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Abstract

We report a systematic experimental study of the influence of metal-ligand bonding properties on the ultrafast photofragmenta-
tion dynamics and on quantum control of organometallic molecules in the gas phase. In the first part, the femtosecond pump—probe
technique is combined with reflectron time-of-flight mass spectrometry to record transient mass spectra of the photodissociation
products of CpFe(CO),X (Cp=CsHs; X=Cl, Br, I). Sequential dissociation steps are observed for the X = Cl species while
concerted and more complex mechanisms are seen in the molecules involving the larger halogens. The overall dissociation rate
increases from the lighter toward the heavier halogen ligands in this series which can be explained qualitatively by the different
metal—halogen bonding properties and their stabilizing effects on unsaturated intermediate species. In the second part, adaptive
quantum control experiments are performed on the X =Cl and X = Br molecules. A femtosecond laser pulse shaper provides
spectrally phase-modulated electric fields which are then iteratively optimized by a learning evolutionary algorithm. Direct
experimental feedback from the photoproduct mass spectra is used in this search for specific optimization goals. A comparison
between the two molecular species shows that laser fields optimized for one molecule also lead to an improvement in the species with
the substituted halogen ligand, but not to the same degree as when the substituted molecule is directly optimized. Despite their
chemical similarities, adaptive pulse shaping is sensitive enough to detect differences in the investigated metal complexes which are
due to the electronic metal-halogen bonding properties. These results suggest an application in chemical analysis where specific
signatures are desired for the individual compounds in mixtures of chemically similar molecules.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Photodissociation; Femtochemistry; Coherent control; Pulse shaping

1. Introduction step and the chemical nature of the intermediate species

are important for the catalytic activity. It would there-

The photochemistry of organometallic compounds
has received great attention in the last decades [1,2]. One
of the main reasons for such interest is their successful
application as photocatalysts in many organic reactions
[3—5]. The primary step in these reactions is the
generation of unsaturated species by (photo)dissociation
of one or several ligands from the saturated organome-
tallic precursor. The efficiency of the primary photolytic

* Corresponding author. Tel.: +49-931-8885715; fax: +49-931-
8884906
E-mail address: gerber@physik.uni-wuerzburg.de (G. Gerber).

fore be very helpful to understand the dissociation
mechanisms in these molecules on an ultrafast timescale.
A number of femtosecond pump—probe experiments on
organometallic molecules in the liquid phase have been
reported [6—13]. However, little work on the ultrafast
dissociation of isolated metalcarbonyl molecules had
been done during that time. The first gas-phase experi-
ment with organometallic compounds and femtosecond
time resolution was conducted on Co(CO);NO in an
investigation of vibrational dynamics [14]. Primary
photodissociation steps in the gas phase were first
examined in Mn,(CO);q by Zewail and coworkers [15]
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and then in Fe(CO)s by our group [16,17]. Dissociation
dynamics in Fe(CO)s and the related Cr(CO)¢ using
different excitation wavelengths were also reported
[18,19].

Despite these results, it is generally not clear how the
properties of different ligands influence the dissociation
dynamics of the parent molecule. However, this knowl-
edge about fragmentation timescales and lifetimes of
intermediates, especially the dependence on different
types of ligands could presumably be used to ‘tune’
photochemical properties and hence also catalytic
activity. Here we report a first systematic study of
ligand influence on organometallic ultrafast photodis-
sociation dynamics [20]. We perform pump—probe
studies on the CpFe(CO),X (Cp=CsHs) molecular
series under variation of the halogen ligands X =Cl,
Br, 1.

Another aspect of ‘designing’ catalytic activity comes
into play when considering that bond cleavage is
conventionally achieved by intense UV irradiation.
However, it would be fascinating if certain metal-ligand
bonds could be broken selectively and efficiently, while
others were kept intact. This is a possible application of
the recently developed technique of adaptive quantum
control using specifically shaped femtosecond laser
pulses. In this discipline termed ‘quantum control’ or
‘coherent control,” coherent light sources are used to
manipulate light—matter interaction by utilizing fre-
quency- and time-domain quantum-mechanical inter-
ference phenomena [21-26]. However, since molecular
Hamiltonians are usually not known accurately enough,
it is not possible to calculate which light field should be
optimal for a particular control problem.

A general method to circumvent these problems and
to find optimal laser fields under laboratory conditions
was proposed by Judson and Rabitz [27]. They sug-
gested a closed-loop scheme involving experimental
feedback and an optimization algorithm. This type of
experiment was first performed in an experiment by
Bardeen et al. [28] where the excited-state population of
a laser dye in solution was optimized, and in experi-
ments performed in our group where photodissociation
reactions of complex molecules were controlled [29,30].
Other early examples include the excitation of different
vibrational modes in a molecular liquid [31] and the
control of vibrational dynamics in a four-wave mixing
experiment [32]. In the meantime, a number of experi-
ments on adaptive gas-phase control [33—38] have been
published, in some works also in connection with
pump—probe data [33,36,37]. Selective quantum control
was even achieved under liquid-phase conditions [39]
and in biological systems [40]. It should be mentioned
that optimal quantum control is not limited to mole-
cular systems. Among other applications, femtosecond
laser pulse shapers and learning loops have been used
for automated pulse compression [41—-45] and optimized

generation of arbitrary laser pulse shapes [46,47],
control of two-photon transitions in atoms [48,49],
shaping of Rydberg wavepackets [50], optimization of
high-harmonic generation [51], and control of ultrafast
semiconductor nonlinearities [52].

Most adaptive quantum control experiments in mo-
lecules to date have treated specific optimization goals
within one given system. However, it would be very
interesting to investigate if the optimized laser fields are
really specific to a certain molecule. For this purpose,
one should perform systematic studies in series of
chemically similar molecules. In the experiments re-
ported here, we use adaptive femtosecond quantum
control to investigate the differences and similarities in
the molecular species CpFe(CO),X (X =Cl, Br). This
will demonstrate the sensitivity of adaptive pulse shap-
ing on the detailed electronic properties of the investi-
gated molecule.

2. Experimental
2.1. General scheme

The experimental setups of the pump—probe and the
automated control experiment are shown schematically
in Fig. 1 and will be discussed separately below. The
light source employed in both experiments is a Ti—
Sapphire chirped-pulse amplification (CPA) laser sys-
tem providing 80-fs, 1-mJ laser pulses at a center
wavelength of 800 nm and at a repetition rate of 1
kHz. The laser pulses (emerging either from the pump-—
probe or the pulse-shaper setup) are focused into an
effusive beam of the target molecules CpFe(CO),X
(X =Cl, Br, I) using a 300-mm quartz lens. Ionic mass
spectra of the fragment patterns following multiphoton
laser excitation are collected using a reflectron time-of-
flight mass spectrometer (RETOF). The molecular beam
is generated by evaporating a sample of either of the
molecules CpFe(CO),X (X = Cl, Br, I) separately in the
case of the pump—probe experiments, or by preparing a
mixture of CpFe(CO),X (X =Cl, Br) in the case of the
automated control experiments. For this purpose, the
samples are heated in a glass tube to a temperature of ca.
80 °C, and the vapor is expanded through a 0.5-mm
glass nozzle.

The structural formula for the investigated molecules
is indicated in Fig. 1 (inset). Three different types of
metal—ligand bonds are found in this molecule: two Fe—
CO bonds, the n°>-Fe—Cp bond and the Fe—X bond. In
this saturated complex, the eight d-electrons of the iron
atom form a stable 18-electron configuration together
with the valence electrons of the ligands. Photochemical
investigations on these molecules under liquid-phase
conditions and in matrices showed that after UV
excitation either the halogen ligand X is split off or
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Fig. 1. Experimental set up. Top part: time-resolved mass spectro-
metry is conducted by providing 400 nm pump and 800 nm probe laser
pulses with a Mach—Zehuder interferometer. The probe arm can be
delayed using a computer-controlled delay stage. After recombination,
the pump and probe laser pulses are focussed into the interaction
region of a RETOF spectrometer. Bottom part: for the automated
quantum control experiment, a computer-controlled pulse shaper
generates arbitrarily tailored femtosecond laser pulses. The experi-
mental outcome (the photodissociation product yield) obtained with
these pulses is used as feedback in an evolutionary algorithm. The
electric field of the laser pulses is iteratively optimized until an optimal
result is found. Inset: The chemical structure of the molecules
CpFe(CO),X is indicated. The Cp ring (CsHs) is n°-connected to the
central iron atom.
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the Fe—-CO bond is broken [53-59]. Furthermore,
isomerization reactions and intraligand rearrangements
are possible. However, time-resolved experiments clar-
ifying the primary reactive steps after photoexcitation
have not been reported so far. These primary events are
the focus of the experiments reported here.

2.2. Femtosecond time-resolved mass spectrometry

In the time-resolved experiment, the 800-nm laser
beam is split into two identical parts (Fig. 1, top part)
within a Mach—Zehnder interferometer. In one arm of
the interferometer the 400-nm pump laser pulses are
produced by second-harmonic generation (SHG) in a
100-um BBO crystal. The 800-nm probe pulses in the
other arm can be delayed with respect to the pump
pulses using a computer-controlled translation stage.
Pump and probe laser pulses are combined collinearly
with a dichroic mirror. Transient ionization spectra are
collected for all fragments simultaneously by measuring

complete mass spectra at different time delays with a
transient recorder.

The time delay is varied in steps of 5 fs between — 500
and +1000 fs. At each point, mass spectra are averaged
over 100 laser shots to reduce shot-to-shot fluctuations.
The effects of longer-term variations are reduced by
recording the complete transients several times and
averaging again. This leads to a significant improvement
in the signal-to-noise ratio. The energies of both the
pump and the probe laser pulses are attenuated such
that the ionic signals generated by either laser pulse
alone are insignificantly small as compared to the
combined pump—probe signal.

The recorded transients of the individual mass peaks
are then evaluated with a rate model to extract time-
scales of formation of intermediate states involved in the
fragmentation of CpFe(CO),X. In the scenario of our
experiments, the 400-nm pump laser pulse prepares
population on an electronically excited neutral inter-
mediate state of the parent molecule CpFe(CO),X. The
dissociation process could then in principle be described
by the ensuing wavepacket propagation if the multi-
dimensional potential energy surfaces (PES) for the
complete reaction pathway were available. Experimental
evidence could then be used to test the predictions of
different PES models. However, for the investigated
molecules the PES are not yet known although some
work is in progress [60]. In order to obtain at least some
information on the kinetics of the photodissociation
process, the neutral dissociation is described by a simple
rate model. Although this is not the correct dynamical
description employing PES, the recorded transients are
nevertheless reproduced well with this model (at the
available experimental time resolution).

In our case, after initial excitation the population in
the parent molecule decreases because of first dissocia-
tive steps, e.g. CpFe(CO),X* —» CpFeCOX*. We assume
the population of an intermediate state to decay
exponentially with a rate k& or a corresponding time
constant 7= 1/k, while the product state is populated
with the same rate. Similarly, the product CpFeCOX* is
able to undergo further fragmentation. Within the probe
step, the distribution of neutral fragments at delay time
t is transferred to the ionic continuum by 800-nm
multiphoton ionization and detected in the mass spec-
trometer. The timescale of formation of a certain neutral
intermediate species is in principle determined by the
shape of the transient ion signal for the same mass. In
summary, we can describe the photodissociation process
for example as:

CpFe(CO),X 3 CpFeCOX* 3 CpFeX* 5 . ..
However, two other contributions to possible frag-

ment ion production have to be considered: (i) ions can
be formed by the pump or probe laser alone; and (ii)
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ions generated during the above scenario can undergo
further fragmentation, thus appearing in the transients
of different intermediate species. The first case results in
a constant offset in the ionic transients which can be
avoided by careful energy attenuation as already men-
tioned above. The ionic species generated in the second
case carry the dynamics of the intermediate species they
were originally drawn from by 800-nm multiphoton
ionization. In other words, the transient signal of a
certain ionic fragment is a combination of all preceding
dissociation steps.

In order to address this, data modeling starts with the
transient of the parent ion CpFe(CO),X". The rate
found during this first step is assigned to the dissociation
of the neutral excited parent molecule CpFe(CO),X*. In
a second step we try to discover this rate in the transient
of the ionic fragment with smaller mass, e.g.
CpFeCOX ™. If this fragment transient can already be
modeled using the rate from the parent molecule, the
transient is assumed to consist only of contributions
from fragmentation of preceding ions. However, if an
additional rate is needed, a new intermediate state is
assigned, in the example given here CpFeCOX*. By
successive application to all ionization transients, the
complete information about the dissociation process can
be extracted.

Fitting of the data is done with a nonlinear
Levenberg—Marquardt procedure [61]. The time resolu-
tion of the experiment is taken into account by
convoluting the exponential molecular response func-
tions with a Gaussian apparatus response function due
to the finite duration of the pump and probe laser
pulses. Since the order of the multiphoton processes
relevant to the photodissociation reactions is not exactly
known, a measured cross-correlation is only an approx-
imation for the apparatus response function. Therefore,
this time constant is also determined in the fitting
procedures directly from the ionic transients.

2.3. Adaptive quantum control

The automated control experiment is performed using
computer-controlled frequency-domain pulse shaping
[62—67] in combination with an evolutionary algorithm
(Fig. 1, bottom part). The setup of our pulse shaper has
been described previously [42,44]. It consists of a zero-
dispersion compressor in 4f geometry, which is used to
spatially disperse and recollimate the femtosecond laser
spectrum. Arbitrary pulse shapes can be generated by
applying different voltages to the 128 pixels of a liquid-
crystal display (LCD) placed in the Fourier plane of the
compressor. Upon transmission of the laser beam
through the LCD a frequency-dependent phase is
acquired due to the individual pixel voltage values. In
this configuration the spectral amplitudes remain un-
changed and thus the pulse energy remains constant for

the different pulse shapes. In order to find the optimal
electric fields required to trigger a specific reaction in the
target molecules, a global search algorithm is used.
Following a suggestion by Judson and Rabitz [27] we
implement an iterative learning loop to search for
optimized electric fields. At each iteration the experi-
mental outcome for a specific pulse shape, i.e. the
amount of a certain ionic mass fragment, is evaluated
with respect to the optimization goal. The global search
method used for this purpose is an evolutionary algo-
rithm [68,69]. Our implementation was described in
detail elsewhere [42].

In this experiment, boxcar integrators are used to
record the product yields of those ionic fragments
entering in the optimization function. For each laser
pulse shape, the signal is averaged over 1000 laser shots.
At the end of the optimization, complete mass spectra
are recorded and analyzed by applying again the best
pulse shape of the final generation. The pulse energy in
the optimization experiments is set to ca. 130 pJ.

3. Investigation of fragmentation dynamics
3.1. Results

Mass spectra of the three investigated molecules
CpFe(CO),X (X =Cl, Br, I) are shown in Fig. 2. They
have been recorded using 800-nm laser pulses of
duration 80 fs and a peak intensity of ca. 10> W
cm 2. The characteristic features within each mass peak
cluster are due to natural isotope distributions. In the
CpFe(CO),Cl series (Fig. 2a) the isotope peaks arising
from *>Cl and *’Cl abound at an expected ratio of 3:1,
whereas in the CpFe(CO),Br molecule (Fig. 2b) the two
isotopes "’Br and 3'Br are distributed with ca. equal
heights. The iodine atom has only one natural isotope,
and therefore the isotopic structure in CpFe(CO),I (Fig.
2¢) is given by the isotopes of Fe and C alone. The mass
spectrum of CpFe(CO),Br also shows contributions of
Cl-containing species because of small impurities re-
maining in the molecular beam machine from previous
measurements on CpFe(CO),Cl.

In all three mass spectra the molecular parent ion
CpFe(CO),X* is visible. Furthermore, a number of
ionic fragments are produced in two distinct fragmenta-
tion channels. In the first channel, the halogen ligand X
remains bounded to the complex, leading to the frag-
ment ions CpFe(CO); (X whereas the second channel
is characterized by those fragments in which the halogen
ligand X is lost as a primary step, leading to the
fragment ions CpFe(CO),, ,. Additional photoproducts
are given by the Cp ring and its fragments as well as
their combinations with Fe. Comparing the mass spectra
of the three molecules CpFe(CO),X qualitatively, a
systematic variation in the relative fragment abundances
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Fig. 2. Mass spectra of CpFe(CO),X for: (a) X =Cl; (b) X =Br; (c)
X =1, recorded with 800 nm laser pulses of duration 80 fs and a peak
intensity of ca. 10"* W ¢cm 2.

can be observed. In the CpFe(CO),Cl series, the mass
peak heights decrease from the heavier toward the
lighter fragments, whereas in the CpFe(CO),Br series,
all fragment peaks have ca. the same height. Finally in
the CpFe(CO),l species, predominantly smaller frag-
ments are observed under the given experimental con-
ditions.

The investigation of photodissociation dynamics was
carried out performing 400-nm-pump-—800-nm-probe
experiments on each of the CpFe(CO),X molecular
species separately. The evaluation was then carried out
by employing the rate model described in Section 2.2.
Since the cross-correlation width is on the order of 100
fs, it cannot be decided if coherent wavepacket oscilla-
tions on a shorter timescale are superimposed on the
observed transients. Better time resolution would be
required to answer that and to ultimately investigate the
nature of the fragmentation process, i.e. to decide if the
rate model is sufficient or if ‘ballistic’ wavepacket
motion needs to be considered. Nonetheless, some
general conclusions can be drawn from the following
experiments as it is still possible to extract dissociation
times from the recorded transients, and the experimental
data reported here are nicely reproduced by the rate
model.

Transients of the CpFe(CO),Cl photoproducts are
shown in Fig. 3. Since the decay starts with the parent
molecule, its transient can be fitted by a monoexponen-
tial decay at a time constant of (40+10) fs convoluted
with the response function of the apparatus at an
FWHM of (100 +10) fs.

The CpFeCOCI™" transient differs from that of the
parent molecule in the decaying shoulder. Two con-
tributions have to be considered here. On the one hand,
ionic fragmentation can lead from CpFe(CO),Cl" to
CpFeCOCI" (dashed curve). But this is not sufficient to
explain the observed CpFeCOCI™ transient and an
additional neutral CpFeCOCI intermediate has to be
assumed (dashed—dotted curve). The fit yields a rise
time of (40+10) fs and a decay time of (90 +15) fs. The
rise time corresponds to the decay time of the neutral
excited-state intermediate of the parent molecule, i.e. the
rate of CpFeCOCI build-up. The decay time for
CpFeCOCI™ suggests further fragmentation under
additional CO ligand loss.

The CpFeCl* transient contains two ionic contribu-
tions from the CpFe(CO), ;Cl™ transients (dashed lines)
as well as an additional neutral contribution showing a

[CpFe(CO),CIT*

normalized ion yield / arb. units

L=~ ~
1
I

T
-500 0 500
pump-probe delay / fs

T
1000

Fig. 3. CpFe(CO),Cl transients. The experimental data points (solid
squares) are fitted by the molecular response function from the rate
model (solid lines). The individual contributions from neutral frag-
mentation (dashed—dotted lines) and ionic fragmentation (dashed
lines) are also shown.
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decay time of (800 +50) fs (dashed—dotted line). There-
fore, an additional neutral intermediate corresponding
to CpFeCl has to be assumed. The conclusion from
these observations is that upon excitation with 400-nm
laser pulses, CpFe(CO),Cl shows sequential fragmenta-
tion of the two CO ligands within ca. 40 fs+90 fs =130
fs via the neutral CpFeCOCI intermediate.

The FeCl™ and the Fe™ transients can be explained
purely by ionic contributions from the
CpFe(CO),,; ¢Cl™" transients and do not require addi-
tional neutral intermediates. This means that the
product of the CpFeCl decay—which should be pro-
duced with a characteristic time of (800 +50) fs—cannot
be identified. The most likely candidate would be FeCl.
However, the FeCl™ transient shows only ionic con-
tributions.

The second fragmentation channel mentioned above,
where the primary dissociation step corresponds to the
loss of the halogen ligand, is not a dominant pathway in
the CpFe(CO),Cl species (nor in the CpFe(CO),Br
species), and the statistics in the observed transients
were not good enough to extract time constants.

[CpFe(CO),Br*

normalized ion yield / arb. units

pump-probe delay / fs

Fig. 4. CpFe(CO),Br transients. The experimental data points (solid
squares) are fitted by the molecular response function from the rate
model (solid lines). The individual contributions from neutral frag-
mentation (dashed—dotted lines) and ionic fragmentation (dashed
lines) are also shown.

Transients for the CpFe(CO),Br molecule and its
photoproducts are shown in Fig. 4. The apparatus
response function has an FWHM of (140 4+ 10) fs, which
broadens the transients as compared to those of the
CpFe(CO),Cl species. The difference arises because
these experiments were conducted on a different day
with slightly different laser characteristics. The overall
results of the data evaluation are similar to those of the
CpFe(CO),Cl molecule. However, the CpFeBr* tran-
sient does not require a neutral contribution in the
fitting procedure. The neutral intermediate is found in
the FeBrt transient instead. Therefore, the parent
molecule CpFe(CO),Br decays within (45+10) fs under
CO ligand loss into CpFeCOBr which in turn decays
with a time constant of (100+30) fs. The subsequent
decay of FeBr occurs within (450 +40) fs.

Finally, the CpFe(CO),l transients are shown in Fig.
5. The apparatus response function has a width of
(150 +10) fs. In this molecule, the CpFe(CO),1" and the
CpFeCOI " transient are identical. In both curves, a
decay time constant of (45+10) fs is extractable. This
means that no neutral CpFeCOI intermediate could be
found. But for both the CpFelt and the Fel™

17 [CpFe(CO),II*

I
|
0 s ' s

]
- Wf‘\\ [CpFe(CO)Ir
1
b 1
1
1 AP A IS SN

normalized ion yield / arb. units
|

T
-500 0 500 1000
pump-probe delay / fs

Fig. 5. CpFe(CO),l transients. The experimental data points (solid
squares) are fitted by the molecular response function from the rate
model (solid lines). The individual contributions from neutral frag-
mentation (dashed—dotted lines) and ionic fragmentation (dashed
lines) are also shown.
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transients, neutral contributions have to be assumed,
corresponding to lifetimes in the neutral intermediates
of (85+10) and (190 +15) fs, respectively. Some fraction
of the neutral Fel molecules do not decay further, which
leads to a plateau region in the corresponding Fel ™
transient.

In addition to this first fragmentation channel, the
primary halogen ligand-loss channel plays an important
role in the CpFe(CO),I molecule. Apart from the ionic
contributions from the parent, the CpFe(CO)," transient
shows a biexponential behaviour with a rise time of
(45+10) fs and a decay time of (180+420) fs. The rise
time corresponds to the decay time of the neutral
intermediate in the parent molecule. The CpFeCO™
and the CpFe™ transients are explained by purely ionic
contributions. This suggests that the corresponding
neutral fragments CpFeCO and CpFe decay faster
than being produced by fragmentation of CpFe(CO),.

3.2. Discussion and dissociation model

In the photodissociation of CpFe(CO),X (X =Cl, Br,
I) after excitation with 400-nm femtosecond laser pulses,
two fragmentation channels for the parent molecule
have to be discriminated: CpFe(CO),X —» CpFeCOX +
CO—-... and CpFe(CO),X —»CpFe(CO);,+X —.... In
all three molecular species, the parent molecule decays
within 40-50 fs into these two channels. Predominantly,
the primary process of CO ligand loss is observed, and
the halogen ligand remains bounded throughout the
dissociation process (first channel). Only in the
CpFe(CO),I species, the halogen-free series of photo-
products CpFe(CO),,1 o (second channel) is significant.

In the halogen-containing fragmentation series, a
sequence of CO and Cp losses is found. The timescales
for these steps are different in the three investigated
molecular species. A comparison is given in Fig. 6. In
the CpFe(CO),Cl molecule, ultrafast but sequential
losses of the first and the second CO ligands within 40
and 90 fs, respectively, are observed. On a longer
timescale of 800 fs, the Cp ring is split off. The complete

dissociation of the CpFe(CO),Cl molecule up to FeCl
therefore takes ca. 930 fs.

In the CpFe(CO),Br molecule the first CO ligand loss
occurs within 45 fs. However, in contrast to the
CpFe(CO),Cl species, the subsequent dissociation of
the Cp ring and the loss of the second CO group occur
simultaneously within 100 fs. This concerted ligand-loss
pathway taking place in CpFeCOBr is the main
difference to the sequential process in CpFeCOCI. The
total dissociation time for CpFe(CO),Br including the
last step of FeBr fragmentation (450 fs) is therefore ca.
600 fs.

Finally, in the case of CpFe(CO),l, sequential clea-
vage of Fe—CO bonds is not seen. The two CO ligands
rather dissociate in a concerted manner, and the
subsequent dissociation steps proceed faster than in
the cases of either CpFe(CO),Cl or CpFe(CO),Br.
Complete fragmentation of CpFe(CO),l takes only
about 320 fs. However, a significant amount of the
Fel population does not decay at all (in the investigated
timescale of 1.5 ps) and leads to an asymptotic plateau
in the corresponding transient. This plateau is of much
less importance in the CpFe(CO),Cl and CpFe(CO),Br
species.

On total, the halogen-containing fragmentation series
proceeds slowest for CpFe(CO),Cl. The rate of complete
fragmentation of the molecule increases throughout the
series of compounds so that the fastest dissociation is
found for CpFe(CO),I. The halogen-free fragmentation
series is most important in the CpFe(CO),l species,
where CpFe(CO), is produced within 45 fs and decays
within 180 fs.

The differences in the total dissociation timescales can
be explained by considering the electronic properties of
the metal-halogen bonds. Our experiments show that
the primary process in all three molecules is the loss of at
least one CO ligand. This step produces unsaturated 16-
valence-electron complexes. The relatively small size of
the chlorine orbitals results in a good overlap with the
metal orbitals, and hence provides for an efficient
mechanism of electron backtransfer from the halogen

—co —co —cp
CpFe(CO),Cl CpFe(CO)CI CpFeCl FeCl
PFe(CO) 40fs pFe(CO) 90 fs 800 fs
-CO -CO-Cp - Br
CpFe(CO),Br CpFe(CO)Br 4 FeBr Fe
PFe(CO)2 45 fs PFe(CO) 100 s 450 fs
- 2(CO)i -Cp -1 i
CpFe(CO)»l CpFel Fel Fe
PRe(CO): 45 fs P 85 fs 190 fs

Fig. 6. Dissociation model for CpFe(CO),X (X = Cl, Br, I). The decay timescales are given for the three molecular species as extracted from the
pump—probe transients of Figs. 3—5. Only the fragmentation channel characterized by initial CO loss is shown.
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ligand toward the metal center. This process leads to a
stabilization of the intermediate unsaturated species and
therefore to a reinforcement of the remaining bonds. As
a consequence, the dissociation is slowed down. For the
larger iodine orbitals, the overlap with the metal orbitals
is not as efficient and the stabilizing effect of the electron
backtransfer is much weaker. This explains the observa-
tion that in the CpFe(CO),I molecule both CO ligands
dissociate simultaneously after excitation. An intermedi-
ate case is found for CpFe(CO),Br. Here, the second
CO-dissociation step occurs sequential to the first CO
loss because of better stabilization of the intermediate as
compared to CpFe(CO),I. However, the Cp ligand in
CpFe(CO),Br is dissociated simultaneously with the
second CO group, indicating that the stabilization is
not as good as in CpFe(CO),Cl.

The primary halogen—metal bonding (before any
dissociation has occurred) is strongest for CpFe(CO),Cl
and weakest for CpFe(CO),I as can be seen by
comparing the corresponding binding energies [70].
This explains the fact why the fragmentation series
with primary halogen loss is more pronounced in the
iodine case than in the chlorine and bromine species.
Furthermore, in the halogen-containing fragmentation
series the final dissociative step of halogen—ligand
abstraction occurs faster for Fel (190 fs) than for FeBr
(450 fs) as expected. In the case of FeCl, the dissociation
is not seen at all in the observed time window, again in
accordance with the expectations from the binding
energies.

4. Photoproduct control

The experiments discussed in the previous section
have shown that the properties of the halogen ligand
influence the complete fragmentation dynamics of the
investigated series of metal complexes. Despite the
chemical similarities between the three molecules, the
different electronic properties of the ligands play an
important role in the nature of the photoinduced
wavepacket dynamics and the resulting dissociation
timescales. In the following it will be investigated if
these differences are also visible in adaptive quantum
control experiments.

In the first experiments on adaptive quantum control
of chemical reactions, the molecular species
CpFe(CO),Cl was investigated and the ratio of the
two photoproduct yields of CpFeCOCI ™ versus FeCl™
was controlled [30]. Specific laser pulse shapes were
found by evolutionary optimization using experimental
feedback. These laser pulses were able to either increase
or decrease the CpFeCOCI " /FeCl™ ratio with respect
to the value achieved by bandwidth-limited laser pulses.
The question of complexity in these types of control
problems was analyzed in another experiment where the

number of optimization parameters was reduced system-
atically [34]. It was found that best optimization results
were achieved with the maximum number of the
available 128 independent parameters, whereas reduc-
tion to 64 or 32 parameters resulted in inferior
CpFeCOCI*/FeClt ratios. Furthermore, the absence
of correlations between the optimization goal and the
yield of second-harmonic generation showed that the
control mechanism cannot be explained by simple
intensity variation of the applied laser fields [34].
Specific electric field structures are required instead.

As another way to investigate the specificity of the
optimized laser pulse shapes, we here investigate their
performance on chemically similar molecules. For this
purpose, a mixture of CpFe(CO),Cl and CpFe(CO),Br
was prepared simultaneously in one molecular beam. In
the first part of the experiment, the optimization goal
was set as maximization of the CpFeCOCI*/FeCl™*
ratio just as in the control experiments published
previously [30]. The evolution of the feedback signal
(i.e. in the language of evolutionary algorithms the so-
called ‘fitness’ of the best individual of one population)
is shown in Fig. 7a as a function of generation number
within the evolutionary algorithm, employing 128 in-
dependent optimization parameters. A clear increase in
the product ratio is seen. We then performed a
maximization of the CpFeCOBr*/FeBr™ ratio under
identical experimental conditions where a qualitatively
similar evolution of the feedback signal is observed (Fig.
7b). In both cases the optimized branching ratios are
higher than the ratios achieved with unshaped laser
pulses, indicating successful learning.

The two molecular systems are now compared by
investigating how the electric field optimized for the
CpFeCOCI*"/FeCl™ branching ratio influences the
CpFeCOBr " /FeBr ' ratio and vice versa. For this
purpose the mass spectra produced by the best indivi-
duals of the final generations of Fig. 7 are evaluated and
the results summarized in Fig. 8. After maximizing the
CpFeCOCI1t/FeClt ratio, its value (column A) is
significantly increased with respect to unshaped laser
pulses (dashed black line). Using this same laser pulse
shape on the CpFe(CO),Br molecule, the value of the
corresponding CpFeCOBr */FeBr* ratio is increased as
well (column B) with respect to unshaped pulses (dashed
white line). This indicates the chemical similarities
between the two molecules, i.e. an optimally controlled
photoproduct branching ratio in CpFe(CO),Cl also
leads to an improvement in CpFe(CO),Br. The overall
lower absolute CpFeCOBr*/FeBr* ratio as compared
to CpFeCOCI*/FeClt was already discussed in the
previous section and is not the main focus here.

The sensitivity of the adaptive quantum control
approach on detailed electronic structure is now seen
when comparing these findings with a direct optimiza-
tion in the CpFe(CO),Br molecule. Whereas the
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Fig. 8. Comparison of adaptive quantum control experiments on
CpFe(CO),X (X =Cl, Br). The CpFeCOX */FeX ™ ratios are shown
for both the CpFeCOCI*/FeCl* maximization (columns A and B)
and the CpFeCOBr*/FeBr" maximization (columns C and D) as
indicated (for halogen ligand X = Cl: columns A and C, for X = Br:
columns B and D). The branching ratios achieved with unshaped
femtosecond laser pulses are indicated by dashed lines.

CpFeCOBr " /FeBr* ratio had already been increased in
the CpFeCOCI*/FeCl" optimization (column B), di-
rect maximization of CpFeCOBr*/FeBr*t further im-
proves on this result and leads to a higher ratio (column
D). This means that the learning algorithm is able to
find laser pulse shapes which are specifically adapted to
the ligand substitution Cl— Br. At the same time, the
laser pulse optimized for a high CpFeCOBr*/FeBr"
ratio also increases the CpFeCOCI*/FeCl* branching
(column C). However, the value after direct
CpFeCOCI*/FeCl™ optimization (column A) is not
quite achieved. This situation is equivalent to the
situation discussed above in that the laser pulse shape
optimized for one molecule also improves the corre-
sponding pathway in the other molecule because of the
chemical similarities, but not to the same value because
of the remaining molecular differences.

From the quantum control experiments on
CpFe(CO),Cl and CpFe(CO),Br it can be concluded
that adaptive femtosecond pulse shaping is able to
discover laser fields which are specifically optimized
for a given molecule. Of course it would be desirable to

interpret these optimal fields on the basis of the pump-—
probe experiments and e.g. to decide which role is
played by the different fragmentation channels in the
optimization results. For example, it is in general still an
open question in optimal control experiments how
important the channels of ionic fragmentation versus
neutral fragmentation followed by ionization really are.
In the pump-—probe experiments and their evaluation
using the rate model, the transient signals were ex-
plained by a combination of all processes. One can
therefore not expect to distinguish the role of these
channels in adaptive control experiments by simply
analyzing the optimized electric fields. Nonetheless, the
results reported here indicate the sensitivity of the
adaptive control method on detailed electronic proper-
ties even in chemically very similar molecules.

5. Conclusion

The influence of different halogen ligands X (X = Cl,
Br, I) on the photodissociation mechanisms of the
transition metal complexes CpFe(CO),X have been
investigated by combination of the femtosecond
pump—probe technique with reflectron time-of-flight
mass spectrometry in molecular beams. Furthermore,
adaptive quantum control with shaped femtosecond
laser pulses was employed to investigate which effect
ligand substitution has on the control of photoproduct
branching ratios.

In the pump—probe experiments it was found that the
nature of the halogen ligand has a clear influence on the
dissociation kinetics of the whole molecule, even on the
fragmentation times of those bonds where the halogen
ligand is not directly involved. Our data indicate that the
rate of complete fragmentation of the molecule is
slowest for the X = Cl species (ca. 930 fs) and increases
throughout the series to the X = Br (ca. 600 fs) and the
X =1 species (ca. 320 fs). Furthermore, while sequential
dissociation steps are observed for the X = Cl species,
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concerted and more complex mechanisms are seen for
molecules containing the larger halogens. A simple
qualitative explanation for this behaviour can be given
by considering the nature of the unsaturated complex
generated in the initial steps of the dissociation process.
Electron backtransfer mechanisms may be responsible
for stabilization of intermediate compounds. This is
more effective for the lighter halogen ligands and hence
leads to longer dissociation timescales. These observa-
tions suggest that in gas-phase photoreactions, the
timescales and mechanisms of fragmentation can be
modified and possibly tuned by changing the electronic
properties of the metal-halogen bond.

In addition to these experiments on dissociation
kinetics, the recently developed technology of adaptive
femtosecond pulse shaping was employed to control
photoproduct branching ratios in the molecules
CpFe(CO),Cl and CpFe(CO),Br. A learning algorithm
used direct feedback from the experimentally recorded
mass spectra to iteratively improve the phase function of
laser pulses such that finally a particular control
objective was realized. Specifically, we were interested
in the influence of the halogen ligand on the dissociation
characteristics of the molecules and on the control of
those branching ratios where not even a metal-halogen
bond is broken. For this purpose, we investigated the
performance of a laser pulse shape optimized for one
type of halogen ligand when applied to the molecule
with the other halogen atom. It was found that laser
pulses optimal for one molecule also increase the
corresponding branching ratio in the other species.
This behaviour indicates the chemical similarities be-
tween the different molecules of the series. However, the
branching ratio of the related molecule is not increased
as much as when it is directly optimized. This points at
the detailed electronic differences between the two
species arising from the nature of the halogen ligands.
Adaptive femtosecond pulse shaping is obviously sensi-
tive enough to discover and exploit these differences. A
quantitative understanding of both the pump-—probe
transients and the results in the adaptive quantum
control experiment requires detailed quantum dynami-
cal calculations.

Finally, the adaptive control results can be related in a
very general sense to experiments we have recently
conducted in a solution—phase environment [39]. There,
we found that chemically very different molecules which
show the same linear absorption profiles can never-
theless be specifically excited (i.e. one molecule prefer-
ably with respect to the other) using femtosecond pulse
shaping. Adaptive control was able to exploit differences
in the photoinduced wavepacket dynamics. In the
experiments conducted here, adaptive control is able
to find pulse shapes which are specific even for
chemically very similar molecules. This feature might
have an application in chemical analysis where one

would like to obtain some kind of ‘signature’ selectively
from one compound in a mixture of different sub-
stances.
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