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Abstract

We present simulations of time- and energy-resolved ionization experiments on iron carbonyls. In calculating photoelectron

spectra we show that it is possible to track the temporal variation of a metal�/carbon bond. As another example, the multiple CO

abstraction from iron pentacarbonyl induced by multi-photon absorption is regarded. Here the time-dependence of photoelectron

spectra as obtained from a pump�/probe arrangement gives a unique picture of the fragmentation within the neutral manifold of

Fe(CO)n molecules.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Taking early experimental observations into account,

Einstein, in 1905, offered the first explanation for the

photo-electric effect: the interaction of a solid with

radiation of high enough frequency induces the emission

of electrons which emerge with different kinetic energies.

Einstein’s equation

1

2
mv2

max�hn�I ; (1)

tells us that the maximum kinetic energy of the ejected

electrons is determined by the difference between the

photon energy (h being Planck’s constant, n the

frequency) and a minimum energy I , which in the case
of a molecule is the ionization potential. This discovery

was one of the first steps towards the development of

quantum mechanics. Ever since, photoelectron spectro-

scopy (PES) has been applied to solid state systems and

gas-phase molecules. The interaction of UV radiation

with molecules leads to the removal of valence electrons

thus yielding information about the binding properties

of the neutral molecules and, additionally, the structure

of the cations [1,2]. On the other hand, ionization

triggered by X-ray sources prepares, a core hole which

then leads to photon emission, Auger decay and related

phenomena [3]. Still to be investigated is the inner

valence shell ionization which should exhibit exciting

new processes, like interatomic Coulomb decay (ICD) as

predicted by recent theoretical studies [4].

It is possible to employ sub-picosecond laser pulses to

initiate and probe the nuclear dynamics occurring in

gas-phase or solvated molecules [5�/8]. The scheme of

these experiments can be summarized as follows: a first

ultrashort laser pulse prepares the ensemble of mole-

cules under consideration in a non-stationary state. This

simply means that any measurement results in a time-
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dependent signal*/provided one is able to set up an

apparatus with a response time fast enough to resolve

the temporal changes induced in the sample [9]. This

indeed is feasible if one uses a pump�/probe set up where
a second ultrafast pulse (probe-pulse) is time-delayed

with respect to the pump via a Michelson arrangement.

The response of the system is then measured as a

function of the pump�/probe delay time.

Naturally, we may think of combining a time-resolved

measurement with PES. This was suggested by Seel and

Domcke in a seminal theoretical paper on the vibronic-

coupling dynamics in pyrazine [10,11]. The idea was first
realized experimentally by Cyr and Hayden [12] and, by

now, several groups have performed measurements

which proved the capability of time-resolved photoelec-

tron spectroscopy (TRPES) to provide a deeper insight

into dynamical processes occurring in molecules [13�/

22]. Recently, much effort has been put into the

measurement of photoelectron distributions being de-

tected not only as a function of time and energy, but
also as a function of angular variables [23�/25]. For

example, Hayden and co-workers investigated the time-

evolution of photoelectron angular distributions (PADs)

during the femtosecond induced photodissociation of

NO2 [24]. In this way, it was possible to monitor the

orientation of photofragments in real time. Theoreti-

cally, time-dependent PADs have been obtained in the

groups of Seideman [26,27] and McKoy [28,29].
Even though several femtosecond time-resolved mea-

surements on metal carbonyls have been performed [30�/

39], no experiment using TRPES has been carried out on

these molecules. In this paper, we will discuss the

application of TRPES to metal carbonyls in the gas-

phase and in particular, iron carbonyls are treated. After

outlining the theoretical background necessary to under-

stand TRPES in Section 2, we present results on the
vibrational dynamics of FeCO in Section 3. Section 4

discusses the multiple fragmentation of Fe(CO)5. Fi-

nally, Section 5 presents a short summary.

2. The principle of time-resolved photoelectron

spectroscopy

In conventional PES, the interaction-time of the

external field with the system is much longer than the
internal time-scales of the vibrational and rotational

motion. The latter can be estimated from the separation

of two adjacent eigenenergies Do as

T �
h

Do
: (2)

Regard the FeCO molecule as an example: here the

vibrational wave-numbers are 530 (FeC) [40], 1946 (CO)

[41] and 330 cm�1 (bending) [40] which corresponds to

times Tvib of 62, 17 and 100 fs, respectively. The

rotational period for the Jƒ�/251/Jƒ�/24 transition is

about 4.7 ps [42]. Thus we see that a laser pulse with a

temporal width of about 30 fs can be regarded as short
compared to the time scale of the FeC and the bending

vibrational motion and also the rotational motion. Since

such a short pulse has a broad distribution of frequen-

cies, the interaction of a molecule with the electro-

magnetic field results in the simultaneous excitation of

several eigenstates 8n . The time-dependent state c (t) of

the system then can be written as (atomic units are

employed, ’�/1):

c(t)�
X

n

an e�iont 8 n; (3)

where on are the eigenenergies of the molecule and an are

coefficients which depend on the particular excitation

process. The wave packet (Eq. (3)) is non-stationary, i.e.

the probability density jc(R , t)j2, where R represents

the vector of all atomic coordinates, changes with time,
as will be illustrated in Section 3.

Suppose now, that a second ultrashort laser pulse,

delayed with respect to the first one by time T , ionizes

the molecule, yielding photoelectrons of kinetic energy

E and cations. In general, the outcome of the ionization

process depends crucially on the time-delay between the

first laser pulse (the pump-pulse) which prepares the

wave packet and the second pulse (the probe-pulse).
This can be shown using time-dependent perturbation

theory, see for example, Ref. [43]. Here we only give the

result which expresses the photoelectron spectrum (that

is, the kinetic energy distribution of the ejected elec-

trons) approximately as

P(E; t)� ½c(R; t)½2: (4)

The latter equation establishes a direct relationship

between the photoelectron spectrum and the coordi-

nate-dependent probability density. This relationship

follows directly from the energy conservation law which

is demonstrated in Fig. 1. At every point in space, the

difference of the potential energy of the cationic state
V�(R ) and the neutral state V1(R ) plus the energy of

the electron must equal the carrier frequency v2 of the

probe-pulse:

v2�V�(R)�V1(R)�E: (5)

The prepared wave packet (in the electronic state (Eq.

(1)) changes its location in time. At the delay-time T , the

probe-pulse starts the ionization process. The wave

packet at time T1 is centered around the minimum of

the potential curve V1. This position does not change

substantially during the ionization process (v2) which

yields photoelectrons emerging most probably with
energy E . The length of the downward pointing arrow

corresponds to the energy E as defined by the resonance

condition (Eq. (5)). In the course of time, the wave
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packet eventually reaches the outer potential wall at

time T2. Since now the potential difference V�(R )�/

V1(R ) at the wave packet’s position is smaller compared
to that at T1, photoelectrons acquire more excess energy.

The discussion above shows that the temporal

changes of a photoelectron spectrum, as recorded in a

pump�/probe experiment, is able to determine structural

changes in a molecule. Even more intriguing, it is

possible to monitor the time-evolution of the probability

density of a wave packet prepared by a femtosecond

excitation. To illustrate this principle we will treat the
simple vibrational motion of the FeCO molecule in

Section 3.

3. Vibrational dynamics of a single metal�/carbon bond

In what follows we regard the vibrational wave-

packet motion in the electronic triplet state 3S� [44]
of FeCO. Within the laser-excitation processes treated

here, the bending degree-of-freedom is not excited thus

we confine the vibrational motion to the collinear

configuration. Furthermore, the large frequency mis-

match between the Fe�/C and CO vibrations allows for

an adiabatic separation between these modes. Therefore,

only the Fe�/C vibration is considered explicitly here, the

CO distance is fixed at its equilibrium distance. Our
example starts with the FeCO� anion (in its 4S� state

[44]) and consists of two steps: an electron detachment,

followed by an ionization process. Details of the

theoretical treatment of the so-called NeNePo (nega-

tive-ion-to-neutral-to-positive-ion) process [45] can be

found elsewhere [46].

The pump laser-pulse W1(v1) (with a carrier fre-
quency v1 corresponding to 2.54 eV) initiates the

following process:

FeCO�(4S�)�W1(v1) 0 FeCO(3S�)�e�(E1); (6)

where e�(E1) is a photoelectron with energy E1 origi-
nating from the detachment process. The pump process

produces neutral molecules in non-stationary states. In

fact, an entire manifold of wave packets has to be

considered which differ with respect to the energy of the

ejected electron as produced in coincidence [46]. Here we

restrict our considerations to a particular energy of

E1�/1.34 eV which corresponds to the maximum of the

detachment spectrum. The nuclear wave-packet motion
in the 3S� state of FeCO is displayed in Fig. 2. The

probability density jc (R , t )j2 is shown as a function of

the Fe�/C bondlength and the time after the pump

excitation. A Gaussian-like distribution is found which

changes its mean position periodically. This is very close

to our classical expectation of how a vibrational motion

takes place. The quantum mechanical interpretation

here is that at one time the entire ensemble of molecules
which have been subject to the interaction with the first

laser pulse, posses a maximum iron�/carbon distance.

Then, after an interval of about 30 fs the bondlength has

reached a minimum value. This stretching and contract-

ing of the bond then recurs with the vibrational period

of ca. 60 fs.

We next turn to the probe process, where a second

femtosecond pulse W2(v2, T ) with carrier frequency v2

(�/9.5 eV) and a time-delay T interacts with the

molecules and initiates the ionization process

FeCO(3S�)�W2(v2; T)

0 FeCO�(4S�)�e�(E2): (7)

Fig. 1. The principle of TRPES: shown are wave packets jc1(R , T )j2
at two different times T1, T2 in an electronic state (Eq. (1)) of a neutral

molecule. Ionization as induced by a femtosecond laser pulse (v2)

results in photoelectrons with small (T1) and large (T2) kinetic energies,

as is illuistrated by the length of the downward pointing arrows.

Fig. 2. Vibrational wave-packet motion within the FeCO molecule:

the periodical changes of the probability density reflect the stretching

and contraction of the iron�/carbon bond (R ) with a vibrational period

of about 60 fs.
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Here, molecular cations within the electronic ground

state [44] and photoelectrons with energy E2 are

produced. Fig. 3 contains the time-resolved photoelec-

tron spectrum obtained by the combined interaction of
the pump- and probe-pulses. The time-independent

contribution centered around an energy E�/E1 of 1.34

eV originates in the pump-detachment process. There is,

however, a second contribution at larger energies which

exhibits a periodic time-dependence. The respective

electrons result from the probe-ionization. A compar-

ison to the time-dependent wave packet displayed in

Fig. 2 illustrates nicely what was said in Section 2: the
transient photoelectron spectrum directly reflects the

temporal evolution of the probability density. Thus we

are able to take a direct look into the variation of a

metal�/carbon bond induced by an ultrashort laser

pulse.

The example given in this section is of a mere

fundamental significance since it shows how, in princi-

ple, we are able to map properties of a quantum
mechanical wave function onto an observable, i.e. the

kinetic energy distribution of photoelectrons. We will

now turn to a much more involved photochemical

problem where the absorption of several photons by a

metal-carbonyl molecule leads to the abstraction of

several CO ligands.

4. Multiple fragmentation of iron pentacarbonyl

The photochemistry of Fe(CO)5 has been recently

investigated by several groups using ultrashort pulses. In
these studies a pump�/probe ionization detection scheme

was used and the signal consisted of the total ion yields

[Fe(CO)n ]� (n�/0�/5). In the first studies, as carried out

by the Gerber group [33,34], the obtained transients

were interpreted such as that the absorption of several

400 nm photons leads to fragments which are built on a

sub-picosecond time-scale. This interpretation was con-

firmed by the work of Heinicke and Grotemeyer [37].

However, the sketched multiple fragmentation scenario

was not completely accepted within the community: the
single-photon experiments, performed with 270 nm

pulses by Trushin et al. [38] were interpreted quite

differently. In particular, the latter authors concluded

that the FeCO4 molecule dissociates within several

picoseconds which suggests that what has been mea-

sured by Bañares et al. was a dissociation of molecular

cations rather than neutral molecules. In fact, these

contradictions point to a central difficulty in the
interpretation of pump�/probe ionization experiments:

fragment ions can be obtained by either ionizing neutral

fragments of by dissociation of larger cations.

Let us now discuss what will happen if instead of the

ion yield, the time-resolved photoelectron spectrum is

detected. Rather than going into the theoretical details

[47,48], we concentrate on the basic principle in regard-

ing Fig. 4 which displays a pump�/probe ionization
scheme for a parent molecule (N) (in our case Fe(CO)5

and one fragment (N�/1) (Fe(CO)4). The pump-pulse

(v1) prepares a coherent superposition of eigenstates

with energies En within the parent molecule. Ionization

by the time-delayed second pulse (v2) yields a photo-

electron distribution centered around a maximum

occurring at energy E . As was discussed in Section 2,

this energy is determined by the difference between the
potential energy surfaces of the cationic and neutral

electronic state at the mean position of the wave packet

serving as initial state for the ionization process. In the

figure, the potentials are replaced by the ionization

potential IP
N (which is appropriate if the initial state is a

stationary state). The fragmentation now produces

fragments with different internal energies EN�1. Since

the partner fragment takes away a definite amount of
energy these energies are lower than the energies EN.

The ionization of the fragment (N�/1) also produces

photoelectrons. However, due to the, in general, differ-

ent ionization potential (or, more precisely, the different

involved potential energy surfaces), the electrons emerge

with another distribution of kinetic energies E ?. Note

that although a possible fragmentation of cationic

parent molecules might lead to charged fragments, no
further photoelectrons can be produced if the laser field

strength is weak so that double ionization processes can

be neglected. As a consequence, if the ionization

potentials IP
N and IP

N�1 differ enough, the time-resolved

photoelectron spectrum gives a unique picture of the

dissociation in the neutral manifold of states.

In our former work [47], we have developed a model

which is able to describe the multiple fragmentation of a
molecule. The application of this model to the Fe(CO)5

molecule yielded results which are in excellent agreement

with the findings of various experiments. In particular

we were able to model the transient ion signals as

Fig. 3. Time-resolved photoelectron spectrum resulting from a pump-

detachment and time-delayed probe-ionization process. The temporal

variation of the high energy component reflects the temporal changes

of the probability density in Fe�/CO as is displayed in Fig. 2.
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obtained in the Gerber group [49]. Within the model we

calculate the probabilities gn (En , t) to find a particular

fragment Fe(CO)n (n�/0�/5) with energy En at time t . In

accordance with the interpretation given in Ref. [34], the

model assumes a direct Fe(CO)50/Fe(CO)4 dissociation

step (treated as an effective wave-packet motion along a

repulsive potential along the reaction coordinate) and
indirect subsequent fragmentation processes (treated

within the harmonic Slater model [50]). Concerning

the photoelectron spectrum, one can show that the

spectrum originating from a Fe(CO)n fragmentation can

be approximately written as [48]

Pn(E; En; T)�gn(En; T); (8)

subject to the condition

v2�E�IP
n �En: (9)

The latter equation defines the resonance condition for

ionization and is analogous to Eq. (5) discussed in

Section 2. The total spectrum from a single fragment is

obtained by integration over the internal energies En :

Pn(E; T)�gdEn Pn(E; En; T): (10)

The time-resolved photoelectron spectra Pn(E , T ) as

calculated within our simplified model are displayed in

Fig. 5. The different panels display contour lines of the

spectra obtained from the various fragments. Here we

used a pump wavelength of 260 nm. Single photon

absorption can lead to Fe(CO)n (n�/2�/4) fragments.

Smaller fragments are not found since within each
dissociation step the CO-fragment takes away energy.

Thus, upon dissociation of three CO molecules, Fe(CO)2

is produced with an energy below the threshold for a

further break-up. The probe wavelength was set to 130

nm and and the temporal width of both pulses was fixed

Fig. 4. Time-resolved photoelectron spectrum applied to a fragmentation process. The pump-pulse prepares the parent molecules (N) in excited

states with energies EN. The molecule may dissociate leading to a fragment (N�/1). Photoinization (v2) produces photoelectrons from the parent

molecule and the fragment having different kinetic energies E and E ?.

Fig. 5. Contour plots of time-resolved photoelectron spectra from

Fe(CO)n molecules, as indicated. The respective contributions separate

on the energy scale (see Fig. 4) so that they can be identified as to

originate from the various fragments.
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to be 120 fs. The figure illustrates that the initial

fragmentation step is finished within the interaction

time of the pump-pulse with the molecule (note the

different time-scale in the upper panel). The n�/4
fragment is built and decays within a picosecond.

Simultaneously, Fe(CO)3 molecules are produced which

can decompose only partly into Fe(CO)2 and CO. There

has been an ongoing discussion if the fragmentation of

Fe(CO)5 proceeds sequential or concerted. As men-

tioned, all CO molecules leave the parent molecule on an

ultrashort time-scale so that (within our model) there is

no evidence for intermediates with longer lifetimes. This
is supported by the measurments of the Gerber group

[34] and we may conclude that the fragmentation can be

characterized as a concerted process.

Fig. 5 demonstrates that the spectra as obtained from

the various molecules clearly separate on the energy

scale. This allows for an interpretation of the neutral

fragmentation processes. Naturally, since we do not

know the involved potential energy surfaces, the distinct
features of the total spectrum (consisting of the sum of

all Pn (E , T )) may be washed out. Nevertheless, as a

central result, the calculations illustrate the potential of

TRPES in obtaining a detailed view of multiple frag-

mentation processes. In more detail, the measurement of

a transient electron distribution from Fe(CO)5 and its

fragments may settle the long standing question if

sequential or simultaneous ligand abstraction is the
pre-dominant dissociation mechanism.

5. Summary

The present paper explores the abilities of time-

resolved photoelectron spectroscopy in order to investi-

gate structural changes and photochemical processes
occurring in iron carbonyls. In the first example we

showed how iron�/carbon bond length variations can be

observed directly in the electron spectrum. Although a

simplified model was used, the principle of the measure-

ment carries over to systems with many internal degrees-

of-freedom. Our second example was the photochemical

decay of iron pentacarbonyl. The questions to be

answered here are: on which time-scale does the multiple
Fe�/CO bond cleavage occur, does the fragmentation

take place in the ionic or neutral channels, and is there a

sequential or simultaneous production of CO ligands?

Whereas pump�/probe measurements of ionic fragments

cannot uniquely answer these questions, the detection of

time- and energy-resolved photoelectrons allows for a

complete characterization of the neutral fragmentation

processes. The latter experiment has yet to be performed
and might be realized soon [51]. We are confident, that

in the near future time-resolved photoelectron spectro-

scopy will be applied to answer other questions con-

cerning the structure and photoinduced reactions of

organometallic compounds.
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