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Abstract

Ž .We present the application of a time-dependent model to Fe CO dissociation after femtosecond excitation to understand5

transient signals obtained in recent pumprprobe experiments. The calculation of time-dependent energy distributions allows
us to interpret the decay behaviour of the various fragments. The results indicate that at least two dissociation pathways have
to be considered to explain the transient signals obtained for the different fragments. Furthermore, it is shown that, within
each of the pathways discussed, concerted and sequential fragmentation compete. q 2000 Elsevier Science B.V. All rights
reserved.

1. Introduction

Femtosecond time-resolved experiments are able
w xto monitor molecular motion in real time 1–4 . This,

in particular, applies to photochemical fragmentation
processes. In fact, the first gas-phase experiment
with femtosecond resolution examined the breaking

w xof a chemical bond in the ICN molecule 5,6 . Re-
cently, several femtosecond studies of the breaking

w xof metal–ligand bonds were reported 7–15 . A sys-
tem which was extensively studied using cw-laser

Ž . Žsources is the Fe CO molecule see, e.g., Refs.5
w x.16,17 . Zewail and co-workers performed ultrafast

Ž .electron diffraction UED experiments on this
w xmolecule 18 and, in experiments performed in our

laboratory, the first femtosecond transients were ob-
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w xtained 14,15 . The latter results indicated that the
dissociation after multiphoton excitation takes place
on a timescale much shorter than one picosecond and
evidence was found to support a partially concerted
decay.

The complicated electronic structure of excited
w xstates in organometallic molecules 19 restricts a

fully ab initio treatment where one first calculates
potential energy surfaces and couplings between
them, and, in a second step, performs dynamical

w xcalculations using the potentials as an input 20 .
Although several quantum-chemical studies on ex-

Ž . w xcited states of Fe CO have been reported 21,22 ,5

the goal to obtain potentials as a function of selected
relevant nuclear coordinates is far from being
achieved.

In the present Letter, we take a different approach
to treat the photochemistry of iron pentacarbonyl.
Therefore, we set up a time-dependent model based
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on ideas of quantum-mechanical perturbation theory
and transition probabilities. A similar, although sim-

w xpler, approach was used before 23 to describe
w xsuccessfully the UED experiments of Ihee et al. 18 .

After giving a brief description of our experi-
Ž .ments Section 2 , the basic ingredients of the theory

are summarized in Section 3, Section 4 contains the
results for the time-resolved spectroscopy of
Ž .Fe CO . Finally, a summary and outlook are given5

in Section 5.

2. Experiment

The experimental setup has been described in
w xdetail elsewhere 14,15 and only a brief description

will be given here. In the experiments, we employed
Ž .a Ti:Sapphire chirped-pulse amplification CPA laser

system providing 80 fs, 1 mJ laser pulses at 800 nm
and at a repetition rate of 1 kHz. After second
harmonic generation, the 400 and 800 nm laser
beams are separated by means of a dichroic mirror.

Ž .The probe laser pulses 800 nm are delayed with
Ž .respect to the pump laser pulses 400 nm using a

computer-controlled Mach–Zehnder interferometer.
Both laser beams are recombined using a dichroic
mirror and focused with a 300 mm quartz lens into a

Ž . Žmolecular beam of Fe CO 98%; Stream Chemi-5
.cals , which is taken directly from the cylinder at

Ž .room temperature vapor pressure of f40 Torr and
expanded through a nozzle of 50 mm. The ionic
photoproducts are detected with a time-of-flight
Ž .TOF mass spectrometer. The transient ionization
spectra measured by means of boxcar integrators
were averaged to obtain a sufficient signal-to-noise
ratio.

All transient spectra were recorded with attenu-
ated pump- and probe-laser beams so that the ob-
served dynamics has to occur in the neutral molecule
Ž w x.for details see Refs. 14,15 .

3. Theory

3.1. Time-dependent model

In this section, we outline our model which is
Ž .used to describe the Fe CO fragmentation dynam-5

ics. An iterative scheme which calculates the internal
Ž . Ž . Ženergy distributions g E ,t of the Fe CO nsn n n

.0–5 molecules is employed. The latter give the
probability to find a fragment with n CO ligands
with energy E at time t. Starting with an m-photonn

excitation of the parent molecule, the energy distri-
Ž .bution at time tqD t D t being the time step is

given as

g E ,tqD tŽ .5 5

<² < Žm. : < 2s E c E ,tqD tŽ .5 5

q d E g E ,t eyk 5ŽE5.D t P E , E . 1Ž . Ž . Ž .H 4 5 5 5 4

² < Žm.Ž .:Here E c tqD t is the projection of the state5
< Žm.Ž .: Ž .c tqD t of Fe CO , prepared by a laser–5

molecule interaction during the time-interval D t, on
< :the energy eigenstate E . Within a wavepacket5

picture, a linear combination of such states is pre-
pared. The corresponding coordinate-space wave-
function moves on the multidimensional potential

Ž .energy surface of Fe CO in a region where the5

molecule can still be regarded as bound. However, in
the course of time parts of the wavepacket will reach

Ž .the Fe CO qCO reaction channel so that the popu-4

lation in the parent molecule decreases. Since details
of this coherent wavepacket dynamics are not acces-

Ž .sible see the discussion in Section 1 , we assume an
Ž .exponential decay with a constant k E weighted5 5

Ž .with P E , E which is the probability for the decay5 4

from an initial state with energy E to a fragment5
Ž .state of energy E . The interpretation of Eq. 1 is as4

follows: the first term describes the increase of popu-
lation prepared by the laser excitation process during
D t. The second term represents the remaining popu-
lation after the fragmentation into all accessible
states. We note that the above assumptions do not
assume any statistical redistribution of energy and
that excitation as well as fragmentation processes are
perfectly coherent.

The next dissociation step is treated in a similar
way leading to the expression

g E ,tqD tŽ .4 4

s d E g E ,t 1yeyk 5ŽE5.D t P E , EŽ . Ž . Ž .H 5 5 5 5 4

q d E g E ,t eyk 4ŽE4 .D t P E , E , 2Ž . Ž . Ž .H 3 4 4 4 3
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where the different quantities have the same meaning
as described above. Here the first term describes the

Ž .increase of population due to the decay of Fe CO 5

and the second term describes the decrease due to
further dissociation. All other fragmentation steps are
treated in a similar way.

The knowledge of the energy distributions gn
Ž .allows for a calculation of the populations S tn

Ž .which measure the amount of molecules Fe CO n

found at time t:

`

S t s d E g E ,t . 3Ž . Ž . Ž .Hn n n n
0

Note that, if the lower integration limit is set to the
threshold energy for dissociation E , the integralthr

counts the fraction of molecules which are able to
undergo further fragmentation.

The above scheme describes a sequential dissocia-
tion; see, however, the discussion concerning con-
certed decay processes in Section 3.2 Several quanti-
ties enter in a numerical evaluation of the expres-

< Žm.Ž .:sions. c tqD t can be evaluated within pertur-
Ž .bation theory as atomic units are used

1
Žm. Žmy1.< : < :c tqD t s W tqD t c t , 4Ž . Ž . Ž . Ž .

i

where W denotes the molecule–field interaction en-
< Žmy1.Ž .:ergy and c t is the wavefunction obtained

Ž .by an absorption of my1 photons.
Ž .Next, the rate constants k E have to be speci-n n

fied using one or the other model. Finally, one has to
define an explicit form of the transition probabilities
Ž .P E , E .n ny1

( )3.2. Application to Fe CO 5

We will now apply our model to the laser-induced
Ž .fragmentation dynamics of Fe CO . Fig. 1 shows5

the threshold energies for the dissociation into the
various reaction channels producing fragments in the

w xground electronic state 21 . Also, energies corre-
sponding to the absorption of one, two and three

Ž .photons at 400 nm 3.1 eV are shown in the figure.
For the absorption of a single photon, not all frag-
ment channels are energetically open so that this

w xprocess will not be treated in what follows 15 . In
Section 4, we discuss the fragmentation processes

Ž .Fig. 1. Threshold energies for Fe CO dissociation into the5

electronic ground state of smaller fragments. The arrows indicate
Žthe photon energy of 3.1 eV corresponding to the 400 nm
.excitation pulse in the experiment . The shaded areas indicate the

respective ionization continua.

initiated by absorption of two and three photons
separately.

A proper description of the pump-excitation pro-
< Žm.Ž .:cess involves the determination of the states c t

with ms1,2,3. Let us discuss a three-photon reso-
nant excitation. In this case, we represent the Hamil-
tonian of the unperturbed parent molecule as

X X X X< : ² < < : ² < < :H s E E E q ´ ´ ´ q ´� 4Ý0 5 5 5 2 2 2 1

= ² < < : ² <´ ´ q ´ ´ ´ . 5Ž .1 1 0 0 0

The sum extends over the discretized continuum of
< X : < : Ž .final states E and ´ are the initial ns0 and5 n
Ž .intermediate ns2,3 , resonantly excited states. The

energies of the intermediate states are marked in Fig.
1. They correspond to multiples of the laser carrier
frequency v which, in our case, has a photon energy
of 3.1 eV.

The interaction is written as

1 yi v t < : ² < < :W t sy f t e E m ´ q ´�Ž . Ž . 5 2 22

= ² < < : ² <m ´ q ´ m ´ , 64 Ž .1 1 0

Ž .where f t is a pulse envelope and m are transition-
dipole moment elements. The numerical calculations
use Gaussian envelope functions with a temporal

Ž .width full width at half maximum of 80 fs.
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The amplitude for the preparation of a state via a
three-photon transition is obtained by projection of
< Ž3.Ž .: ² <c t on E to obtain5

² < Ž3. :E c tŽ .5

3
X XXy1 t t tX XX XXXs d t d t d tH H Hž /2 i y` y` y`

² < < :² < < :² < < := E m ´ ´ m ´ ´ m ´5 2 2 1 1 0

=f tX f tXX f tXXX eyi v Ž tXqt XXqt XXX .Ž . Ž . Ž .
=eyi EK Ž tytX . eyi ´ 2Ž tXyt XX . eyi ´ 1Ž tXXyt XXX . eyi ´ 0 tXXX

.
7Ž .

In the calculation, all matrix elements appearing in
Ž .7 are set to unity. The remaining time integrals are

w xevaluated iteratively 24 . Within this model, the
<² < Ž3.Ž .: < 2energy distribution E c t resembles a5

Gaussian peaked around an energy E s3=3.1 eV.5
Ž . Ž .For the Fe CO ™Fe CO step, we assume a5 4

direct dissociation on an exponentially decaying po-
Ž Ž . ya x .tential V x sV e along the reaction coordi-0

nate x. The rate constant is estimated as the inverse
Žof the time, a classical particle or the center of the
.quantum-mechanical wavepacket with the reduced

Ž .mass m of Fe CO qCO needs to reach a critical4

distance ll where the bond is assumed to be broken,
starting at xs0 with zero momentum. As an analyt-
ical result one obtains:

2V a 10
k s . 8Ž .(5 Ža r2. ll2m arcosh eŽ .

Ž .We assume that V equals the energy of Fe CO0 5

above the dissociation threshold; thus k scales with5

the square root of this energy. In all calculations we
˚ ˚ y1used lls5 A and as1 A . The value for ll

corresponds to about three times the Fe–C distance
Ž .in Fe CO and thus is not unreasonable.5

w xFollowing experimental evidence 15 , we assume
the subsequent dissociation processes to occur in an

w xindirect way. The harmonic Slater model 25,26 is
employed to calculate the respective rate constants.
Within this model, the time dependence of a Fe–C

Ž . Ž .bond distance x E ,t in a fragment Fe CO withn n n

energy E is given as:n

sn

0x E ,t s a x cos v t , 9Ž . Ž .Ž .Ýn n n j n j n j
js1

with

2´n j0x s . 10Ž .n j 2( vn j

´ denotes the energy disposed in the normal moden j
Ž .nj with frequency v and s is the total numbern j n

of modes. We assume that the available energy is
distributed equally into the normal modes. The rela-
tive phases were set to zero as they are of no
importance in what follows. The factors a are then j

coefficients of the coordinate x when expanded inn

normal modes. Within this model, the dissociation
Ž .constant is given by the frequency of x E ,tn j n

reaching the critical distance ll . The latter can be
determined numerically by finding the zeros of the

Ž . Ž .function f E ,t sx E ,t y ll . In more detail, wen n n n
Ž .calculate f E ,t for each fragment and a selectedn n

number of relevant energies. Since this function is
Ž .periodic with period T E , the numbers of zerosn n

Ž .m n within one period is determined and the rate
Ž . Ž .constant then is k E sm n rT .n n n

Let us make the connection to the wavepacket
picture for this indirect dissociation process. A
wavepacket in any of the fragments performs a
time-dependent bound-state motion in all degrees of
freedom except the one corresponding to the dissoci-
ation coordinate. The Slater model estimates the time
it takes, in the average, for parts of the wavepacket
to pass the critical distance for dissociation in the
reaction channel. Since there is no loss of coherence
during this motion, experiments can be performed
exerting coherent control of the dissociation process
w x27 .

We note that, within this model for indirect disso-
ciation, it is possible to distinguish between a se-
quential and a concerted dissociation. Regard, e.g.,

Ž .the Fe CO fragment produced by the fragmentation4
Ž .of Fe CO . There is a certain probability that one5

Ž .or more of the Fe–C bonds of the newly formed
molecule is already elongated beyond the critical
distance ll . In the wavepacket picture this is equiva-
lent to a situation where parts of the prepared
wavepacket are localized not only in one dissociation
channel but in two or even more of them. In order to
calculate this probability, we use the following

Ž .ansatz. From the function f E ,t , we are able to4 4
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Ž .calculate the length t E of the time intervals4 4

within the period T for which f )0. Then, the4 4
Ž .probability that one bond in Fe CO exceeds the4

critical distance ll is given by s st rT . Accord-4 4 4
Ž Ž . .ingly, a fraction of molecules equal to g E =s4 4 4

Ž .already dissociated into Fe CO qCO. Thus the3

ratio of sequential versus concerted decay is given as
Ž .` ss r 1ys . Within our iteration scheme, the4 4 4

Ž .number of already decayed Fe CO molecules has4
Ž .to be subtracted from g E ,t and added to4 4

Ž .g E ,t . The same procedure can also be applied to3 3

the smaller fragments. Note that, even though we
have to calculate this kind of decay in a sequential

Ž .way, i.e. first the amount of Fe CO which has a4
Ž .bond stretched beyond ll then that one of Fe FO 3

and so on, this scheme describes a concerted dissoci-
ation because all of this happens within one timestep.

Ž .The probabilities P E , E are assumed to ben ny1

proportional to the density of fragment states:

P E , E sr E r E yE ,Ž . Ž . Ž .n ny1 ny1 ny1 CO n ny1

11Ž .

where proper normalization is assumed. The densi-
ties of states are calculated using the Whitten–

w xRabinovitch formula 28,29 using data from Ref.
w x30 . As there is almost no data for the vibrational
frequencies of all the states which we have to con-
sider, we used the values of the ground state of
Ž .Fe CO for the excited states of the iron carbonyls5

and the ground states of the fragments.

4. Results

In simulating our pump–probe transient signals,
one should keep in mind that the model described in
the last section is only able to describe fragmentation
processes within the manifold of neutral states. As-
suming that the ionization step directly probes the

Ž .populations of neutral Fe CO fragments, we iden-n

tify the pump–probe signals with the populations
Ž . Ž .S t , as given in Eq. 3 .n

Fig. 2 compares the experimental signals with the
Ž .calculated populations for two-photon dashed line

Ž .and three-photon solid line excitation. The simula-
tions are restricted to positive delay times. Also, the

Ž .Fig. 2. a Measured ion signals as a function of pump–probe
Ž . Ž .delay. b Calculated populations S for two-photon dashed linen

Ž .and three-photon solid line absorption from the pump pulse.

theoretical curves for the single fragments are not
drawn on the same scale in order to facilitate the
comparison with experiment. We note that the model
is not able to predict the ratios of ion signals from
different fragments since only the neutral manifold
of molecules is described.

All measured transients were fitted using a non-
linear least-square method based on a Marquardt–
Levenberg algorithm where the corresponding

Žmolecular response function single or multiple-ex-
.ponential with rise and decay components was con-

Ž .voluted with a Gaussian whose width FWHM cor-
Žresponds to the cross-correlation 120 fs, determined

.by sum frequency mixing in a 0.1 mm BBO crystal
of the laser pulses. The parent mass transient and the

Ž . Ž .transients of the fragments Fe CO and Fe CO4 3

were fitted to single exponentials with decay times
of 100"5 fs, 105"5 fs and 115"5 fs, respec-

Ž .tively. The Fe CO transient consists of an unre-2
Ž .solved rise time -20 fs and a decay time of

150"20 fs with an asymptotic level, which is time
Ž .independent for more than 100 ps. The Fe CO

transient was fitted with a rise time of 120"20 fs
and a decay time of 230"20 fs. The transient of the
atomic Fe fragment was fitted to an exponential rise
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Ž .Fig. 3. Normalized energy distributions g E ,t of the moleculesn n
Ž .Fe CO at ts250 fs. The dashed lines indicate the dissociationn

Ž .threshold see also Fig. 1 .

with a time constant of 260"20 fs, and an exponen-
tial decay with a time constant of 490"50 fs.

Let us first discuss the two-photon dissociation
Ž . Ž .pathway. The transients for Fe CO and Fe CO5 4

compare well to the experimental results. A different
behaviour is found for the smaller fragments. In
particular, the calculations predict a monotonous in-

Ž .crease for Fe CO and FeCO. Even more dramati-2

cally, within theory no atomic iron is produced in the
dissociation process. Whereas this can be understood

Ž .within the model see below this is in sharp contrast
to the experimental findings. Therefore we conclude
that the two-photon initiated multiple fragmentation
process is not the only one leading to the manifold of
fragments.

To get more insight into the fragmentation dy-
namics as predicted by theory, we show the energy

Ž .distributions g E ,t in Fig. 3 for ts250 fs. Then n

curves are normalized to the same value at their
respective maximum. We note that only the intensity
but not the form of the functions depend on time.

In the beginning, the energy distribution of
Ž .Fe CO reflects the Gaussian shape of the excitation5

Ž .pulse not visible on the present scale . In the course
of the dissociation, this distribution becomes wider
and shifts to lower energies. Then, in the fragment
Ž . ŽFe CO , the dissociation threshold indicated as a2

.dashed line is reached by a fraction of the molecules
so that only those with energy above E can disso-thr

ciate. FeCO molecules are exclusively built with
energies below the dissociation threshold; hence they
cannot dissociate. The energy shift of the distribu-
tions in going from one fragment to the next is due

Ž .to the distribution of the total energy into the Fe CO n

and CO. Here the model predicts that about 0.5 eV
of the maximal energy of a parent molecule is
transferred to a dissociating CO. The shift influences

the timescale for dissociation which can be under-
stood from the energy-dependence of the rate con-

Ž .stants k E . The latter are shown in Fig. 4 togethern n
Ž .with the functions g E ,t for ts250 fs. Only then n

indirect dissociation processes are considered. It can
Ž .be taken from the figure that Fe CO decays with a3

Ž .smaller average rate constant than Fe CO , consis-4

tent with the calculated transients displayed in Fig.
2b.

Fig. 2b also contains the calculated transients for
an initial excitation with three photons. From Fig. 1,
it is evident that the absorbed energy is high enough
to ionize the parent molecule. Since our model treats
only neutral species, we assume that an excited
neutral state is prepared where the lifetime for au-
toionization is long enough so that neutral fragmen-
tation occurs first. We note that an absorption band

Ž .of Fe CO was characterized experimentally in the5

range of 8–11 eV and several electronically excited
w xstates of the neutral molecule were identified 22 .

Also, there is the possibility that the smaller frag-
ments which are produced via a two-photon excita-
tion already during the interaction of the pump pulse
with the sample, might absorb another photon to
build higher excited neutral molecules.

Because of the high excess energy, the distribu-
Ž .tions g E ,t are now shifted towards larger ener-n n

gies compared to the ones shown in Fig. 4. This

Ž .Fig. 4. Energy-dependent rate constants k E for the unimolec-n n
Ž . Ž .ular decay of Fe CO , ns1–4 , calculated within the harmonicn

Ž .Slater model for indirect decay. Also shown are the normalized
Ž . Ž .energy distributions g E ,ts250 fs dashed lines .n n
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results in a faster decay of the various fragments.
Ž .Furthermore, now the Fe CO molecules possess2

enough energy to dissociate. For FeCO, the threshold
is reached so that only about 60% of the molecules
are able to dissociate. Thus an increasing transient
for atomic iron is found.

Taking the two- as well as the three-photon pro-
cesses into account, it is possible to achieve excellent
agreement between theory and experiment. Within

Ž .the model, we find that the transients for Fe CO 5
Ž .and Fe CO have a similar time dependence for4

Ž .both mechanisms. Whereas Fe CO represents an3
Ž .intermediate case, the Fe CO , FeCO and Fe tran-2

sients are predicted to be dominated by the three-
photon dissociation pathway.

Let us now turn to the question of competing
sequential versus concerted dissociation. As outlined
in Section 3.2, the percentage of molecules which
decay in a concerted way can be estimated within
our model. For the three-photon process, we find that

Ž . Ž .about 35–45% of the Fe CO ns2–4 moleculesn

dissociate immediately into smaller fragments
whereas in the case of FeCO the fraction is only 7%.
In the two-photon case, the numbers vary between

Ž Ž . . Ž .15% Fe CO and 40% for Fe CO .2 4

5. Summary

We presented a model to describe the short-pulse
excitation and following decay dynamics of iron
pentacarbonyl. Therefore, the initial excitation step is
treated using quantum-mechanical perturbation the-
ory. The fragmentation may occur in a direct or
indirect way and the respective energy-dependent
rate constants are calculated assuming a direct initial
dissociation step and subsequent indirect processes.
In this way, we obtain the population in all energeti-
cally accessible fragmentation channels as a function
of time. The model uses only two parameters, namely
the critical distance where an Fe–CO bond can be
regarded as broken and the steepness of the exponen-
tial potential which describes the initial direct decay

Ž .of Fe CO .5

Two- and three-photon initiated fragmentation
processes were treated separately. The theoretically

Ž . Ž .obtained transients for Fe CO and Fe CO agree5 4

well with experiment for both pathways. However,

the model predicts that the two-photon process alone
cannot account for the time behaviour of the signals
for the smaller fragments. In particular, no atomic
iron is built. On the other hand, the results for the
three-photon fragmentation pathway can reproduce
the transients for the smaller fragments. This sug-

Žgests that besides other processes taking part in the
.neutral and ionic manifold of electronic states dif-

ferent multiphoton processes are likely to participate
in the complicated excitation and fragmentation dy-

Ž .namics of Fe CO .5

The calculations assumed that the initial fragmen-
Ž . Ž .tation step of Fe CO into Fe CO and CO pro-5 4

ceeds directly, whereas the following dissociations
take place in an indirect way. The good agreement
with experiment shows that this assumption is not
unreasonable. Within our model, we estimate that,
dependent on the fragment size and the fragmenta-
tion pathway, about 15–45% of the parent molecules
directly dissociate into smaller fragments so that
sequential and concerted dissociation compete with
each other.

The results encourage us to apply the model to
similar systems. Simultaneously an extension to take
the probe process properly into account will be
made.
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