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In this article, we study the photoinduced dissociation pathways of a metallocarbonyl, Os3(CO)12,
in particular the consecutive loss of CO groups. To do so, we performed photoelectron-photoion
coincidence (PEPICO) measurements in the single ionization binding energy region from 7 to 35 eV
using 45-eV photons. Zero-energy ion appearance energies for the dissociation steps were extracted by
modeling the PEPICO data using the statistical adiabatic channel model. Upon ionization to the excited
ionic states above 13 eV binding energy, non-statistical behavior was observed and assigned to prompt
CO loss. Double ionization was found to be dominated by the knockout process with an onset of 20.9
± 0.4 eV. The oscillator strength is significantly larger for energies above 26.6± 0.4 eV, corresponding
to one electron being ejected from the Os3 center and one from the CO ligands. The cross section for
double ionization was found to increase linearly up to 35 eV ionization energy, at which 40% of the
generated ions are doubly charged. Published by AIP Publishing. https://doi.org/10.1063/1.5018719

I. INTRODUCTION

Weak field photoionization with radiation in the VUV
(vacuum ultraviolet) and XUV (extreme ultraviolet) region has
been studied for a long time, and many different effects have
been investigated, such as valence and core hole single ion-
izations, photon energy dependent cross sections, double ion-
ization processes—most notably direct double ionization and
Auger processes—and also multiple ionization, e.g., through
Auger cascades.

Many of these studies have been performed on atoms and
small molecules, where, in many cases, a clear assignment of
the various energy levels can be made, and where ab initio cal-
culations promise a high accuracy. For more complex systems,
studies focus on either diatomic or triatomic molecules. This
allows us to keep track of the different molecular states while,
at the same time, studying effects that cannot be observed in
isolated atoms. Possible targets are fragmentation processes
or ionization from the different constituent atoms which inter-
act also with their neighboring atoms. The main difference
between atoms or small molecules and larger systems is the
density of accessible states. The significant increase in the
density of states leads to photoionization spectra with broad
ionization bands instead of isolated, sharp peaks and a quasi-
continuous ionization profile from the valence region to higher
energies. As a consequence, electrons with a specific kinetic
energy cannot always be unambiguously assigned to have a
well-defined origin as they might result from single ioniza-
tion or from an Auger or autoionization process. This makes

a)Electronic addresses: schalk.phys@gmail.com and melanie.mucke@
physics.uu.se.

the possibility to discover new processes much more diffi-
cult in larger molecules because they can be easily hidden by
competitive processes.

As part of a series of studies, we aim to address these
various processes in a relatively large molecule, triosmium-
dodecacarbonyl [Os3(CO)12, see Fig. 1]. For comparison, we
make use of a similar complex with a lighter group 8 element,
Ru3(CO)12. Os3(CO)12 has been chosen for various reasons:
(i) The molecule has enough atoms to guarantee a broad pho-
toelectron spectrum and a high density of states. Inspection
of the photoelectron spectrum between 20 and 60 eV shows
two 4f-Auger peaks, which sit atop a broad and almost struc-
tureless continuum.1 This continuum is caused by a series of
satellite bands and lower lying CO-resonances, comparable to
those of other metalcarbonyls.2 (ii) Ionization can occur from
the metal center or the CO-ligands.1,3 The ionization poten-
tials (IPs) of these two sites are well separated in the valence
region, with ionization from the d-electrons of the metal center
taking place in the 8-11 eV range, while ionization from the
CO-molecules can be observed between 13 and 17 eV.3 This
separation can also be observed for double ionization, where
the excitation energy and the cross section for direct double
ionization from the Os3 center are lower than those for the
ionization of one electron from the center and one electron
from the ligands.1 (iii) Os3(CO)12 has a filled f-shell which
allows us to follow Auger processes from a diffuse orbital in
a molecule. (iv) Os3(CO)12 has a favored dissociation pattern
upon photoionization: cleavage of the metal–CO bond1 which
is also observed in other carbonyls like Fe(CO)5

4–7 or the series
Cr(CO)6 to W(CO)6.8–12 Compared to all these molecules,
Os3(CO)12 has more CO ligands attached which allows fol-
lowing its dissociation pathways to higher energies because
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FIG. 1. Sketch of Os3(CO)12. (a) Scheme in D3h symmetry where the equa-
torial CO groups are painted in red and the axial CO groups in blue.
(b) The C3 symmetry of the Os3(CO)12 ground state as calculated at the
mPW1PW91/LANL2DZ level of theory.

more photon energy is required to completely remove all lig-
ands. In the case of double ionization, since the fragments are
generated only in a certain energy interval, one can use the
energy of one electron and the coincident ion for calculating
the energy of the second electron.

In this contribution, we report on the dissociation and
ionization patterns between the IPs at 7.82 eV and 35 eV.
First, we extract 0 K dissociative photoionization thresholds
to investigate the binding properties of transition metal com-
plexes, especially in comparison with other carbonyls.7,11

These appearance energies are the CO molecule’s desorp-
tion energies from the metal center under different degrees
of occupation, which is related to catalysis processes like
CO + O → CO2 (see, e.g., Ref. 13). We further deci-
pher the importance of various dissociation channels that
open up because CO can cleave from different sites of the
complex, i.e., osmium atoms with different numbers of CO
molecules attached to them. Moreover, the application of
statistical rate models, most importantly the simplified sta-
tistical adiabatic channel model (SSACM),14,15 allows us to
highlight non-statistical behavior and, thus, fast processes on
the ionic excited state potential energy surfaces. Finally, we
study the competition between single ionization and double
ionization.

II. METHODS
A. Experimental

Os3(CO)12 was purchased from Sigma-Aldrich with a
nominal purity of 98% and was used without further purifi-
cation. The contaminants have different masses and do not
show up in the mass spectra.

Experiments were performed at the GasPhase beamline of
the synchrotron storage ring Elettra (Trieste, Italy). The gen-
eral layout of the beamline and its performance were described
earlier,16 and details of the PhotoElectron-PhotoIon Coinci-
dence (PEPICO) setup are given in Ref. 17. In brief, it consists
of a home-made Wiley-McLaren-type time-of-flight mass ana-
lyzer mounted in the opposite direction of a hemispherical
electron energy analyzer (VG 220i) with a 150 mm mean radius
and five channel electron multiplier detectors. The axes of the
spectrometers were placed at the magic angle with respect to
the incoming synchrotron radiation polarization vector. Dur-
ing the coincidence measurements, detection of an electron

provides a start signal after which the ions are extracted by a
high voltage (HV) pulse (Directed Energy, Inc., model PVM
4210) controlled by a pulse generator (Stanford Research
DG535) applied in the extraction region of the mass spec-
trometer. After extraction from the interaction region, the ions
were accelerated, then focused by an electric field under Wiley
McLaren conditions, and finally detected by a microchannel
plate detector. The delay time after the ionization event until the
ion extraction depends on the analyzer settings and additional
delays due to the coincidence and HV pulse electronics. In the
current experiment, we estimate it to approximately 500 ns.
This delay reduces the detection efficiency for energetic light
ions which could be produced, for example, in Coulomb explo-
sions of multiply charged ions. The detector signal was sent to
a constant fraction discriminator, providing the stop signals
of the measurement. Signals were recorded using a time-
to-digital converter with a time resolution of 80 ps (TDC,
model AM-GPX, manufactured by ACAM Messelectronic).
In order to account for random coincidences, “random” trig-
gers to receive a background mass spectrum are generated with
30 Hz (as comparison, the round trip time of the synchrotron
is 864 ns which represents a frequency of >1 MHz). All data
were stored hit-by-hit, allowing the reconstruction of true and
random coincidence spectra (see Ref. 17 for more details).
Conventional photoelectron and mass spectra were recorded
with the same apparatus operated in the non-coincidence
mode.

Os3(CO)12 was introduced to the interaction region using
a resistively heated, anti-inductively wound oven and was kept
at 74 ◦C. The synchrotron photon energy was set to 45 eV,
while the electron analyzer pass energy was set to 10 eV.
Under such conditions, the total energy resolution of the exper-
iment is approximately 250 meV for coincidence experiments.
PEPICO spectra were recorded at selected ionization energies
between 7 and 35 eV. Xe was used for energy calibration of
the photoelectron spectra. Under the described conditions, the
transmission function of the electron analyzer is almost flat
with an increase of less than 10% toward lower electron kinetic
energies.

The resolution of the mass spectrometer was sufficient to
distinguish between the number of lost CO-molecules but not
between the isotopes (Os has significant isotopes with masses
of 188, 189, 190, and 192 amu). As an example, the full non-
coincident mass spectrum upon excitation at 45 eV is shown in
Fig. 2. A detailed analysis of the spectrum has been provided
earlier.1

B. Theoretical methods

The geometries and vibrational constants of Os3(CO)12

and Os3(CO)n
+ complexes were optimized with the Gaus-

sian 09 code, using density functional theory (DFT) with the
mPW1PW91 functional,18 based on the generalized gradient
approximation. The functional has been reported to be reliable
for predicting structures and vibrational frequencies for sec-
ond and third row transition metal systems.19,20 The carbon
and oxygen atoms were described with an all-electron valence
double zeta basis set (9s 5p)/[3s 2p],21 while the relativistic
LANL2DZ effective core potential plus a basis set of dou-
ble zeta quality22,23 was used for the transition metal atoms.
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FIG. 2. Mass spectra of Os3(CO)12 recorded at 45 eV photon energy. In
(a) and (b), the spectra of singly ionized Os3(CO)n

+ and doubly ionized
Os3(CO)n

2+ fragments are shown, respectively. No fragmentation of the Os3
core was observed.

The adiabatic ionization energy was calculated as the energetic
difference between the charged and neutral complexes.

In order to determine the energy of CO detachment from
the Os center, all unsaturated Os3(CO)n

+ complexes and the
single CO molecule were optimized. Zero-point energies were
calculated for each species separately and added to the elec-
tronic energy. An estimate of the basis set superposition
error, an artificial strengthening of the interaction energies
due to the use of a finite basis set in the calculations, was
obtained through counterpoise correction of the interaction
energies.

For further modeling of the experimental data, the disso-
ciation energies for all species, as well as geometries, energies,
and the vibrational spectra at elongated Os–CO bond dis-
tances with r(Os–CO) = 4 Å used for data modeling (see
Sec. II C) were calculated. For Os3(CO)12

+ and Os3(CO)11
+,

dissociation in different positions (equatorial and axial, see
Fig. 1) was taken into account, and for the other species, only
CO molecules in equatorial positions were considered. An
overview of the possible reaction channels is shown in Fig. 3,
and the associated appearance energies of the different ions
are provided in Table I.

C. Modeling of the PEPICO data

The program used to model the PEPICO data in order to
extrapolate ion appearance energies at E0 = 0 K is described in
detail in Ref. 24, and a good summary can be found in Ref. 7
which explicitly treats the ionic metal–CO (M–CO) dissocia-
tion in the case of Fe(CO)5. Here, we will give an overview
of the features relevant for this project and the differences to
previous work.

There are several theories that are used to describe
unimolecular decay dynamics, most notably the Rice-
Ramsperger-Kassel-Marcus (RRKM) theory25 and the simpli-
fied statistical adiabatic channel model (SSACM).14,15 RRKM
gives best results for dissociations that take place via a

FIG. 3. Dissociation scheme for Os3(CO)12. The index [k,l,m] denotes the
number of COs attached to the three different Os atoms. The red marked
isomers are those appearing with the highest probability (see text and Table I
for details).

well-defined transition state; however, it is less suited for dis-
sociations without an energy barrier.26,27 Moreover, for larger
molecules, the high number of low frequency modes requires a
high accuracy of kinetic rates over several orders of magnitude
in order to provide reliable extrapolated values for E0.27 This
often leads to an underestimation of E0 at low kinetic ener-
gies of the ions and can fail to fit rates at higher energies.24

SSACM circumvents this problem by introducing an energy-
dependent rigidity factor to account for the tightness of the
transition state at different internal energies24,26,27 and gives
good results, especially for lower ion energies. However, this
model faces problems at higher energies.28

In the present publication, SSACM modeling is used with
the following rigidity factor expression: frig (E) = exp{�(E �

E0)/c}, as proposed in Ref. 7. Since M–CO dissociations do
not have a transition state, we follow the proposal of Baer
and co-workers to take the minimum energy geometry at 4
Å M–CO bond elongation as the transition state.29 Compared
to previously studied metal carbonyls, Os3(CO)12 is a more
complicated molecule, as dissociation can occur from differ-
ent sites. For the parent molecule, two different geometrical
positions for the twelve CO groups exist: six CO groups are
located in an axial position above the plane spanned by the
Os atoms and the remaining six are in an equatorial position,
i.e., in plane with the Os atoms (see Fig. 1). The dissociation
energies of the Os–CO bonds are position dependent.1 Upon
increased fragmentation, isomers with different distributions
of CO groups can be formed as summarized in Fig. 3 and
Table I. Each isomer contains CO groups in various positions
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TABLE I. Ground state energies relative to the parent energy for the different configurations of Os3(CO)n
+

and singlet Os3(CO)n
2+ calculated at mPW1PW91/LANL2DZ including zero point energy and counterpoise

correction. The configuration lists the distribution of CO molecules [k,l,m] attached to the different Os-atoms. The
fifth column shows the probability that a certain ion is formed for a value of n. See details in the text.

Energy (eV) Energy (eV)

n (CO) Conf. q = 1 q = 2,s Prob. (%) n (CO) Conf. q = 1 q = 2,s Prob. (%)

12 4,4,4 0 0 100 6 4,1,1 10.16 10.81 5
11 Eq.a 1.51 1.32 50 6 3,3,0 10.84 11.92 5
11 Axiala 1.74 1.29 50 6 4,2,0 10.99 12.24 4
10 4,3,3 3.34 3.14 73 5 2,2,1 11.99 12.75 55
10 4,4,2 3.57 4.76 27 5 3,2,0 12.54 13.85 18
9 4,3,2 4.80 4.96 65 5 3,1,1 12.56 12.68 24
9 4,4,1 4.86 4.82 6 5 4,1,0 12.61 13.79 3
9 3,3,3 4.90 5.30 29 4 2,1,1 14.62 14.50 58
8 3,3,2 6.45 6.61 58 4 2,2,0 14.69 16.12 22
8 4,2,2 6.79 7.05 22 4 4,0,0 14.69 16.32 1
8 4,3,1 6.87 6.86 19 4 3,1,0 15.18 16.35 19
8 4,4,0 7.66 8.22 1 3 2,1,0 16.75 17.96 65
7 4,2,1 8.31 8.79 18 3 1,1,1 16.56 18.25 29
7 3,2,2 8.37 8.73 55 3 3,0,0 17.23 18.42 6
7 3,3,1 8.48 8.52 24 2 1,1,0 19.21 20.64 73
7 4,3,0 8.78 9.71 3 2 2,0,0 19.51 20.60 27
6 2,2,2 10.06 10.79 23 2 Bridgeb 19.68 20.57
6 3,2,1 10.10 10.89 62 1 1,0,0 21.34 23.40 100

aCO cleavage in the axial and equatorial position.
bBridged structure, where one carbon atom is attached to two different Os atoms and the other to one of the two bridged Os atoms.

which possess different dissociation energies. This compli-
cates the modeling tremendously. However, there exist multi-
ple fitting schemes that can be used to extract values for E0.
These will be discussed in Secs. III A and III B.

III. RESULTS AND DISCUSSION

In Sec. III A, we discuss fragmentation dynamics of the
singly charged ions. Afterwards, we focus on the double ion-
ization process and the consecutive reaction dynamics, the
differences to the single ionization channels, and the ratio
between single ionization and double ionization.

A. Fragmentation dynamics

PEPICO spectra were recorded at a photon energy of
45 eV for a series of ionization energies between 7 and 35 eV.
In order to extract the signal strength per fragment, the cor-
rected mass spectra were fitted with a set of Gaussians which
proved to be a good representation of the peak structure. The
results are shown in Fig. 4, where the yields of each ion as
well as the total ion yield (green line) are plotted versus the
ionization energy. Figure 4(a) shows the results for single ion-
ization and Fig. 4(b) shows the results for double ionization.
In Fig. 4(c), the branching ratio between double ionization
and single ionization is represented, where the black curve
shows the double-to-single ionization ratio at a certain ion-
ization energy, i.e., the ratio of the photoelectron spectrum
that is caused by double ionization and by single ionization,
respectively, while the red curve shows the ratio between both
signals integrated up to the indicated ionization energy. The
latter roughly approximates (over the small energy range cov-
ered in the experiment) the double-to-single ionization ratio

that is measured at different photon energies as measured in
Refs. 30 and 31 (see the discussion below). In addition to the
total ion yields, the previously measured photoelectron spec-
trum1 of Os3(CO)12 is plotted in Fig. 4(a) (black line). The two
spectra show the same intensity distribution of the peaks. The
additional peak in the photoelectron spectrum at 12.13 eV is
for Xe which was added for calibration purposes. At energies

FIG. 4. Ion yield spectra of selected Os3(CO)n fragments measured in coin-
cidence with photoelectrons at selected energies for 45 eV photon energies
for (a) singly ionized fragments and (b) doubly ionized fragments. On the low
energy side of (a), the photoelectron spectrum of Os3(CO)12 and Xe mea-
sured at 25 eV is added as a reference (black curve). On the high energy side,
a spectrum taken at 120 eV is shown (black line). Both photoelectron spectra
are adapted from Ref. 1. The green, dotted trace exhibits the sum of single
and double ionization. (c) Ratio between the total ion yields of double and
single ionization. The black curve shows the ratio at a given ionization energy,
while the red curve indicates the ratio of the integrated signal up to the given
ionization energy.
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above 26 eV, the electron spectrum arises from electrons that
originate from both single and double ionization processes.
The combined ion yield is shown by the green dotted line and
agrees nicely with the photoelectron spectrum that was taken
at 120 eV photon energy [black curve, shown between 19.5
and 35 eV in Fig. 4(a), adapted from Ref. 1]. This can be con-
sidered as a confirmation that the gain of the microchannel
plate and the acceleration voltage were set correctly, which
can be an issue because otherwise the efficiency of detection
can be biased toward the doubly charged species, especially
when they are heavy.31

In Fig. 5, the relative partial ion yields of singly charged
ions are shown for the investigated photoelectron kinetic
energy range. Essentially, Fig. 5 is the same as Fig. 4 but where
the total yield at each ionization energy is normalized to one,
i.e., the contributions of the different ions to the total yield.
These so-called breakdown curves were fitted for the first six
M–CO dissociation steps using SSACM. In a first attempt, the
data were modeled in a consecutive reaction scheme. Sym-
metry factors, σ, were chosen to match dissociation from the
equatorial position of the most likely reaction channel (indi-
cated by the red triples [k,l,m] and arrows in Fig. 3; see the
explanation below). For example, σ = 6 was chosen for the first
dissociation step because the six CO ligands in the equatorial
position are those that are accessed at threshold ionization.
The appearance energies were between 0.02 eV and 0.05 eV
higher when using the full symmetry factors instead, i.e., when
all dissociation energies would be equal (e.g., σ = 12 for the
first reaction step). For consecutive dissociation steps, all dis-
sociation channels at lower fragmentation (i.e., higher n) are
open. This is relevant because it broadens the energy range
in which the ions can be observed, which differs to, e.g.,
Fe(CO)5

4–7 where only one reaction channel for consecutive
CO loss exists. As rigidity factor, 260 cm�1 gave the optimal
fit; however, we observed that fits were generally insensitive
to small variations in this factor. The 0 K dissociative pho-
toionization thresholds are 7.82 eV, 9.72 eV, 11.47 eV, 13.23
eV, 14.48 eV, 16.10 eV, and 18.24 eV, respectively. The fits
give a reasonable description of the data but fail to describe
the shape around the maxima and the tails of the breakdown

FIG. 5. Simulated breakdown curves for the first six dissociation steps from
Os3(CO)12

+ to Os3(CO)n
+ using the simplified statistical adiabatic channel

model. The stars represent the 0 K dissociative photoionization thresholds
extracted from the simulation and the pentagons represent the ion appearance
energies calculated at the mPW1PW91/LANL2DZ level of theory.

curves, especially for increased fragmentation. In Sec. III B,
two potential reasons for this behavior are discussed: (a) the
neglect of multiple reaction channels at higher photon energies
and (b) non-statistical dynamics.

The obtained ground state energies of the different isomers
relative to the ground state of the parent ion, including zero
point energies and counterpoise correction, are given in Table I
(note that the values in Table 1 of Ref. 1 are without counter-
poise correction). Here, the minimum energies for the different
isomers are typically within 0.7 eV for 9 > n > 3, where n is
the number of CO molecules attached to the Os3 center. In
order to estimate the relevance of different isomers in the dis-
sociation dynamics, the probability to obtain a certain isomer
was calculated. For simplicity, it was assumed that the ground
state potential energies of all isomers and the binding energy
for each CO molecule are the same. The probability is then
determined only by the symmetry number, σ. In the follow-
ing discussion, [k,l,m] denotes the number of CO molecules
attached to the three different Os atoms, starting with the
highest number (see also Fig. 3). For example, the probability
to reach the [4,4,2] configuration from the [4,4,3] configura-
tion is 3/11 (one of the m = 3 CO molecules dissociates out of
a total of 11 CO molecules), while the probability to reach the
[4,3,3] configuration is 8/11. The calculated probabilities for
all isomers are listed in Table I. As indicated, a more even dis-
tribution of CO molecules is statistically favored, and complete
CO loss at one Os side is statistically disfavored. Interestingly,
the energetically most stable isomers are also often those that
are accessed with the highest statistical probability. When dis-
regarding any isomers with less than 10% probability, their
potential energies often differ by less than 0.4 eV. This range is
too small to explain the long tails observed in the experimental
breakdown curves.

Since the model used to simulate the breakdown curves
is based on the statistical rate theory, it assumes thermal equi-
librium within the vibrational modes in the molecule. This
assumption is not fulfilled if fragmentation takes place before
equilibrium is reached either because dissociation occurs from
an excited state or because not all vibrational modes are
accessed. In both cases, CO molecules could be released with
more translational and/or internal energy than under statistical
conditions, which removes internal energy from the Os3(CO)n

ion. As a consequence, fragments with higher n than expected
from statistical rate theory can be observed at a given photon
energy.

The first excited ionic band of Os3(CO)12 starts at 13.5 eV
(internal conversion between different metal centered d-hole
states is typically slow and does not cause non-statistical M–
CO cleavage). This band arises due to ionization from the 5σ
and 1π CO ligand orbitals.3,32 This agrees with the observa-
tion of the first non-statistical tail at n = 9 for photon energies
between 15 and 15.5 eV. In neutral carbonyl complexes, e.g.,
M(CO)6 compounds with M = Cr, Mo, W, it is observed that
excitation into a metal to ligand charge transfer state can lead
to excited state CO-loss within less than 200 fs, and a subse-
quent return to the new ground state.33 A similarly fast CO
loss mechanism can also be assumed in the ion. Moreover,
the translational kinetic energy release has been studied in
other systems, and it has been found that the released energy is
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independent from the excess which is stored as internal energy
in the remaining fragments.34 This would lead to a similar tail
in the breakdown curves for multiple ions, which agrees with
the current observations.

B. Double ionization

In addition to the fragmentation reactions upon single ion-
ization, the ionized molecules can also eject a second electron.
For molecules of the size of Os3(CO)12, double ionization is
generally a two-step process, and the second electron is lost
either (i) via a knockout process30,31,35 or (ii) via autoion-
ization. The knockout process is the dominating process in
atoms like helium where the double-to-single ionization ratio
increases to about 3% at 30 eV photon excitation energy
above the double ionization threshold.36 In larger molecules,
the double-to-single ionization ratio typically increases with
molecular size as observed, e.g., in the series benzene to
pentacene30 where the ratio increases from 3% to 15% at
30 eV above the threshold. The increased ratio is explained
with a higher probability for the knockout process in larger
molecules, which is caused by the extended period that the
photoelectrons remain “inside” the molecule. For Os3(CO)12,
the double-to-single ionization ratio 30 eV above the threshold
is 21%1 and is larger than for the aromatic compounds which
might be caused by the higher number of valence electrons
available in Os3(CO)12. The other process, autoionization,
causes emission of the second electron independent from the
photoelectron and typically occurs directly from an excited
state of the parent molecule. At photon energies that are too
low to initiate Auger processes, this excited state is typically
a Rydberg state which causes a structured photoelectron spec-
trum, observed best with electron-electron coincidence spec-
troscopy.37 Often, the electron generated by autoionization has
a low kinetic energy. In principle, autoionization is also pos-
sible after dissociation, as is observed in, e.g., O2

37 or NO.38

1. Knockout

As mentioned earlier, ionization can occur from the metal
center as well as the CO-ligands. At the double ionization
threshold, earlier determined to lie around 21.3 eV, both elec-
trons originate from the metal center.1 The ionization cross
section for this process is reduced because of the already
low cross section for single ionization from the metal cen-
ter. In fact, no double ionization events that lead to the doubly
ionized parent [Os3(CO)12

2+] or the weakly fragmented ions
[Os3(CO)11

2+ and Os3(CO)10
2+] are observed in the coinci-

dence data above the noise level. However, these fragments
are visible in the non-coincident mass spectra recorded both
at 27 eV1 and 45 eV (see Fig. 2) but are of low intensity.
The lowest lying doubly ionized ion observed in the PEPICO
experiments is Os3(CO)9

2+ at an ionization energy of 26.6 eV,
which is above the threshold for ionization of one electron
from the metal center and one electron from the ligands. This
value is close to the estimated threshold of 25.8 eV given in
Ref. 1 (the threshold for ionization from two CO groups can
equally be estimated to 31.2 eV using the formulas given in
Ref. 1 and a maximal distance between the CO groups of 7.5
Å). The experimental onsets for double ionization agree within
±0.4 eV to our current calculations, which are summarized in

Table I (the triplet energies are above the singlet energies for
the doubly ionized fragments and are not shown here). The
calculated M–CO dissociation energies fit best to the experi-
ment when assuming a double ionization energy of 20.9 ± 0.4
eV, which is below the previously estimated value of 21.3 eV1

but above the calculated value of 20.08 eV (see Table II).
One striking difference between the ionization energy

dependent ion yields for single ionization and double ioniza-
tion is that for double ionization, the yield of a certain ion
is roughly independent from the photoelectron kinetic energy
after an initial rise just above the ion appearance energy [see
Fig. 4(b)]. In order to explain this, we consider the formation
of Os3(CO)9

2+. Under assumption of the knockout process,
this can be written as

Os3(CO)12 + hυ → Os3(CO)12
2+∗ + e−(Ekin,1) + e−(Ekin,2)

→ Os3(CO)9
2+ + 3 CO + e−(Ekin,1) + e−(Ekin,2).

The photon energy in our experiment is 45 eV. Of this, 20.9 eV
is required for double ionization and a minimum of 5 eV
is required for fragmentation (see Table II). The remaining
19.1 eV has to be distributed between the electrons and the
internal energy of the ion. After a build-up of the yield, which
is caused by the internal energy that is transferred to the disso-
ciating CO molecules, the ion yield of Os3(CO)9

2+ is flat with
respect to the kinetic energy of the faster electron which we
detect in the current PEPICO experiments (see Fig. 4). This
is an indication that the energy is randomly shared between
the two electrons which, in turn, is a feature of the knockout
process at low ionization energies (at high ionization energies,
the electron distribution becomes U-shaped) as was discussed
previously, e.g., for helium.39

2. Autoionization

Since the photon energy in our experiment is too low for
inducing Auger processes, autoionization takes place from an

TABLE II. Geometrical parameters for Os3(CO)12 and Os3(CO)11 with dif-
ferent charges and multiplicities. Os–Cax denotes the distance between an Os
atom to the axial carbon atom in an Os(CO)4-subgroup, while Os–Ceq denotes
the distance to an equatorial carbon atom (see Fig. 1 for the geometry). In addi-
tion, ranges of Os–C distances for different numbers of CO-ligands per Os
atom are shown.

Os3(CO)12 q = 0 q = 1 q = 2 (singlet) q = 2 (triplet)

d (Os–Os) (Å) 2.877 2.905 2.760//3.316 2.893
d (Os–Cax) (Å) 1.946 1.963 1.965 1.972
d (Os–Ceq) (Å) 1.912 1.922 1.931 1.939
IP (adiab.) (eV) 8.28 20.08 20.24

Os3(CO)11

d (Os–Os) (Å) 2.74//2.90 2.68//3.05 2.64//3.33 2.75//2.93
d (Os–Cax) (Å) 1.944 1.956 1.972 1.971
d (Os–Ceq) (Å) 1.92 1.93 1.94 1.96
d [Os–C(CO)3] (Å) 1.89 1.90 1.91 1.90

For all molecules

d [Os–C(CO)] (Å) 1.79-1.81 1.81-1.83
d [Os–C(CO)2] (Å) 1.85-1.89 1.86-1.90
d [Os–C(CO)3,4] (Å) 1.89-1.95 1.90-1.96
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excited state of the singly charged ion. As noted before, the
electrons generated by autoionization often have a low kinetic
energy ranging from zero to maybe 3 eV,37 while the photo-
electrons can have any kinetic energy up to the photon energy
minus the double ionization threshold. However, since the
kinetic energy of the electron coming from autoionization is
low, the remaining available energy from the absorbed photon
is shared between the photoelectron and the ion. This is simi-
lar to the case of single ionization discussed above and means
that the less photoelectron kinetic energy correlates with higher
fragmentation. This contradicts the experimental finding of a
photoelectron energy independent quantum yield of the ions
in our PEPICO data, and we therefore rule out autoionization
as a major process. As a consequence, the knockout mecha-
nism has to be considered the major mechanism for double
ionization in Os3(CO)12.

IV. CONCLUSION AND OUTLOOK

We have investigated processes that happen upon pho-
toionization of a large molecular system, Os3(CO)12, in the
region up to 25 eV above the ionization threshold. Zero-energy
appearance energies of the various singly ionized Os3(CO)n

+

fragments are extracted, based on the simplified statistical adi-
abatic channel model using a simplified reaction scheme. We
found that excitation to higher lying ionic states at ionization
energies above 13.5 eV led to a non-statistical distribution of
the breakdown curves which likely originates from ultrafast
dissociation dynamics in the ions. A more thorough modeling
would necessitate an improved data set in order to distinguish
between the different reaction channels that lead to products
with the same mass. Real-time studies of the processes are
challenging because they require a VUV pump-VUV probe
setup.

Double ionization was found to take place mainly via the
knockout process. It has a significant oscillator strength, but
only if at least one electron originates from the CO ligands.
Upon increasing ionization energy, the double ionization cross
section rises linearly up to 35 eV, where it is similar to that of
single ionization. More research is required to study double
ionization processes at higher energies and to compare the
dynamics upon ionization in metal complexes with organic
molecules.
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