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The ultrafast photodissociation of Fe  (CO); in the gas phase
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The photodissociation dynamics of (B0)s in a molecular beam have been investigated with
femtosecond time resolution. In single pulse experiments, the parent i@OFe and all the
fragment ions F&€O). , n=0-4 could be observed in linear and reflectron time-of-fligr®F)
spectrometers. Ladder switching is suppressed by the use of femtosecond laser pulses. The TOF
spectra show that the fragmentation patterns strongly depend on the laser wavelength, the laser
intensity, and the laser pulse duration. Femtosecond pump—probe experiments were performed for
the parent and every fragment molecule. We present a photodissociation model for the neutral
Fe(CO)s. After the absorption of two 400 nm photons (E®)s looses four CO ligands in about 100

fs. The subsequent dissociation of the fragmenlCl® takes place on a longer time scale of about

230 fs. The measured transient ionization spectra of ti€®g, n=2-4 fragments represent
within the proposed model the fingerprints of the evolution of[fR&CO)s|* transition state on the

way to dissociation. We also report on the observation of a metastable ionic fragmentation
mechanism. ©1998 American Institute of Physid$S0021-960608)00808-3

I. INTRODUCTION sorption of one photon. Whether the loss of ligands by the
metal atom after one photon or multiphoton absorption hap-
The photochemistry of metal carbonyls is of great im-pens sequentially or in a concerted fashion has been the sub-
portance in the understanding of interesting properties ofect of controversi.
these compounds? Metal carbonyls are widely used as pho- Fe(CO)5 is a prototype molecule whose study can pro-
tocatalysts in many organic reactiohs. It has been vide a good understanding of the photodissociation mecha-
showri® that highly reactive unsaturated species comingnism of metal carbonyls. For this molecule, plenty of theo-
from the photolysis of M—CO bonds, where M is a transitionretical information is available about its molecular and
metal atom, are responsible for this catalytic activity. In aelectronic structur&-'® In addition, ab initio calculations
completely different context, the full photodissociation of with different degrees of sophistication have been performed
these molecules has been applied in microelectronics asin the last few years in order to obtain accurate values of the
means of growing thin ultrapure metal films onto surfates. first and subsequent dissociation energies of the Fe—CO
The basic understanding of the fragmentation mechanism biyonds, not only for the neutral F&0)s,>~?°but also for the
which these complex molecules loose one or several C@n molecule FéCO)g. 21 The theoretical results have been
ligands after the absorption of a photon with sufficient en-compared with experimental data obtained by photo-
ergy is of great interest. detachment of mass-selected beams of carbonyl anions
The photodissociation of monometal carbonyls in solu-F&CO), % by pulsed laser pyrolysis of F80)s (Ref. 23
tion is simple. After laser excitation, the molecule loosesand by other technique$:2’
only one CO ligand:2 Collisional relaxation and cage ef- Time-resolved experiments using ultrafast laser pulses
fects with the solvent molecules avoid the loss of additionahave been performed with metal carbonyls and organometal-
CO ligands because the excess internal energy of the fradjes in solution(see, e.g., Refs. 28—B5The first ultrafast gas
ments is rapidly dissipated to the surrounding medium. Thehase study was reported by Angsl al,*® who measured
picture is quite different in the gas phase if, in addition,the vibrational dynamics of GEO);NO. Zewail and
collisionless conditions are guaranteed. In this case, severab-workers’ recently reported the first photodissociation ex-
ligands can leave the complex after absorption of a singlgeriments in the gas phase. They studied the ultrafast frag-
photon with sufficient energy. The proportion of unsaturatedmentation dynamics of MiiCO),o. In this cornerstone ex-
fragments will then depend on the photolysis wavelength angeriment, the metal-metal and metal—-ligand bond cleavage
laser intensity, since multiphoton processes can also be irflynamics, occurring on a time scale of hundreds of femto-
volved. Indeed, this is a basic difference between the photoseconds, could clearly be distinguished. In a very recent ex-
chemistry of metal carbonyls, and organometallics in genperiment by Harris and co-worke?$ the dissociation dy-
eral, and that of most of the small organic and inorganiohramics of MCO)s (M=Cr, W, Mo) in solution has been
molecules, where only one bond is usually broken upon abstudied by femtosecond IR spectroscopy. It was concluded
that the formation of the metal pentacarbonyl product after
dAlexander von Humboldt Foundation research fellow. Permanent addres LV photolysis of the parent molecule occurs in less than 240

Departamento de Qmica Fsica, Facultad de Quica, Universidad Com- ?;51 the resolution of their apparatus. _
plutense, 28040 Madrid, Spain. As stated by Grant and co-workers in 1983, “no tech-
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nique applied thus far has been fast enough to measure an 120+
actual primary dissociation rate” for F80)s.>° The appli- =
cation of femtosecond lasers to study the photodissociation 100l —
of this molecule and metal carbonyls in the gas phase is very Fe(CO)
timely. In a previous publicatioff we reported the first ex- € 80 Fe(CO,
. . .. . [+ -
periments where the photodissociation dynamics ¢CEgs z __ Fe(CO}}
in a molecular beam was studied with femtosecond time z Fe(CO)y o
resolution. The parent molecule and all the fragments were 5 601 Feccox; o,
detected after femtosecond laser excitation in a linear time- 2 ML QULCD) . .
of-flight (TOF) spectrometer. Transient ionization spectra of 4 g0t - FC(ZCO)
the parent molecule and of every fragment were measured by AN N chob
using the femtosecond pump—probe technique. From the re- 20k ", Fe(éo)%
sults obtained in that study, it was concluded that the photo- =1 N
dissociation of FECO)5 up to FECO) occurs in about 100 fs. 0 Ll FeCOs
The subsequent dissociation of (E€©) into Fe+CO oc- Fe(CO),

curred on a Ionger time scale. A mechanism was proposed l-IQG. 1. Energetics of REO)s. The information shown is a compilation of

explain these Observati(_)ns- The present paper is a TU” Alxperimental and theoretical data of the neutral and ionic molecules. The
count of the results obtained on the gas phase photodissocigas phase absorption spectryRef. 12 is shown schematically and the
tion of FG(CO)5 from our laboratory. We report additional assignments to LF and MLCT transitions are indicated by horizontal arrows.
. . . The shaded area corresponds to the range of calculRiefs. 16 and 18
experiments on the femFosecond laser intensity and Waveenergies for the electronic ground state of ®®),. The vertical arrows
length dependence of linear an.d reflectron TOF spectrapgicate the two photon excitation at 400 nm discussed in the text.
where even doubly charged species have been observed, and
we report on additional femtosecond pump-—probe experi-

ments. The results confirm the previously proposed mecha-
nism for the photofragmentation of &0O)s in the gas phase. atomic Fe (7.870 V.2 The vacuum-ultraviolet(\VUV)

Th's pafp;r IS orglagllzed as tfollows_: "_1 ?ec. IIt_we gf'vet?]nspectrum of FECO); was also measured receriflyand,
ovez[rvllewt()) (Ia ava(|)a (_5”? pec rOS.COp'Ct'T orrtna |;)ns or | ®based orab initio calculations, two series of Rydberg states
metal carbonyl FEO)s. The experimental setup for single ere assigned in the spectral ranges between 49 600 and

pulse and pump—probe measurements is described in Sec. m 800 cn ! and between 64 100 and 71 800 ¢
and the obtained results are presented in Sec. IV. In Sec. V

we report laser-induced metastable decays dfCBg; ob-
served with our reflectron time-of-flight spectrometer.

Many experimental studies have been reported on the
photodissociation of REO); in the gas phase using nano-
second lasers in combination with other techniques. The pio-
neering works by Karnyet al*® and Trainor and Mafif
showed the emission of electronically excited Fe atoms pro-
duced after laser excitation of f0)s. Duncanet al*® re-
Fe(CO); is a trigonal bipyramid which belongs to the ported multiphoton ionizatiotMPI) experiments where Fe
Dy, point symmetry grougsee Fig. 1 The energetics of the was the dominant ion in the mass spectra. EngefRiog-
neutral and ion molecules are presented in Fig. 1. The inforserved atomic Fe transition lines in the MPI spectra of
mation contained in Fig. 1 is a combination of the availableFe(CO)s. Yardley and co-workefé*® were the first to mea-
experimental and theoretical data. The absorption spectrusure the distribution of REO),_, fragments at different
was measured in the liquid phase by Dartiguenaival**in ~ one-photon excitation excimer-laser wavelength@3, 248,
1969, and later in the gas phase by Kotz&tral}? In both  and 352 nm By using a chemical trapping technique con-
cases, the spectrutshown schematically in Fig.)is rather  sisting of the photolysis of gaseous mixtures of&®); and
structureless. It exhibits a strong band centered at abolRF; in a cell, they measured the quantitative yields of the
50 000 cm® with a shoulder at 41 600 cm (indicated by  products FECO)s_,(PF;),, n=0-3. The authors proposed
arrows in Fig. ). These two bands have been assigned t@ photodissociation process in which the CO ligands are lost
metal to ligand charge transfévILCT) d— «* transitions>  sequentially. The experimental results were in agreement
The absorption starts at about 25 000 ¢nand shows two  with their (RRKM) calculations in which only one vibra-
weak shoulders at 30 300 and 35 700 ¢irwhich have been  tional mode was coupled to the reaction coordinate, the
assigned to ligand field_F) d—d transitionst? The assign- motion of the CO ligand with respect to the metal ajom
ments are supported by theoretical studies by severahccording to these calculations, about 65% of the available
groupst®~? These works showed that in spite of the largeenergy was retained by nascent€®), fragment as vibra-
number of electronic states involved, the metal—carbonytional and/or electronic excitation. Grant and co-worlk&rs,
near-ultraviolet spectrum is determined exclusively byusing MPI to monitor the CO product after photolysis of the
MLCT transitions and that the lowest lying singlet excita- parent molecule in the region 290-310 nm, reported an in-
tions in FECO)s are predicted to be LF transitiohé.The  verted vibrational energy distribution in this fragment. The
most recent experimental value for the first ionization poteninverted distribution implied a nonstatistical energy release
tial of FCO)s was reported by Norwooet al?® (7.897 in the photofragmentation process. The authors obtained es-
+0.025 eV; 63689 cmt), and is very close to the one of timates of less than 0.6 ps for the lifetime of( E®)5 excited

Il. SPECTROSCOPY AND PHOTOCHEMISTRY OF
Fe(CO)g
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states in the 275—280 nm excitation region and of less than @etectable intermediates. Houston and co-wofRéPsde-

ps in the 300—310 nm region. fined concertedness when the lifetime of the intermediates is
Weitz and co-workef$*reported transient infrared ab- shorter than its rotational period. A more stringent definition

sorption spectra of the coordinatively unsaturated specieis given by Zewail and co-worker$,who used the time of

generated after excimer-laser photolysis ofG®)s. The ab-  the vibrational period for distinction. Typical vibrational pe-

sorption features were assigned to théd®), fragments via  riods for the Fe—CO bonds are 80-100s.

comparison with results obtained in matrix isolation

studiess*~>*Waller, Hepburn, and co-workers® measured 1. EXPERIMENT

the rovibrational and translational distributions of the CO

product by VUV laser-induced fluorescenddF) in a mo- elsewheré? Only the details relevant to the present experi-

lecular beam. Vernon and co-workers® recorded mass ; ) iy : .
- . ments will be given here. A home-built Ti:sapphire oscillator
spectra containing the parent and all the fragment ions pro-

duced by excimer laser photolysis at selected scatterin Iabé’—ieIds pulsed femtosecond laser radiation centered at 800 nm
y P Y 9 'abith a typical duration of 30 fs. The femtosecond pulses are

ratory angles using a crossed laser-molecular beam appara-_ ..~ 7. o . . i
S amplified in a modified commercial regenerative amplifier
tus. The neutral photoproducts were ionized by electron i .
. mped ly a 1 kHz Nd:YLF laser. The output of this system,
bombardment and mass selected in a TOF spectrometer. . . )
after appropriate recompression, consists of pulses of 80 fs

: 49,50,55-58 ; . .
thesﬁ st_ud|é‘f§ df thrze'n _agretlamgnt gv':hd‘?‘ seq_u}snual and of about 1 mJ energy per pulse at a wavelength of 800
rr;eé:e(acrgiml Oul? or dx0|mer. ati P oko f'isof;la lon dnm. After second-harmonic generati68HG), the 400 and
° 5 e, Cases and even in the work of Yardiey andgqg 1y |55ers are separated by means of a dichroic mirror

co-workers!”#® the ultimate photodissociation product was

’ into two beams. The pump laser pul$480 nn) are delayed
Fejt(C;O)g tl)t V\tﬁ S ag(u)edf by WallteetfztaI.SS’S;tgat tT)e enirgy with respect to the probe laser pulg860 nim) using a com-
ref aine 19%' € F(h ) ra%men , after H f);a scérg |Ic_>n CEuter controlled Michelson-type interferometer. Both laser
ot one hm photon and a sequence of three 'gan eams, appropriately attenuated, are recombined using a di-
chroic mirror and focused into the molecular beam chamber

cleavages, is not sufficient to further dissociate into
(see Fig. 2 The full width at half-maximumFWHM) of the

Fe(CO)+CO. In the work of Vernon and co-workeéfs® it
was concluded that, if high photon fluxes are provided, %ross correlation of pump and probe pulses was determined
to be 120 fs by sum frequency mixing in a 0.1 mm BBO

second photon can be absorbed by théCE», fragment to
loose the two remaining CO ligands sequentiafty” crystal. A one color pump—probe scheme has also been ap-

Photolysis laser wavelengths different than the ones prop”ed in the present work. The 400 nm laser beam generated

vided by excimer Ia;ers h_ave been also used to study try;y SHG is splitted in pump and probe beams of the same
ground and electronic excited states of [[peoduced after jionsity. The probe is time delayed with respect to the pump

: ccnpiafi : 50-61
multiphoton dissociation of R€O)s] via MPPP "and pho- 44 hoth are recombined again and focused onto the molecu-
toelectron(PE)®*®! spectroscopies and LfE: lar beam.

Within this experimental scenario, several theoretical |, some of the experiments a home-built colliding pulse

calculations have suggested mechanisms and estimates of W\%de-locked(CPM) ring dye laser system was used as the
time scalefo involved in the photodissociation reactiongqrce of femtosecond pulses. The output of this laser sys-
Danielet al.™ carried outab initio calculations of the poten-  am consists of amplified pulses of 100 fs centered at a wave-

tial energy surface$PES$ which connect the ground and length of 620 nm with a pulse energy of 43. Nanosecond
lowest excited states of FeO)s with the ground and excited

states of the H€O), product. For the HEO)s
—FgCO),+CO photodissociation reaction these authors A variable
proposed a nonadiabatic crossing between the optically al- Zmﬁ' delay

The experimental setup has been described in detail

lowed lowest singlet excited state and a triplet state which
correlates with the ground triplet state of the(€6), prod-
uct. This mechanism was used later by Weitz and
co-workeré®5°and Walleret al>®®*®to explain their experi-
mental results. Recent theoretical studies were carried out b
Daniel, Manz, and co-workers on Fe and Co carbonyl
hydrides$®®8 where the PESs involved were calculated by
ab initio methods and the dynamics were simulated by wave
packet propagation. These theoretical studies have show
that the time scale for the cleavage of the metal-CO bond
from the lowest electronically excited state is about 100 fs.

As already mentioned in Sec. |, it has been a subject of ) molecular

; beam
controversy whether the loss of ligands by the metal atom
after laser excitation occurs stepwise or in a concerted ‘way. _ _ _ _
The main difference between a stepwise and a concerted prEI_G. 2. Experlmental setup shoyvmg the Tl.se_lpphlre femtosecond laser sys-
. . . . m used in the present experiments. The ions produced by femtosecond

cessis V\_/hEther or not stable intermediate Species are formq ser excitation in a molecular beam are detected in linear and reflectron
A stepwise reaction involves two or more kinetic steps viaTOF spectrometers.

20 [0

800 nm; 80 fs
1mJd; 1 kHz

/ TOF-spectrometers
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~

2=337 nm
At=3 ns

laser pulses are provided by & Maser with pulsed laser a
radiation at 337 nm, 3 ns pulse duration, and a peak energy Fer
of 1 mJ per pulse.
For the reported experiments different molecular beam
machines were used. The machines consist of two differen-
tially pumped chambers, one of them containing theJe)s
source and the other one either a linear time-of-flight
(LITOF) spectrometer or a reflectron time-of-fligiRETOP b
spectrometer with a field-free drift length of 122 cm. The
typical mass resolution of the LITOF is/Am=150 and Fe* Fe(CO)"
m/Am=2000 for the RETOF. The F€O)s; sample, used
without further purification (98%; Strem Chemicals is
taken directly from the cylinder at room temperat@vapor
pressure of=3x 10° Pg and expanded through a nozzle of 4 6 8 10
50 um. In the molecular beam machines, the signal from the c) ot A=400 nm
MCP detector is recorded by a 500 MHz digital oscilloscope. Fo(COJt At=80 s
The transient ionization spectra, i.e., the ion signal for a Fe(COY" . oft ’
given mass in the TOF spectra dependent upon the time de- Fe(coj;  e(C0
lay between the pump and the probe lasers, are measured by
means of boxcar integrators. Alternatively, a computer pro- : : : .
gram was developed for data acquisition from the averaged 20 25 EUS
trace of the oscilloscope at selected mass peaks of the spec- time-of-flight / ps
tra. Th(?se traces were recorded as a fun,Ct'On of the pumpF_IG. 3. TOF spectra obtained after irradiation of €6)5 with nanosecond
probe time delay. In both cases, the transients were averagegl and femtoseconflb), (c)] laser pulses measured in a lingé, (b)] and
to obtain sufficiently good signal-to-noise ratios. In most ofa high resolution reflectron TOF spectrometer. Note that the parent molecule
the experiments, the polarization of the pump 144€0 nm and all the fragment ions appe?r in the TOF ;pectra when femtosecond laser
. ulses are used, whereas only"Hg observed in the nanosecond laser TOF
was parallel to the TOF spectrometer axis, whereas the prolﬁ ectrum.
laser polarization was perpendicular to it. Changing the po-
larization of the pump and probe lasers did not affect the

measured transients. of that of Fe(7.870 eVJ.*? On the other hand, the produced
The transients were fitted using a nonlinear least-squarge atomic fragment is highly excited as reported by Karny
method based on a Marquardt-Levenberg algorithm whergt 514 and Engelking® and therefore less photons are
the corresponding molecular response functisingle or  peeded to ionize it. This experiment already shows that the
multiple exponential with rise and decay compongmss  photodissociation of REO)s is ultrafast and one has to use
convoluted with a Gaussian whose FWHM was taken fromjtrashort laser pulses to examine the fragmentation dynam-
the measured cross-correlation of the laser pulsegs of this molecule in detail. A similar behavior has been

residual gas

/
4 6 8 10

ion-signal

A=400 nm
At=80 fs

~

Fe(COJ§

ion-signal

ion-signal

1 Fe(COY,

—
4]

(FWHM~120 fs). observed in MPI experiments on sodium clustérs.
The use of femtosecond laser pulses leads to a com-
IV. TIME-OF-ELIGHT SPECTRA pletely different picture. Figures(8) and 3c) show the

LITOF and RETOF mass spectra obtained with femtosecond
laser pulses of 400 nifintensity of~ 10" W cm™2). In con-
Nanosecond and femtosecond laser pulses at differeititast to the nanosecond laser TOF spectrum, the parent ion,
wavelengths were used in the present experiments to excitl the fragment ions and COappear in the mass spectra.
Fe(CO)s. When using nanosecond laser pulses, the onljeven doubly charged species could be observed at laser in-
mass peak observed in the TOF spectra at different lasdensities higher thar=5x 10" W cm™? [see Figs. &) and
intensities was Fg the ion fragment. No evidence of larger 6(b)]. FECO)*" and F¢CO); * are clearly resolved but
fragment ions FECO),, n=1-4, or the parent ion FEQ); Fe'*, FECO); *, and F¢CO), © appear exactly at the same
was obtained which is in agreement with earlier nanosecondrrival time in the TOF spectra as the COFe", and
laser studie§®-%2 Figure 3a) shows a typical LITOF spec- F&(CO)* ions, as the time-of-flight is proportional to
trum obtained from the photolysis of f0)s with nanosec- m/q. Thus, these three peaks show contributions from sin-
ond N, laser pulses at intensities of about!d@v cm 2. gly and doubly charged fragment ions. Figure 4 depicts de-
Fe(CO)s absorbs a photon already within the rising edge oftails of a RETOF spectrum for the f0)., Fe', and
the laser pulse and the molecule dissociates. The resultingO"/Fe' ™ mass peaks. The higher resolution obtained with
fragment molecules absorb additional photons of the samthe RETOF spectrometer allows the observation of the dif-
laser pulse and can dissociate further. This process, callddrent isotopes of the singly and doubly charged species.
ladder switchind?® leads to the ultimate photodissociation Every iron containing fragment shows the same isotopic pat-
products Fe and CO which absorb more photons and ionizeern, due to the natural abundance of the different isotopes of
We do not detect CO ions, because on the one hand the®*%65Fe, 121, and'®0. They all show a prominent peak
ionization potentiallP) of CO (14.014 eV*?is nearly twice  (relative intensity 1.000at massm, a peak am—2, and a

A. Nanosecond versus femtosecond excitation
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a)  Spe? b) Fe(CO); Fe(CO); Fe(CO),
1.000 1.000 Fe(COLL
S4pg* R recor
0.067 0.019 s
(0.063) (0.023) .
= et Fe(CO)
54 56 58 194 196 198 | | | |
mass [amu] mass [amu] _ | L) 0.08 ps
é I t | 0.20 ps
c) CO*:45% ) 1000 s l R S B 0.46 ps
56Fe**: 55 % k) J ; . 14ps
l 10 ps
S4pe*t || 57patt
0.034 Fe l . . ' 70 ps
20 30 40 50
2 masgs[amu] %0 time-of-flight / ys

FIG. 4. Details of a reflectron TOF spectrum obtained froriCf®s using FIG. 5. Reflectron TOF spectra obtained fron{®®); after excitation us-
800 nm femtosecond laser pulses 10" W cm?) for the (a) Fe', (b) ing 800 nm variable laser pulse widths between 80 fs up to 70 ps. All the

Fe(CO):, and (c) Fe"*/CO* mass peaks. The largest peak in each case,traces have been normalized to have the samenfr@ss peak intensity. The_
parent molecule and all the fragments are observed when laser pulse widths

corresponding to the most abund&ffEe isotope, has been normalized to .

one. The relative intensities of the other isotopéBe and®’Fe, are labeled between 80 _fs upto 1.4 ps are used. For laser pulse widths of more than 70
in the corresponding peakidhe natural abundance is indicated between ps, only Fé is observed in the spectra.
parenthesis In the case of the F€/CO* mass peak, the relative intensity

of both ions, appearing exactly at the same time of arrival in the mass

spectrometer, has been obtair@@" ", 55% and CO, 45%). tion and ionization. Only if very short laser pulses are used
(80 f9), multiphoton ionization will precede fragmentation.

peak atm+ 1 with less intensity. The relative intensities vary
with the number of CO ligands and the estimated intensitie
due to the natural abundances are indicated in Fig. 4 in The LITOF spectra obtained using the 400 and 800 nm
paranthesis. In the case of doubly charged species, the isottemtosecond lasers at different intensities are shown in Fig.
pic pattern changes t@m— 1, m m+ 3, as shown in Fig. &) 6. The parent molecule, all the fragments, and, for the high-
for the peak atm=28 amug, which is a combination of est laser intensities applied=10* W cm~2 generated for
doubly charged Fe and singly charged CO. By determinatiofvoth wavelengthsalso doubly charged species were ob-
of the relative intensity of the peak at 27 amuive can served for both wavelengths. The ion fragment distribution
estimate the contribution of Fé to 55%. clearly depends on both the wavelength and the intensity of
From the experiments shown in Fig. 3, it is concludedthe laser. For the lowest laser intensities applied
that the duration of the laser pulses plays an important role if~ 10" W cm?), the only mass peak observed is that of the
the fragmentation dynamics of #0)s. In order to investi- parent ion. Note that at least six photons of 800 nm are
gate the dependence of the(E®); fragmentation pattern on needed to ionize REO)s. As the laser intensity is increased,
the laser pulse duration, an experiment was performed wheitbe various fragments start to appear. Only at higher intensi-
the temporal width of the pulses produced by the femtosecties, the CO fragment is observed due to the fact that at least
ond Ti:sapphire laser system at 800 nm was varied betweet6 photons of 800 nm are needed to produce”Ga@ dis-
80 fs and 100 ps by modifying the alignment of the compressociative ionizatior(ten photons of 800 nm are necessary to
sor. The results of these investigations are depicted in Fig. 3onize CQ. Note that these high femtosecond laser intensi-
All the RETOF spectra shown in Fig. 5 have been normalties of about 18—10' W cm™2 can also lead to field ion-
ized to the same Fefragment intensity. The small satellite ization as discussed in detail in a previous publicaffon.
peaks observed for the parent and every fragment ion corre- There are interesting differences between the two sets of
spond to the different isotopes of Fe and C atoms. All theTOF spectra shown in Fig. 6. In the 800 nm serie$C&,
fragment ions and the parent ion are observed using lasés the most favored ion fragment from middle to high laser
pulses with durations up to 1.4 ps, although the relative inintensities(with the only exception of very high laser inten-
tensities of the different mass peaks change. At a laser pulsities where Fé is the most prominent ignIn contrast, the
duration of 10 ps, the only fragments observed arCEs* Fe'" fragment is the dominant ion in the 400 nm experiments.
and Fe€, and with more than 70 ps laser pulse duration, théThe peak intensities of the F@0); and F¢CO); fragments
only mass peak observed is'FeExperiments with different are similar to that of the parent molecule for 800 nm excita-
attenuations of the laser beam show that this effect is mainl§ion, whereas for 400 nm excitation the peak intensities of
due to the laser pulse duration. These results indicate atmese two fragments are very small. A possible explanation
ultrafast fragmentation dynamics. A time scale of 70 ps iswhy the F¢CO), is favored with 800 nm laser excitation is
long enough for the fragmentation of the parent moleculethat the available energy after absorption of seven photons of
The fragments are then able to absorb additional photon800 nm is sufficient for the parent ion to undergo fragmen-
within the laser pulse duration to undergo further fragmentatation up to F€CO), (see Fig. 1 This intermediate state

sB. Femtosecond TOF spectra
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A =400 nm Fe*

Fe(COJ,

Fe(CO)* FG(CO)Z
/ / Fe(CO);

= 1.0 X 1,90
g) . 0.5
©
c
0 )
S22 0.05
1000 " wh 0.0025
2 4 6 8 10
(@) time-of-flight / ps
A =800 nm Fe(COJ3" .
Fo* Fe(COJ,

Fe(CO)** Fe(CO)4+
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= 0.5
C
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FIG. 6. Linear TOF spectra from FeO)s; using different femtosecond laser wavelengths and intensit@s:A =400 nm, (b) A =800 nm. lgg
~10" W cm 2 and| 400~ 10" W cm™2. At the highest laser intensities applied doubly charged fragment ions are observed in the spectra.

excitation is not possible with the 400 nm laser. The differentspectra were measured using ion extraction conditions differ-
fragmentation patterns observed experimentally are mosint from those used for the measurements in Fig. 6. The
likely due to the fact that more fragmentation channels argmall peaks observed to the left of the parent and every frag-
opened by using 800 nm radiation compared to 400 nm eXment mass peaks are the species which corresponds with the
citation. The TOF results indicate that the femtosecond fragsére jsotope. At sufficient laser intensities doubly charged

mentation pattern obtained for (€0)s strongly depends on  gnecies are also observed. Under these conditions, the

the laser wavelength. The results also indicate that muItiphoFe(CO)+ FECO)", and F€ ion fragment peak intensities
2 ]

ton fragmentation of the parent molecule is occurring mostare larger than the parent [@0); and the largest fragment

likely via dissociative ionization, i.e., ionization precedes. + + )
fragmentation. After the absorption of six or more photons of O"S F4CO)y and F¢CO);, even at the lowest laser inten-

800 nm(three or more photons of 400 nnthe parent mol- sities applied "_1 the _629 nm exp_enn_wemv 10° Wem).
ecule will, most probably, first ionize and later undergo frag-' "€ MOSt prominent 'on In the series is always Fellowed
mentation to an extent that will depend on the number ofY FCO)" and F¢CO);. The parent ion and the F&O)s
photons absorbed, i.e., on the available excess energy. ~ and F¢€CO), fragment ions show similar intensities. Note
To further assess the femtosecond laser wavelength déhat even for the lowest laser intensities applied, it is not

pendence of the FEO); fragmentation pattern, Fig. 7 shows possible to produce the parent ion alone. In a similar experi-
the series of LITOF spectra obtained from the 620 nm femment Grotemeyer and co-worké?g’ excited FECO)s with
tosecond laser at different intensities. This series of TORO00 fs laser pulses at 260 nm and observed the parent ion
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FIG. 7. Linear TOF spectra from ReO)s obtained using 620 nm femtosecond laser pulses at different laser intergiiesl 0" W cm 2.

and all the fragment ions. However, in this study they weremore 800 hm probe photons are necessary to reach the ion-
not able to produce the parent ion alone. ization continuum support the two photon excitation at 400
In summary, the TOF results shown in Figs. 5-7 indi-nm.
cate that the femtosecond fragmentation pattern obtained for As can be seen in Fig. 8, the transients of the parent
Fe(CO); strongly depends on the laser wavelength and thenolecule, the F&€0O),, and the FECO); fragments show
laser pulse duration. The results indicate that for ultrashorsome ion signal before time zero, i.e., when pu@@0 nm)
laser pulses, multiphoton fragmentation of the parent moland probg800 nm lasers interchange their role. In the case
ecule is most likely via dissociative ionization, i.e., femto- of the parent molecule, the asymptotic ion signal at negative
second ionization precedes fragmentation. On the basis afelay times is even larger than at positive delay times. This
the data presented up to here, we are unable to give an eséffect strongly depends on the intensity of the pump and
mate for the time scale on which photodissociation occursprobe lasers. Several experiments were performed at differ-
The application of femtosecond pump-—probe technigquegent attenuations of both lasers to further investigate this ef-
should give further insights into the ultrafast photodissociafect. As the intensity of the lasers was decreased, the ion
tion dynamics of FECO)s. The femtosecond time scale is the signal for negative delay times was reduced to the same level
ultimate time scale for real-time observations of nuclear moas the ion signal for positive delay times and the structure of

tion in molecules. See, e.g., Refs. 72 and 78-81. the transients for negative delay times disappeared. The same
happened to the ionization transients of the fragments. Figure
V. TRANSIENT IONIZATION SPECTRA 9 shows the transient ionization spectra measured with the

Transient ionization spectra are recorded by employing
the femtosecond pump—probe technique. One and two color
pump—probe experiments were performed using the funda-
mental wavelengtti800 nnm) and the second harmon{g¢00 Fe 3ot
nm) of the Ti:sapphire femtosecond laser system. w /r\

WFS(CO) ,20fs Fe(CO)a
A. 400/800 nm transients ‘
MMF&‘(COE

Figure 8 shows the measured two color transient ioniza- Fe(CO),

tion spectra of the parent molecule and of every fragment. :/\ Fo(CO), /"\

For positive delay times, the 400 nm laser was the pump and ' W:\f\

)"pump=400nm; lpmbe=800nm

- signal

Fe(CO),

lon

Fe(CO),

the 800 nm was the probe. All the transients were measured s - CFeCO)
with attenuated pump and probe laser beams, where condi--1000 0 1000 2000 -100 0 100
tions similar to the bottom traces in Figgaband Gb) were pump - probe delay / fs

established. Under these experimental conditions, the ob- o
. . IG. 8. Two color (400 nm/800 nm) femtosecond transient ionization spec-

served dynam|c§ has to OCCL_” 'n th.e neutral molecule Wherﬁ"a of the parent molecule and of the fragments. The transients were mea-
the probe laser induces the ionization. In the 400 nm pumpured with attenuated pump and probe lasers beams, where conditions simi-
laser experiments, the absorption of two photons leads to aar to the bottom traces in Figs(# and @b) were established. The solid
excitation of the strong band centered at around'nes represent_the fits to the data based on _exponentlal rise and decay

1 . constants. The inset shows the expanded transients around time delay zero
50 000 cm ~—Ref. 12(see Fig. 1L The very weak absorp-

) for the parent molecule and the (B9), and F€CO); fragments. The ob-
tion observed at 25000 cmh (Ref. 12 and the fact that served time shifts of the transients are indicated.
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- Fe longest measured delay time of 100 ps. In this case, the time
shift with respect to the maximum of the (&0)5 transient

- Fe(CO) was about 60 fs. The FE0O) ionization transient showed a
KL s e slower rise than that of the cross correlation of the pump and
| Tt FS(CO)y probe laser, and was fitted with a rise time of 22D fs and
§| e a longer decay time of 23620 fs. For the F&CO) ionization
g K8 st S L ee) transient the asymptotic level was considerably higher than
I T - Fe(CO), for the FECO), [the ratio of the decay amplitude to the am-
et e plitude of the time independent contribution wa4.0 for the
M ittt it e FO(CO)g Fe(CO), transient compared te=2 for the F¢CO)]. The
: : ' — ’ transient of the atomic Fe fragment was fitted to a single-
-1000 -500 0 500 1000

exponential rise with a time constant of 2600 fs and a
longer decay time of 49650 fs with a ratio of amplitudes
FIG. 9. As in Fig. 8 but taken with the RETOF for the lowest laser inten-

o . o> e &decay to time independent contributjoof ~ 1.
sities of the pump and probe lasers at which pump—probe signal is observed. . . .
In this case, clean rise and decay components were observed for the parent N summary, the most important features observed in this

molecule and the fragments. two color pump—probe experiment are the following:

pump-probe delay / fs

0)
RETOF for the lowest laser intensity. Clean rise and decay
curves of the ionization signals are observed. The data of

Essentially the same decay times-100 fs) have
been observed for the parent molecule an@CiEs,,,
n=2-4 fragments with no detectable rise time.

FeCO),, n=2-4 transients are time shifted with re-
spect to that of the parent molecule(E®)s by in-
creasing time differences.

Only the transients of the FEO) and Fe fragments
show rise times. The FEO) rise time is on the order
of the decay time observed for the parent molecule.
The Fe rise time is very close to the decay time mea-
sured for FECO).

Additionally, the Fe transient shows a decay time.

Fig. 8 show the richness of the dynamics of this system. Fofil)
the 800 nm pump laser, there are at least two possible exci-
tations of the neutral molecule: a three photon excitation to a_
LF state or a four photon excitation to a MLCT state. The(iii)
latter excitation is similar to the one obtained after absorp-
tion of two photons of 400 nm. It is possible that part of the
signal observed for negative and positive delay times in Fig.

8 corresponds to the same process. In addition to that a fur-
ther process is initiated which shows no time dependence oftv)

the measured time scale. _ _ From the results summarized above, we conclude that
In the following, that part of the transients is analyzed,e photodissociation of FEO)s in the gas phase occurs on
for which the pump excitation is at 400 nm and the subsey, itrafast time scaléfew hundreds of femtosecondd his
quent dynamics is probed by 800 nm photons. All the meay, ;atast time scale for the photodissociation process should
sured transientgFigs. 8 and Ywere fitted to single or mul- oy 1y de the possibility of statistical energy transfer within
tiple exponentials with rise and decay times taking INOihe molecule prior to fragmentatidiVR) or internal conver-

account the cross correlation of the pump and probe 'aseiion, as it has been pointed out for the related,(@®)y,

pulses. The results of the fits for the parent molecule and a“qolecule3.7 Nevertheless, the same grdtpeported for the

the frag_ments are shown ir_1 Fig. 8 as soliq lines. The rise anEjCHg)ZCO molecule the appearance of intermediate frag-
decay time constants obtained are listed in Table I. The tranz ants with redistributed vibrational energy, whereas IVR

sient of the parent mass a_nd the trgnsients of thg fragmen\t,§as excluded for the primary photodissociation step. Within
Fe(CO), and F¢CO), were fitted to single exponentials with our model, the observation of the time shifts could be as-
decay times of 10815, 105+ 5, and 1155 fs, respectively. cribed as £he beginning of IVR

In addition, the analysis of the F&0O), and F€CO); ioniza- In order to understand the nature of the dissociation

tion tran3|ent§ shoyved time Sh'fFS V.V'th. respect .to the rnaX"mechanism, we first discuss the photodissociation reaction in
mum of the signal in the FEO); ionization transient of 20

+5 and 3@:5 fs, respectively. The FEO), ionization tran- which ‘only one CO ligand leaves the complex, ie.,

) . ) ) . . e&(CO)s—Fe(CO),+CO. A mechanism for this reaction,
sient was fitted to a single exponential with a decay time Ogriginally proposed by Danieét alX° and supported byb

150+ 20 fs to an asymptotic level which is constant up to the. .= . 0 :
initio calculations® involves the lowest electronically ex-
cited state of FE€CO)s, the triplet’E’, which is a dissociative

TABLE |. Rise and decay times from the fits of the transients for the LF State. This state correlates with th@, ground state of

different massegparent molecule and fragmepts Fe(CO),. The ground state of FEO)s is a singlet'A;, and

a direct optical excitation should promote the molecule to a

Species Taecay (fS) Tiise () Time shift (fs) singlet electronically excited state. Daniet al. proposed
Fe(CO)s 100+5 that after a spin and symmetry-allowed optical excitation to
Fe(CO), 1055 20£5 the low lying 'E’ state, the®E’ state, which is close in
Eéggs nggo 28i5 energy, is populated by intersystem crosgif8C). The frag-
Fe(co)z 230:£20 120+ 20 mentation prqceeds along the metal—llga_md reaction coordi-
Fe 49G-50 260+ 20 nate where it crosses to the electronic ground state of

Fe(CO), (°B,), resulting in a vibrationally excited species.
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The possibility of a direct optical excitation to tRE’ state
was not completely ruled out by Daniet al1° because, al-
though the transition is not spin allowed, the forbiddenness
could be removed or, at least, reduced due to spin—orbit
coupling with a singlet excited state.

In the present experiments, the parent molecule is ex-
cited to a total energy of 50 000 crh(see above A higher
energy, MLCT-type, singlet electronic state could be a good
candidate for such an excitation, as it has been pointed out
elsewherd®50%556A nonadiabatic crossing to a triplet state
close in energy may, however, take a few picoseconds for
this molecule, since the spin—orbit coupling is not very
strong for the first row transition metal complexXé§®
Therefore, it is most likely that the dissociation of(E©)s
proceeds directly from the optically pumped singlet state ugr!G. 10. Pictorial representation of the model proposed for the photodisso-
to some electronically excited singlet state of the products, Siation mechanism of REO)s. Electronically excited REO); dissociates

. . K into FgCO)+4CO in about 100 fs. The ionization transient spectra mea-

In this case, if we consider a value of 1.82 eV for thesured for the FECO),, n=2-4 fragments represent snapshots of the evo-
first dissociation energy of F€0)s,?® the available energy |ution of the multidimensiona[ Fe(CO)s]* transition state on its way to
after absorption of two photons of 400 nm would be 4.38 eV dissociation. The last Fe—CO bond cleavage occurs on a longer time scale of
If all the available energy is transformed into translation of230 fs-
the fragments, the upper bound for the fragments recoil ve-
locity would be ~0.06 A fs'1. As pointed out by Zewail
and co-workers, the measured time shift could be related state will evolve in a structural rearrangement during the first

with the time needed by the fragments to go away from theio+ 5 fs [the time shift observed in the Fe0), transient.
force field interaction. Therefore, in the present case, thet this particular geometry of theEFe(CO)<]* complex, the
observed time shift of 285 fs corresponds to a separation system absorbs probe laser photons yielding parent ions
between the center of mass of the(€®), and CO frag- which undergo fragmentation into the measuredC&s, .
ments of~1 A from the equilibrium distance. For a one- The evolution of the multidimension&Fe(CO)s]* complex
dimensional repulsive potentid(R) =E exd —(R—Ro)/L],  continues until another configuration is reached after 30
the length parametedr is determined from the relationship +5fs. This new geometry of the complex now favors the
between the time shift, the recoil velocity, and the totalproduction of FéCO). ions, which undergo fragmentation
energy’® and in our particular case, we get=0.2 A. This  into the measured FEO); . This is the origin of the RE€O);
value indicates a strongly repulsive potential. If, in addition,transient. With a very similar interpretation, we can account
a substantial part of the available energy is retained by theor the observed REO), transient. Within the model, the
nascent FEC0), molecule as rovibrational excitation, as has decay times of about 100 fs correspond to the dissociation
been pointed out elsewhete?® then L could be even less time of F€CO); into FECO)+4CO. The measured tran-
than 0.2 A, making the potential surface even moresients for FECO),, n=2—-4 represent snapshots of the evo-
repulsive?’ lution of the multidimensiona[ FCO)s]* transition state

A further issue to discuss is whether the ultrafast dissotoward the loss of four CO ligands yielding the(E©) frag-
ciation of FECO)s occursstepwiseor in a concertedway. ments. Figure 10 shows a pictorial representation of the
The available energy for FEO); after absorption of two model.
photons of 400 nm is, however, enough to break the five  Furthermore, the ionization transient of(E©) shows a
Fe—CO bondgsee Fig. 1, and, actually, we are observing rise time of 12@ 20 fs. This rise time matches the (B©)s
ionization transients for the parent molecule and every frageissociation time of 100—150 fs discussed above. In addition,
ment. On a first glance, the present experiments seem @ decay to a time independent signal level is observed with a
indicate that the mechanism for the photodissociation ofime constant of 23 20 fs. This is an indication that a dis-
Fe(CO)s is compatible with a stepwise fragmentation, sincetribution of different, maybe excited, FeO) fragments are
all the fragments are observed. However(@®®)s; and the formed in the dissociation, and only part of thel€6) frag-
Fe(CO),, n=2-4 fragments show similar decay times ments decay further. This decay time is close to the observed
(=100-150 fs) and no detectable rise time. In addition, theise time of 26a- 20 fs for the Fe fragment. The fit function
transients of the fragments exhibit a time delay of severafor the Fe transient should consist of a time independent
tens of femtosecond with respect to the parent molecule. Thelateau and a difference of two exponentials, with one time
fact that we observe essentially the same decay time for theonstant corresponding to the decay of thé¥®s; parent
parent and the FEO),,, n=2-4 fragments suggests that molecule into FECO) (about 100 fs and a second one cor-
these transients are determined by the dynamics of only onesponding to the decay of f&0). However, the contribu-
intermediate species. tion of the 100 fs rise can be neglected, especially after the

In a previous work, we proposed a simple model to ex-convolution with the cross correlation. The analysis shows
plain these observatioi8 The model is as follows: FEO);  that the Fe transient could be fitted with a single-exponential
is excited to a state with a total energy of 50 000 éniThis  rise.
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Aoump=400NM; A, =400nmM fact that pump and probe wavelength as well as the intensi-
ties of both lasers are the same, the transients are symmetric

WMW% with respect to time delajt=0. The parent molecule and
‘WMMM‘/\M,WWFQ Fe(CO),,, n=2-4 fragment ion transients show a fast decay

_ /\ Fe(CO) /\ Fe(CO); of about 100 fs. The width of the transients(€®),, n
gwwm%‘co’z =2-5 rises with the number of lost ligands and is always
J: WWC% Fe(CO), larger than the cross correlation of the laser pulses. For
2 M/\VMWF“CO)‘ Fe(CO) and even more for Fe, the ionization transient is
el e Fe(O) Fe(CO)s much wider and the decay is slower than for the larger frag-
-4000 -2000 0 2000 4000 500 0 500 ments. Furthermore, all the transients show a double peak

pump - probe delay /fs structure, and in the case of the Fe transient, we observe a

FIG. 11. One color (400 nm/400 nm) femtosecond transient ionizationNarrow central peak whose FWHM 4885 fs. In addition to
spectra of the parent molecule and of the fragments. The inset shows tithe fast decay, the parent molecule and théCkE®,, n
expanded transients around time delay zero for the parent molecule and the 1-4 fragment ion transients show a very slow rise at
Fe(CO), and FCO); fragments. . . . y
longer delay times in the order of picoseconds.
These results are in qualitative agreement with the re-

Finally, we observe a long decay time of about 490 fs forsults obtained from the 400/800 nm pump-—probe experi-
the Fe fragments. Since Fe atoms cannot decay in suchrments. The similar decay times of about 100-150 fs for the
short time, even if they are produced in highly excited statesFe(CO),, n=2-5 and the fact that these transients show no
this decay must be related to a process whose origin is in thgse are consistent with the two-color experiments. The
precursors. _ ~double-peak structure and the broadening of the transients

The idea of a concerted loss of ligands has been disfrom large to small fragments fits the observation, made in
cussed by Jacksofor the related QICO)s. In that work, the  the 400/800 nm pump—probe experiment, that these tran-
fluorescence of electronically excited Cr atoms obtained aftegjents are time shifted with respect Ad=0. The expected
the photodissociation of @CO)e produced by nanosecond ise time of about 120 fs for the ReO) transient cannot be

laser excitation was measured in a gas cell at different prégggopved, but results in the clearly visible additional broad-
sures. The main conclusion of those experiments is when th@ning of the 400/400 nm transient

excitation energy is high enougborresponding to multipho-

tqn ab_so_rptlon of the_ par_ent molecylae dominant photo- ?ients are strongly dependent on the intensity of the laser
dissociation mechanism is a concerted one. The parent mol- . . .
pulses. At the lowest laser intensities applide=5

ecule absorbs two, three or more photons coherently and 2101 W em-2. not shown hete where practically no ions
highly excited electronic state of the complex is prepared. ' P y

This state will dissociate explosively, loosing several Iigandsare observed from each laser alone, the_ lonization tran3|eqts
simultaneously, in a time scale of just a single vibration. The©" the parent and all the fragments consisted of a symmetric
dissociation process can be visualized then as a half-collisioR€ak around\t=0 similar to that found in the F*etranmgnt
reaction, where the highly excited state of the parent molof Fig. 11. As the Ia_lser mtensﬂy was mcr_eased, the different
ecule can cross onto multiple potential energy surfaces, eadgatures observed in the transients of Fig. 11 started to ap-
of them representing a different product metal containingPear. Most likely, these narrow peaks are produced via direct
fragment. To which extent this process occurs will dependVP!I of the parent molecule and following ionic fragmenta-
on the available energy. Jack$aoncluded that a sequential tion, the same process we have seen in the other femtosecond
mechanism could gain more importance with respect to thd OF mass spectrésee Sec. IV B
concerted loss of ligands as the excitation energy decreases. These results are in qualitative agreement with the pho-
Our results are in qualitative agreement with these conclutodissociation mechanism proposed in the model, although a
sions. The FE&O)s, electronically excited to 50 000 cih, guantitative analysis of the transients in terms of decay times
looses four CO ligands in just 100 fs. As typical vibrational and time shifts is more difficult in this case due to the con-
periods of the Fe—CO bonds are between 80 and 189 fs, tribution to the transients of the symmetric ion signal around
this can be termed a concerted loss of the first four ligandsime delayAt=0. These transients show the richness of the
The subsequent dissociation of the formed®@) occurs on  dynamics of this system when high pump—laser intensities
a longer time scale. After the explosive loss of up to four CO(pigh in comparison to the 400/800 nm pump—probe experi-
ligands following excitation of the parent molecule, the meny are used. There are several different processes respon-
available energy is still Igrge_ enough to initiate the rupture ofgjp|e for the observed dynamics, as can be seen most clearly
the last Fe~CO bond, yielding Fe atoms. from the Fe transient. From this transient, at least three dif-
_ ferent processes can be extracted: an immediate production
B. 400/400 nm transients of Fe" most likely via direct MPI of the parent and subse-
Figure 11 shows the measured ionization transients fofluent ionic fragmentation, a delayed rise in the Fe yield due
the parent molecule and every fragment ion obtained usinép the dissociation of REO), and a delayed decay of about
the same colok400 nn) for both the pump and the probe 490 fs. The slow rises on a picosecond time scale found in
lasers and laser intensities of about?® cm™2. Due to the  the larger fragments have not yet been fully understood.

The observed one-color pump—probe ionization tran-
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VI. METASTABLE ION FRAGMENTATION a40f

With a reflectron time-of-flight RETOP spectrometer
we detect not only the ions formed in the interaction region,
i.e., the space where the molecular beam and the laser over- 420
lap, but also iongmetastable ions with a lifetime of the order
of the flight time formed in different regions of the spec-
trometer. Basically, ions formed in the field-free drift region
due to a metastable decay, reach the MCP detector according
to their mass, in contrast to a linear TOF, where those so-
called daughter ions hit the MCP detector simultaneously
with their ionic precursors. The use of a RETOF in the en-
ergy correction mode provides a similar flight time for either
the daughter ions and those ions with the same mass which
have already been produced in the interaction region. When 1400 1500 1600
it is used in a partially correction mode, i.e., when the reflec- U/ V
tor potentials are detuned, the daughter ions have a different
flight time compared to the ions with the same mass, formedf!G. 13. Times of flight of the directly produced (&0), and F¢CO);
ions (squaresand of those ions produced in the field free drift region due to

in the interaction region. Therefore, by detunlng the pOten-a metastable decayircles for different reflector potentialga) Fit for the

tials, _'t is possible to Obser_ve the daughter igh: metastable produced 0); (solid line): Fe(CO){ —Fe(CO); +CO. The
Figure 12 shows details of Feé0O); 400 nm RETOF  case of a molecule losing mass 16 afaashed ling and mass 35 amu

spectra [~10° W cm™?) for different reflector potentials. (dotted ling which fragments into RE0); is also included for comparison.
The mass peak indicated as(EéD)j{ belongs to FGCO)I (b) Fit for directl)aprodgce'd FE0); (sglid line). (CZ Fit for the metastable
ions, formed directly in the interaction region. By detuning pmrgliﬁ?g lgg;?%;ss‘;"fg'Zzagice?ﬁr;;ffggsz%g'amg Otctzze”gga
the reflector potentials around the potentials where ideal engpich fragments into REO): is also included for comparisord) Fit for
ergy correction is achieved, a peak crosses th€COE directly produced REO); (solid line).
peak. This crossing peak is also observed for th@:eag
mass peak and with very low intensities even for the smaller
fragments. In order to determine the precursor ions of thesfitted simultaneously. The precursors of the(@®), ions,
ions formed due to a metastable decay in the field free drifformed in the field-free drift region, were calculated to be
region, the reflectron time-of-flight spectrum was simulatedions which lost a fragment with mass 36 amu and 28
with a computer. Figure 13 shows the flight times of the+5 for the F€CO); ions. For comparison, a mass loss of 16
directly formed F(aCO)Z’3 (squares and the F(a::O)Z'3 ions amu(dashed linesand of 35 amu(dotted line$ was simu-
(circles, formed due to a metastable decay for different re-lated. These fits show that the daughter ions were formed due
flector potentials. The solid lines are fits of the times ofto a metastable loss of one C@8 amy ligand. The time
flight. This fit was performed in the following manner. The scale for this decay can be estimated to be in the range of
time of flight was calculated for E@O)g formed in the in-  1-20us, the time the ions need to enter the field free drift
teraction region until it enters the field free drift region. At region and the time of flight to the reflector.
this point, a fragmentation with a mass loss/ah was in- This experiment shows, that in the case ofC®)s after
troduced. The four sets of data indicated in Fig. 12 werds laser excitation with 400 nm radiation, we observe two
completely different fragmentation mechanisms for different
excitation energies. The time scales involved differ by sev-
Fe(CO); eral orders of magnitude and range from femtosecdtvas-
photon excitatiopto microsecondémultiphoton excitatioh

40,0 r

time-of-flight / ps

38,0

VIl. CONCLUSIONS

The ultrafast photodissociation dynamics of €®); has

Un, been investigated in the gas phase using femtosecond laser
pulses. Linear and reflectron time-of-fligit OF) spectra

were measured at different femtosecond laser wavelengths,

pulse durations, and intensities, and the parent as well as all

the fragments and even doubly charged species were ob-

ion-signal

. - Fe(lco)‘* . . . served. We find that the fragmentation pattern strongly de-
41.0 415 42.0 425 43.0 pends on laser wavelength, pulse duration, and intensity. For
time-of-flight / ps ultrashort laser pulses the results are discussed in terms of a

) dissociative ionization mechanism.
FIG. 12. Details of the reflectron TOF spectrum for(€€)s around the o d t | femt d b :
Fe(CO); mass peak for different reflector potentials taken at 400 hm ( ne and two-color remtosecond pump—probe experi-

~10" W cm™?). The peak denoted as Fe(CO); results of the metastable MeNts have been performed to access the MLCT band with
decay of FECO). in the field free drift region. laser pulses at 400 and at 800 nm. Transient ionization spec-
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