism with a
complimentary study on the time dependency of the individ-
ual processes.

Independent of the process, the DEA thermochemical
threshold, EthðX�Þ, is given by Equation (1),

Figure 1. DEA cross-sections for individual fragment formation from
[Co(CO)3NO] as a function of incident electron energy. The threshold
fit functions are given as solid red lines (b, c, e, and f), and the
Gaussian-type fit functions indicate the two contributions to the yield
of [CoCO]� (blue dotted lines, f).
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EthðX�Þ ¼
Xn

m¼1

BDEðX�YmÞ �EAðXÞ ð1Þ

where X is the observed charged fragment and Y1…Yn are the
dissociated ligands. Using the vertical detachment energy of
1.73 eV as the electron affinity (EA) for the [Co(CO)2NO]
radical,[13] and the average Co–CO bond dissociation energy
(BDE) of 1.42 eV derived from [Co(CO)4],[14,15] the loss of the
first CO becomes energetically available at about �0.3 eV.
Hence, the loss of the first CO is an exothermic process. In a
similar way, an estimated threshold energy of 0.2 eV for the
formation of [Co(CO)3]

� and a Co–NO binding energy of
1.89 eV[15] leads to an EA value of about 1.7 eV for
[Co(CO)3]. For the higher-order dissociation channels the
sharp onset allows for more accurate determination of the
threshold by fitting the data to an empirical threshold law
commonly used for collision-induced dissociation data (see
the Supporting Information). These fits give us threshold
values of 1.9 and 1.2 eV for further CO loss from [Co(CO)3]

�

and [Co(CO)2NO]� , respectively, and values of 4.3 and 3.7 eV
for CO loss from [Co(CO)2]

� and [Co(CO)NO]� . Using the
previously stated BDEs, we estimate the following adiabatic
electron affinities from Equation (1): EA([Co(CO)NO]) =

1.6 eV, EA([Co(CO)2]) = 1.4 eV, EA([CoNO]) = 0.5 eV, and
EA([CoCO]) = 0.4 eV. These values and our estimate for the
electron affinity of [Co(CO)3] are in very good agreement
with the previously limiting EA values, that is, 1.35 eV<

EA([Co(CO)2])<EA([Co(CO)NO])<EA([Co(CO)3])<
EA([Co(CO)2NO]) = 1.73.[13]

The DEA cross-sections reported here for [Co(CO)3NO]
range from 10�16—10�19 cm2 and DEA predominantly leads to
incomplete decomposition of the parent molecule. Consider-
ing that the yield of SEs can be close to 0.1 SEs per primary
electron per electron volt,[2] the effect of DEA is not
negligible and partial decomposition through DEA might

even contribute significantly to nonmetallic contamination.
Further DEA cross-section studies on different FEBIP
precursors should be valuable in conjunction with simulation
to map the influence of different metal/ligand compositions.
Eventually this information can be used to design precursor
molecules that enable improved resolution and purer depos-
its.
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