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We found five consecutive processes with time constants 21, 15, 30, 47, and 3300 fs inskg(E@Xcitation

at 267 nm in the gas phase. The first four represent a continuous pathway of the molecule from the Franck
Condon region down to the lowest singlet statg) (& Fe(CO) through a chain of JahtiTeller-induced
conical intersections. The motion before dissociation initially involves more than one of the equatorial ligands,
but then eliminates only one CO. The product Fe(Ci®)nitially generated in its first excited singlet state

S, then it relaxes to §in 47 fs via a triply degenerate conical intersection at tetrahedral geometry. The
pathway for this process involves pseudorotation of the ligands. The fifth step is assigned to thermal elimination
of a second CO. Intersystem crossing to the triplet ground states of Fef@®)e(CO) takes more than

500 ps.

1. Introduction Fe(CO), and requires a much longer time (3.3 ps with our
wavelength of 267 nm). Intersystem crossing does not take place
within the investigated time range of 500 ps.

Since hot ground state reactions are usually suppressed in
he condensed phase by rapid cooling, only the photochemical
step should be observable in this case. In fact, it has long been
known that in solution only one CO is split off by irradiation

It has long been known that metal carbonyl compounds
eliminate a CO group on photolysis in the U¥ The products
as well as other unsaturated transition metal complexes play an,
important role in, for example, CH activatidnt is not known,
however, whether this reaction proceeds in the form of simple

bond breaking on directly repulsive potential energy surfaces,

; . U . of Fe(CO} and other metal carbonyls at any UV wavelength.
such as is the case in organic iodides for Instance. Some of theI'o explain the large quantum yield of this photochemical step,
unsaturated complexes produced are triplets in their ground stateWrighton and Geoffroy suggested that the process occurs on a

and it is an open question where intersystem crossing OCCUTS.irectly repulsive potential energy curve, which is provided b
Modern femtosecond spectroscopy can investigate the dynamics y rep P 9y ! P Y

during dissociation and yields information about the potential a d-d ('ligand field", LF) excited staté:* They assumed it is

. populated by direct optical excitation. But since the metal-to-
energy surfaces. The simple metal carbonyls offer themselves;. .
ligand charge-transfer (e 7*co, MLCT) states carry more
as prototype molecules.

intensity in the UV spectrum and will be preferentially excited,

Abnumber of recent stfudies lésingrf]em'ﬁ)segpnd Igsgr p*(cjjmp one should rather consider relaxation from an MLCT to an LF
probe spectroscopy are focused on the photodissociation YNaMgiate. It is not obvious from the outset how such a relaxation

ics of metal CanO“V'S in the gas phdsé‘_?After photolysis of can be as fast as observed. In addition to answering such
Fe(CO}, Zewail and co-workers mve_stlggted the structure of guestions, we show that the process is even richer in details,
the enq prgductg (Fe(CQz)ngl Fe(CO) in this case) by glgctron comprising not only several electronic states but also changes
d|ffract!on, the yme resqlutlop (2 ps)'was not yet sufficient to' of direction in the coordinate space. We claim that the primary
detect mterr_nedlat(_es during dl_ssoc_latlon. As known from previ- product is Fe(CQ)in its first excited singlet state;Svhich

ous wo'rk W|thou_t time resolution, in the gas phase the number relaxes via pseudorotation t@. &l the pathway is continuous,

of CO ligands eliminated and hence the end product de.pend Oncrossing over from state to state via a chain of conical
the photon energy: Baumert, Gerber, and co-workers inves- 0 sections which are induced by the Jafeller effect.

tigated with femtoseconpl resolution the question of how Before Fe(CQ) can proceed by intersystem crossing to the
schhronously the metaligand bonds a.re.cleavéd. They triplet ground state, under our conditions it dissociates due to
cla!med that four carbonyl groups are eliminated .concerted.ly, excess vibrational energy to singlet Fe(G®Yom the observa-
while the molecule moves along a single repulsive potential yj,ng 'we can derive many qualitative features of the potential
energy curve with no stationary intermediates. energy surfaces

On the ba3|.s of previous and new e"'def.‘ce’ we point out previous work, an upper bound of the lifetime (0.5 ps) of
that o_nly the .f'rSt. COis sp!|t off photo_chemlcally (i.e., bond excited Fe(CQ) has been estimated from the yield of two-
breaking begins in the excned_ sFate_) In a time belo_vv 100 fs, photon ionizatiort? Information about the dynamics and the
whereas already the second elimination takes place ingbé S potential energy surfaces (PES) can also be deduced from the
energy of the photofragment3!4A statistical model has been

32;(%3%8[’0”&”9 author. E-mail: w.fuss@mpq.mpg.de. Fax9-89- suggested for such energy distributidfsi® Of particular
t Max-Planck-Institut fu Quantenoptik. interest is a comparison with infrared observation of the primary
*Belarus Academy of Sciences. photoproducts with nanosecond time resolutio?f and of the
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Figure 1. Transient time-of-flight spectra obtained after irradiation of Fe@@h 267 nm pump pulses and 800 nm probe pulses delayed by 80,
600, and 20000 fs. The background, which is due to ionization by the probe pulses alone, is subtracted.

photochemistry in solutichand in a matrix! Daniel and co- (2 + 2) multiphoton ionization. The instrumental function (i.e.,
workers calculated potential energy curves for dissociation of the pump-probe correlation function) was measured by ioniza-
Fe(CO}?2-25 and the related carbonyl hydridefF&(CO).2° tion of Cr(CO}) with detection of the parent ion; the lifetime of

Several other high-level calculations investigated the energy excited Cr(COy is short enough that it does not distort this
of the excited states of Fe(Cat the ground state geometry  function and causes only a known small delay (228f$his
and the energies and structure of some states of FeR83j molecule has the same order of the ionization process (1 pump
A very recent ab initio calculation suggests some reassignments+ 3 probe photons) as Fe(C Ywo ion signals (normally the
of UV bands and changes in the sequence of excited gfates. Cr(CO)" and one of the Fe-containing ion peaks) were recorded
Fe(COy is of trigonal bipyramidal shape (symmetDg,). Fe- simultaneously by means of two boxcar integrators. This method
(CO), is not far from this geometry, but with one equatorial provided synchronization of different scans with an accuracy
ligand removed and the angle between the axial ligands of 42 fs. In our setup, ions between mass 56*)Fand 196
decreased to some extent (symmedgy).2126:271t has a triplet amu (Fe(COJ") have times of flight from 3 to 5.7Zs and give
ground staté! The gas-phase UV spectrum of Fe(G®)given rise to peaks 710 ns wide. It is worth noting that ions produced
in ref 30 and the ionization energy (7.9 eV) in ref 31. The by delayed thermal dissociation of a heavier ion in times shorter
energies required for the consecutive dissociation steps havethan this width cannot be distinguished from those produced
been reported for neutral Fe(GQL.78, 0.43, 1.08, 1.17, and  promptly. For a detailed discussion sée.

1.69 e\M) and its cation (1.4, 1.1, 0.7, 1.5, and 1.6§VFurther The signals produced by pump and probe pulses alone (less

previous related work is reviewed Tn. than 1% of the maximum of each transient signal) were
subtracted from the measured signals.

2. Experimental Section The Fe(COy (Fluka, 99%, used after degassing), Cr(gO)

(Fluka, 99%), and Xe (Linde99.9%) were fed into the
ionization chamber through three separate leak valves adjusted
to produce pressures of 10mbar (10> mbar for Xe). All
|measurements were performed at room temperature.

Our experiment follows standard femtosecond ptipmbe
techniques with photoionization mass spectrometry using a Ti:
sapphire oscillateramplifier system and a linear time-of-flight
(TOF) mass spectrometer (MS). The setup is described in detai
elsewhere&3-36 Briefly, the third harmonic at 267 nm (pulse
length 145 fs) was used for pumping and the fundamental at
800 nm (110 fs) for ionization, probing with varying delay. In Mass spectra for three different pumprobe delay times are
contrast to the pump radiation, the probe pulses (energy aroundshown in Figure 1. At early delay times (less than 100 fs) all
300uJ) were focused (focal length of 100 cm), resulting in a six Fe-containing ionic fragments show transient signals. With
peak intensity of about & 1012 W cm~2 (pump intensity about  longer delays the heavy fragments disappear, but light fragments
10° W cm2). The probe beam polarization was set by a half- persist or show up. The mass spectrum practically does not
wave plate at an angle of 54.Tmagic angle) relative to the  change any more after 300 fs, although the total ion signal keeps
pump beam polarization. This is known to eliminate the time- increasing, asymptotically reaching its maximum at about 20
dependent effects induced by the rotation of the molecules. In ps. Thereafter, the signals are constant up to the investigated
later measurements, we also checked for anisotropy decaytime of 500 ps.
comparing the signals with the probe parallel and perpendicular The signals measured at the parent and all fragments ions
to the pump. But the time behavior was identical. are shown in Figures 2 and 3 on different time scales. The three

The time zero was determined as the maximum of the heaviestions, Fe(C®), n=5, 4, 3, only show an initial spike
transient ion signal for Xe, which is due to pure nonresonant at early pump-probe delay times and practically disappear after

3. Results
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Figure 3. Long-lived pump-probe transients Fe(C@)n=2, 1,0

in 267 nm photolysis of iron pentacarbonyl probed by delayed ionization
at 800 nm. Note the different time scales in (a) and (b). Symbols show
the experimental data. The curves in (b) are singly exponential functions.
They all rise with the same time constant of 330300 fs. The curves

in (a) are from the multiexponential simulation (see text) convoluted

transient yield

100 O 100 200 300 with the pump and probe pulses. In the range of-3P000 fs, there
are no oscillations of the kind typical of the long-lived transients in
delay / fs UV photolysis of M(CO}, M = Cr, Mo, W89

Figure 2. Early pump-probe transients Fe(C@)n=25, ..., 0in 267
nm photolysis of iron pentacarbonyl probed by delayed ionization at ~ Compared with the heavier ions, the light ions Fe(GOh
800 nm. The symbols show the experimental data. The scale is singly= 2, 1, 0, show rather different transient kinetics. The sharp

!og(aritE;njc "r‘] (@) and Iinea}r in (b) for the Sarge(data- Th)e brgkenl Culrvedspike at the early time (Figure 2c) is followed by a short dip
in (a, b) is the response function measured (see text) and calculate ; ;
for pump and probe pulses of 145 and 110 fs width, respectively, it and a subsequent rise for times greater than 300 fs (parts a and

being assumed that three probe photons are used for ionization, TheP Of Figure 3). The transients are peaked at 80, 125, and 145 fs

straight lines in (a) are singly exponential functions with time constants for n=2, 1, 0, respectively. Itis important that the decay time

of 30 + 3 fs for Fe(CO)" and 47+ 5 fs for Fe(CO)*. The solid constant (47t 5 fs) derived from a singly exponential fit to

curves are from the multiexponential simulation (see text) convoluted the tail of these ions agrees with that of Fe(gO)t is also

with the pump and probe pulses. The data for the parent ion are well meaningful that all three light fragments show secondary growth

fitted to a convoluted singly exponential function with time constant with the same time constant of 3380300 fs (see Figure 3b).

of 21+ 2 fs. T L .= .
The similarity in the kinetics for several of the ionic species
indicates that they are formed from common precursors.

300 fs. However, they do not coincide and their temporal I?tlhr? prewobus S}Udg/ f[)r: fgmtosecgnd dy(rjlamlcs of traor|15|t|r?n

behavior can be clearly distinguished. Note that the absolute met a _e”xz?_car ony_pdo;)sysstl)sf, we ct)hselrve lpro(;?unc_eé?go er-

time zero was determined from the maximum of the transient E1' 0Sctiations (period o s)in € long-lived transietts.

. . . . R Therefore, we carefully checked for similar behavior in the iron

ion signal for Xe (section 2). The dashed lines in Figure 2 a N

nd b show the m red 1 nse function tion 2). It h system. However, no oscillations were detected for Fe{CO)

a 'dths f0158fe Tﬁasu € tgsp'(): sgﬁ)u r:: on (sectio ).t =210 (Figure 3a). In an investigation of M O);o and

awdth o s. 'heparention 7 &( .)S OWS No asymmetry Re(CO)io, an anisotropy was found to decay due to electronic

and fits well to a Gaussian function with a width of 165 fs, but

_ ° ) i : relaxation®37 In Fe(CO}, the anisotropy was below 5% for all
with a 20 fs shift from the zero point. This shift can be well

- ) i o : signals even at the earliest times and the time behavior of parallel
reproduced (solid lines in the figures) by fitting the experimental 5nq perpendicular signals did not differ.

data to a single-exponential function with a time constant of A referee expressed his concern that the possibility to extract
21+ 2 fs convoluted with the response function. The transients time constants from the pum-mrobe Over|apping region may
Fe(CO)" and Fe(COy* are noticeably delayed in relation to  pe controversial. The strong probe field could, in principle,
the parent ion; their maxima are at 40 and 50 fs, respectively. modify the potential surfaces. The first two steps occurring
Moreover, these signals are asymmetric and their tails can beduring this time (section 4) could possibly be affected thereby.
fitted (broken lines) to single exponentials with time constants Therefore, we also checked for any dependence of the signal
of 30 + 3 and 47+ 5 fs, respectively, as shown in Figure 2a. shapes on the probe-laser intensity, varying the latter by a factor
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of 3. Attenuating the probe reduced the relative strength of the SCHEME 1: Rate-Equation Model for Simulation of
pedestal (late-time signal) of the light fragments. This observa- Photochemical Decomposition of Fe(CQ)
tion is expected since ionization from the product ground state |, ., i

. C(COY5 (1A
needs more probe photons, and hence depends on a higher power )
of the probe pulse energy, than ionization from an electronically L
excited state. However, the time constants had no detectable P
intensity dependence. Hence any influence of the strong field mihvy
on the time constants seems to be negligible in this case. This -
conclusion is confirmed by the observation in Mo(G@nd

parention [e(CO)s*

W(CO)s that identical lifetimes of the initially excited states of yne
30 and 46 fs, respectively, are evaluated from within and outside MV o .
the pump-probe overlapping time, i.e., from the shift of the (I-2) P 5 fragment ions Fe(CO) .t , £ =4, 3

signal maximum and from the exponential tail, respectidély.

We interpret the absence of any strong-field effect to the rates 1123
by the very large widths of the states or steep slopes of surfaces

which are associated with the short lifetimes and which also (1.5
express themselves in the broad absorption bands.

mhvy ) ) .,
fragment ions e(CO), ", £=4,...0

4. Simulation of the Kinetics mahvy

fragment ions Fe(CO) .t .k =3,..,0
At early time (<300 fs) every fragment shows different

temporal behavior. Hence there must be several different |75

precursors before ionization. It seems appropriate to model the

system by several consecutive precursors (levels, observation mshvpr fragment ions Fe(CO).*, &= 2, 1,0

windows), each produced from the previous one by its own rate. '

In section 5, we discuss the nature of these levels; in particular, |z

whether they are different species or only locations on the

potential energy surface. We use kinetic equations with a

minimum number of levels to simulate the signals. Parameters

are the rate constantg* and the probabilities (cross sections) TABLE 1: Lifetimes 7; and Effective

mehv p;

(1.6) fragment ions Fe(CO),*, £=2,1,0

Mg; for forming a specific ionM from leveli. Note that more lonization—Dissociation Cross Sectiong, Used in the
than one precursor level can contribute to a given fragment andSix-Level Rate-Equation Model to Simulate the Dynamic%
each level can produce more than one ionic species. level L L, L, Ls La Ls Le
Femtosecond transition-state spectroscopy with probing of a ;. s 21+ 2fs 1545 30+3 47+5 3300+ 300 o
population during the different steps of the reaction was Fe(CO}* 1.000 0 0 0 0 0
previously successfully described by kinetic equati&nal- Fe(CO)i 0 0.924 0.076 0 0 0
though a kinetic model ignores coherences, it is a powerful tool Eegg% 8 8-517 8517572 (?'205322 8038 8 032
for provu_jmg |n5|gh_t |r1to the popul.atpn flow. _ _ FeCO. 0 0 0124 0604 0131 0142
The simple preliminary analysis in the previous section Fe* 0 0 0.125 0.500 0.170 0.210

already yields fpur tlme constants (21, 30.’ 47, and 33(.)(.) fs). 20im (rows 3-9) represent effective cross sections to produce a
The rate-equc'?ltlon ?'mUIat'on then provides an additional specific ionm (first column) from a given level iL(first row). X oim is
constant and, in particular, also the sequence of the processesiormalized to 1. The error limits given for the time constants;

To simulate the ion signals, the solutions of the kinetic equations correspond to the uncertainty of the time zdre-(1), to the estimated
(i.e., the time-dependent populations of levels) are convoluted range in which the simulation still fits reasonably welH 2), and the
with the real pulse shape of the pump and probe pulses, as ha§tandard deviation of;+, averaged over at least 10 runs< 3-5).
been discussed elsewhéfe3>3¢We found that the kinetics for

all ions can be reproduced by six levels. This is depicted in of any possible fragment. Table 1 gives the parameters with
Scheme 1, which also gives the numbe) (of probe photons  which the six-level rate-equation model well simulates the

needed to produce the ions Fe(GOfrom each level. kinetics of all the ions. In Figures 2 and 3, the results of the
In Scheme 1, the first level ¢).is the initially excited state  simulation (solid lines) are compared with the experimental data.
of the parent molecule Fe(C©and the sixth level (§) is the In the simulation we tried to minimize the number of

final product of the UV photodecomposition. To cover the main precursor levels for each signal and of the levels in total. Both
features of the initial kinetics of all the fragments, we must the shape and position of the parent ion signal were found to
introduce to Scheme 1 at least four intermediate levetslls. be well simulated by the first level alone, with a lifetimg =

In this scheme, the time constarjt describes the lifetime of 21 + 2 fs being used. (The error limit2 fs is determined not
theith level, which is determined by its decay to a consecutive by the fitting procedure but by the uncertainty of the time zero.)
level j. The parametem shows the order of the ionization The Fe(COj" transient has a 30 fs decaying tail. But to
process from théth level; it is used as the exponent of the reproduce this signal correctly, two levels with 21 and 30 fs

probe intensity in the convolution integral. A largey thus lifetimes are not enough. One more short-lived 415 fs) level
narrows down the instrumental function. But the effect is small L» has to be introduced to take into account both the 40 fs shift
for m in the range from 3 to 6. We use the valuas= 3, 3, of the maximum and width of the signal. The kinetics of all

4,5, 6, 6 fori = 1, ..., 6, respectively. Three is the minimum other transient ion signals can be well described by introducing
number of probe quanta required to ionize the initially excited two more levels L and Ls with lifetimes of 47 and 3300 fs
level L3, and six the number to overcome the ionization potential already derived in section 3 and the final product levghiith
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infinite (=1 ns) lifetime, which takes into account the constant
pedestal in the Fe(C@), n = 2, 1, 0 signals.

It should be realized that the five time constants weoe
determined from a single time-resolved curve with multiexpo-
nential fitting; such a procedure would yield results which
depend on each other. Instead, four of the constanissa,

745, Tse) Were derived from singly exponential fitting and one
(t29) from triply exponential fitting with fixedr;, and 7z, (in

part with deconvolution) of independent signals. Furthermore,
many of the constants were found in several signals; that is,
they are based on redundant information. In contrast, the pre-

J. Phys. Chem. A, Vol. 104, No. 10, 2002001

ground state. Of course, ionization of the latter consumes more
probe photons than that of the excited states (Scheme 1). This
mechanism of fragmentation is only complicated by the fact
that the ions can also absorb additional photons from the tail of
the probe laser pulse and thus photodissociate. An obvious
example of this kind is the formation of the atomic iontFe
because the energy of a single pump photon is not sufficient to
remove all the ligands either from the parent neutral or from
the parent ion. Details of these processes have already been
diSCUSSG@133'35’36'42’43

The large number of independent signals which are observed

exponential factors (ionization cross sections) are interdependeniot only provides more information than typically in, e.g.,
and furthermore depend on the probe intensity, as mentionedtransient absorption, but results in an effective time resolution

in the previous section. Therefore, their quantitative values are
not used for conclusions.

5. Discussion

5.1. Probing Method.Probing was done by nonresonant (800
nm) photoionization. This has the advantage of giving rise to
many different ionic fragments which, as the time dependence
is different for every fragment, provides more information than,
for instance, transient absorption in which typically only one
electronic transition is probed. The different time behavior
implies that the ionic fragments cannot have a common neutral
precursor. Also, Baares et al. observed (with two-photon
pumping at 400 nm but other conditions comparable to ours) a
multiple fragmentation pattern at early delay tinfésthey
assumed that the fragmentation already occurred in the neutra

molecule. However, the precursors are not necessarily different

which can be much below the pulse widths. If for instance two
subsequent observation windows would give rise to one signal
each, the temporal separation between the two signals and their
delay versus the time zero could be measured with high accuracy
(2 fs in our case), depending only on the signal-to-noise ratio.
That is, these two consecutive processes are temporally resolved
in this manner.

It is worth mentioning that the probe intensities used in this
work are 10 times smaller than those previously used by us,
e.g., with Cr(CQy,8 although the ionization potentials are rather
similar. The easy ionizability of Fe(C@)with 800 nm light
suggests the existence of a multiphoton resonance, probably at
an energy aroundh2ggy nm = 3.1 eV. This would also be
consistent with the observation in refs 6 and 7 of a long-lived
Iparent-ion signal at negative delay times which is discussed in
section 5.7.

species but can also correspond to different states or locations 9-2. Is There Any Synchronous CO Elimination?It seems

on the potential energy surface. This was repeatedly demon-
strated for molecules which exhibit no photochemical fragmen-

reasonable to consider two eliminations to be synchronous (or
"concerted™¥) if they occur on a time scale much shorter than

tation at all, but nevertheless give rise to fragment ions (e.g., the pe+riod of an FeC stretch vibration (about 70 fs). The Fe-
refs 33, 39, and 40). The cause of the ionic dissociation is excess(CO) "~ and Fe(COj* signals disappear within 21 fs and 21

energy, most of it originating from the vibrational energy of

15+ 30= 66 fs, respectively. If every ion signal corresponded

the neutral released on the way down the potential surface. Thist0 & neutral precursor of the same mass, this would imply a

energy is conserved to a large part during the (vertical)
photoionizatior?33536.41The ions have much more times 10
ns, given by the extraction process from the ion source and the

nearly synchronous process. However, a closer look at the data
disproves this conclusion.

The parent Fe(C@J and all heavy fragments Fe(C£)and

associated peak width) than the neutrals (femtoseconds toFe(COX" show clearly different time behavior. To reproduce
picoseconds of observation time) to dissociate at a given excesshese signals (see previous section), we had to postulate four

energy.
In the simulation, the levels of the rate-equation model (see

different precursor levels (observation windows);-L4 (whose
identity, species or location on the potential, is still to be

Scheme 1) correspond to observation windows on the potentialassigned). For synchronous bond breaking, only two precursor
surfaces of educt and products. The windows differ by their levels would make sense, one before and one after the cleavage
probabilities to produce a specific ion. The lifetimes correspond Of the bonds. This simple consideration leaves no space for
to an averaged time of travel through the window and departure Synchronous bond breaking.

from it. Whereas the kinetic analysis yields the time constants Conclusive evidence comes from comparison with the
and the sequence of the consecutive processes, it does ngbhotochemistry in solution, where only one CO is split off.
automatically specify where exactly on the surface each window The cage effect, which is known to reduce the dissociation
should be located. Assignment is facilitated, however, by the quantum yield to below 1 for metal carbonyfs!would never
information on excess energy and thus on electronic energy completely suppress any second dissociation, if it existed, and
(their sum is constant!) given by the fragmentation. If a neutral complexes such as Fe(C{3) (S = solvent) should then be
precursor Fe(CQ)has a vibrational energy exceeding the found in small yield. Since this has never been observed, a
threshold for the ionic dissociation Fe(GO)— Fe(CO)—iy™ second CO seems not to be eliminated in solution. However,
+ k CO, upon ionization it will yield no fragment heavier than everything can be understood if the elimination of the first CO
Fe(CO)n-t. (Whether it will also yield smaller fragments is  begins already in an electronically excited state, whereas the
commented below with reference to'FeThe absence of Fe-  second step (and the following ones) begins only in the hot
(CO)t and Fe(COY" signals with delays longer than 300 fs ground state. (It will turn out that it is actually the lowest singlet
can be explained by such post-ionization fragmentation. Typi- state. The real ground state is a triplet.) These later steps are
cally, the parent ion is generated only by ionization from the prevented by cooling by the solvent. Vibrational cooling times
Franck-Condon region and from locations where only little are of the order of many picoseconds (section 5.5). ro,
kinetic energy has been released, whereas the smallest fragmerneaction with a time constant well below 1 ps will be suppressed
ions are observed after the neutral molecule has arrived at thein solution and conversely, Hot reactions”, which are pre-
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vented in solution, must ha time constants well alpe 1 psin

the gas phase. Hence, all the time constants below 50 fs in this
work must be associated with the photochemical elimination
of the first CO and the electronic relaxations connected with it.
The same is probably true for the times 150 fs in the
experiment of Baares et af.” These authors used two-photon
excitation at 400 nm.

Hence, we conclude that all our time constants but the last
are connected with the photochemical reaction Fe{C®}-e-
(CO), + CO. Only the last one (3.3 ps) can be due to elimination
of a second CO. Let us discuss the steps one after the other.

5.3. The Processes Near the FranekCondon Region.As
discussed in section 5.1, the decay time of the parent ion
signal represents the time of departure from the Frai@bndon
region. Since there are quite a number of electronic states close
by (see below), it seems plausible that the molecule changes
over to one (or more) of them within this time. From the brevity
(21 fs), we can immediately infer that intersystem crossing
cannot be involved, just as not in the next three steps either. .
(In HCo(CO), intersystem crossing has been calculated to take
about 50 p$’) Hence, we can exclude the pathway suggested ’
on the basis of calculations that assumed initial intersystem
crossing to the lowest excited triplet state before dissociation,
which would then lead directly to the triplet ground state of

MLCT

LF

| ————————_—
d(Fe - CO)

|, probe
800nm

pump
267 nm

RN} 3
BZ»;_,. .~ __,BZ

Fe(C0).22 To understand more, let us consider the states which
have been calculated quantum chemically.

d(Fe-COy

109.5°

>

epseudorol

Iy

Daniel and co-workef82°report at least seven excited singlet
states below 50000 cmh not comprising Rydberg states
(schematically indicated in the inset of Figure 4). Only three of  Fe(CO); Fe(CO), Fe(CO),
them (species 'EE', and A") can be reached by symmetry-  Figure 4. Scheme of the potential energy surfaces and pathways (times
allowed transitions from the ground state. According to ref 29, indicated near the arrows in femtoseconds) of the UV photodecompo-
the lowest excites state (DHs of d — d ("ligand field”, LF) sition of Fe(CO). Excited levels of the parent molecgié®which are
character and therefore carries little oscillator strength. The nextProbably notinvolved in the process, are only indicated by short lines.
two allowed transitions (to 14 and 2E) are of metal-to-ligand The inset shows details of the processes in the parent molecule. The

O =
Dah C2v Td

G,

v

charge transfer (MLCT, &> 7*co) type and are more intense.
These two bands seem to overlap in the region of the pump
wavelength (267 nm). If the MLCT character were pure, these
states would not be repulsive along an&&0 coordinate due

to Coulomb attraction. Interaction with repulsive LF states (note
that the symmetry is reduced along the dissociation coordinate)
lends them some repulsion t8bRecent calculations with the
similar compound KLFe(CO) show, however, that the slope is
small and almost vanishes near the FranClondon regior?®

For the nondegenerate)A the slope must even be zero along
any Fe-CO coordinate due to symmetry equivalence of CO
ligands. (The slope can also be not equal to 0 in the direction
of a totally symmetric stretch. But such a coordinate can be
ignored here since it would lead to simultaneous dissociation
of several CO.)

Since the 2EMLCT state is degenerate, Jatineller splitting
should be taken into account. This effect predicts that the

symmetry speciedE' in the inset designates the states before Jahn
Teller splitting, i.e., on the axig = 0. The broken line in the inset
indicates an A' — E' pathway displaced along afi direction outside

the drawing plane. The drawing is not to scale. The following energies
(in electronvolts) of the product levels relative to the ground state of
Fe(COy are derived from experimental dissociation enerfdiasd, for

the excited states, from calculatiotig>26(Fe(CO)) 3B, 1.8;'A4, 2.56;

1B,, 3.08; (Fe(CO) °A,, 2.3; S, 3.5.

been calculated), stretching of a singlef&&0 bond begins with
a nearly (2B or exactly (1A'") horizontal slope on the potential
energy surface, as mentioned. The ultrashort time (21 fs), which
is only a fraction of a typical FeC stretching period (70 fs), is
probably not compatible with an initial lack of acceleration (in
a zero-slope direction). Hence, our results support the motion
along the Jahn-Teller coordinate and that the pump laser
predominantly populates the 2&ate, much more than the A
state.

However, along the Jahn-Teller coordinate, we can expect

degeneracy will be lifted by distortion along a coordinate'of e
symmetry. One of the two resulting states will be stabilized,
and the other destabilized. In Fe(GQhere are four coordinates
of € symmetry, two of them involving stretching of the
equatorial Fe-C and C-O bonds, respectively, the other two
involving C—Fe—C bending of the equatorial and axial ligands,
respectively. Considering that an +€ bonding electron is  from 2E, as indicated in the inset of Figure 4. All these
excited, most likely the'estretch coordinate will be the largest  processes can be extremely fast. Since the transition moment
component in the direction of steepest descent. This means thato the 2E state is in the equatorial plane, whereas that tg'1A
the molecule is initially accelerated in a direction which involves is in the axial direction, such a sideway can explain why there
stretching of bonds to not only one but two to three of the was no anisotropy even at the earliest times.

equatorial ligands! In contrast to the slope in the direction of a It is worth noting that the Jahn-Teller splitting generates
Jahn-Teller active coordinate (which has unfortunately not yet potential energy surfaces in the shape of a double cone with

an intersection between the two surfaces since the degenerate
state is split, whereas the nondegenerate one will be bound along
this coordinate (Figure 4, inset). The population can relax via
this crossing to 14" and can again leave from there by passing
around this conical intersection (the path being displaced along
an ¢’ direction) and then join again the direct relaxation path
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the degenerate state at the apex. This is becauséedberdinate 7 with pumping by two 800 nm photons. If this pump process
is doubly degenerate so that the slopes are the same along evergopulated the 1Hevel, the lifetime should be comparable with

direction in this two-dimensional space. 15 fs (Figure 4); similarly, if the pump process involved three
Several of the FeCO antibonding ligand-field states were ~photons, it would populate the same state(s) as in our 267 nm
predicted to lie below the optically excited 2Evel 22:242%9and excitation and would therefore again imply a very short decay,

the one with Esymmetry was calculated to be even the lowest and with four photons, the same (short-lived) states would be
excited staté429|t will again be subject to Jahn-Teller splitting ~ populated as with the two 400 nm photons reported in ref 7
along the same or a very similar@ordinate. The slopes will ~ too. Hence, we claim that two-photon excitation at 800 nm
be steeper due to the stronger antibonding. This is schematicallypopulates an Fe(C@$tate which is long-lived and thus cannot
shown in Figure 4 (inset), which also indicates an intersection involve ligand-field excitation. This resonance also explains why
between the surface derived from this 1vel with that derived Fe(COj} is (see end of section 5.1) much easier to ionize by
from the optically excited 2Hevel. This intersection will again 800 nm radiation than Cr(C@)although the two molecules
be conical, with a branching space spanned by a pair of have very similar ionization energies.
coordinates related to theaeformation. (The symmetry species 5.4. The Steps After PhotodissociationFe(CO) hasC,,
results from the product of' Bvith E' and reduction to the lower  symmetry in its lowest singlet states @A;) and S (1B)26:27
symmetry groug?) as well as in its triplet ground state T1°B,).*%°0 Since $ of
The initial motion is now obvious (inset of Figure 4). The Fe(CO) is nondegenerate, it can correlate only with the ground
molecules in the optically populated state '(2&te first distorted state of Fe(CQ) The lowest excited state of the latter must
along an &coordinate involving stretching of more than one therefore correlate with the next higher singlet of Fe(€Ohis
Fe—CO bond. Some of them will make an excursionto the”lA is in agreement with the quantum chemical calculatfns.
state, but quickly return; then, they cross over to the ligand- However, although Fe(C®js primarily generated in its;State,
field state 1Eand temporarily return to the symmetric geometry. luminescence has never been detected. For explanation, we
From there they go on along the same coordinate, but later onsuggest ultrafast internal conversion frogt&S with a lifetime
change direction to split off a single CO. The second time identical to our fourth time constant (47 fs). All this seems very
constant (15 fs) can naturally be attributed to the motion on the similar to the case of Cr(C@)produced by dissociation of Cr-
1E surface. The third window (time constant 30 fs) probably (CO)), where we found an ultrafast internal conversion pathway
begins long before dissociation is completed, most likely soon from S; to § via a Jahn-Teller-induced conical intersectfon.

after the change of direction from the Jahn-Teller to a single-  Hence, we should look for a degenerate state of Fe{@0D)
bond cleavage coordinate. This assignment is based on they symmetric geometry, where Jahn-Teller distortion will lead
following energy consideration. to correlation with both Sand $ in the C,, geometry. Fe-

In the third window, Fe(CQY is still observed, although with  (CO), in tetrahedral symmetry 8aa d electron configuration
small abundance (see the table). If this ion would be generatedof e t,* giving rise to singlet states of species, &, and &
from neutral Fe(CQ)(i.e., if the window would begin only after  and to a triplet3T,. The latter two are triply degenerate.
dissociation), we must postulate that the unsaturated carbonylCoordinates of species e andate Jahr Teller active. Distor-
is produced with a vibrational excess energy of less than 1.1tion along the e direction (angle deformation as indicated in
eV (equals dissociation energy of Fe(GOJ?. The available the figure with opposite angles being equal) leads to the states
vibrational + kinetic energy after reaching thg State of Fe- A1 and E inDyg; further reduction of symmetry tg,, results
(CO) (see next section) is 1.6 eV, which is shared with the in the states 4 B, (as needed), andBthe latter not being
CO split off. If the latter carries 0.5 eV away, then ionization indicated in Figure 4. One-step deformation along a superposi-
of Fe(CO) could in fact yield its parent ion. Whereas this tion of an e and atcoordinate leads to the same result. This is
possibility cannot be excluded, consideration of finer details how Ceulemans, Poliakoff, and co-workers described and
(such as a probable shift of the ionic versus the neutral potentialanalyzed in detail the JahiTeller effect in the triplefT; of
surfaces) suggests that it is not very likely. The observation of tetrahedral Fe(CQ)eading to the ground statéB, (and other
Fe(CO)* can be more easily explained if the third window is  states) inC,,.505! Hence, we suggest that the ultrafast internal
opened in an energy range where dissociation is not yet conversion from the initially populated excited 4 the lowest
complete. singlet state 1A of C,, Fe(CO) proceeds via a barrierless

Since the predicted sequence of states depends on the levgbathway through a JahiTeller-induced conical intersection at
of calculation (compare refs 22, 24, and 29), some details of tetrahedral geometry (Figure 4). The motion of the ligand
this pathway may be subject to change. It may well be that described by the abscissa (and by all combinations of the five
other states and intersections will be involved in addition. For Jahn-Teller active coordinates of the symmetries e ajdhas
example, if it turned out that the degenerate ligand field state been called non-Berry pseudorotatfdnThis internal ligand
is above the optically populated one, the steep slope of theexchange is very much analogous to the case of CiCO)
repulsive surface may result in intersection with the lower (produced by photodissociation of the hexacarbonyl), where the
surface, just as in the case of the hexacarbohiewever, in pseudorotation is of the Berry tyjelt is interesting that this
any case, it is probably the Jahmeller effect and the interplay  type of vibration was manifested in Cr(Cand other group-6
between the optically populated state with the repulsive ligand pentacarbonyfsas a periodic oscillation of the probe signal.
field state which drive the reaction, and the experiment tells To explain the sensitivity of the probe to this vibration, we
that the molecule changes the electronic state and/or the directiompointed to the fact that theySS; resonance of Cr(C@Js tuned
of motion several times before it dissociates. along this coordinate from zero frequency (conical intersection)

In the inset of Figure 4, we indicated another state below via the laser frequency (corresponding to 1.55 eV) to the final
1E. It has not been predicted by the recérand previous So—S; distance (about 2 eV). It is fully consistent with this
calculations. In our opinion, a long-lived state in this region interpretation that no oscillation was detected in Fe(Djce
must be postulated, however, to explain the long-lived @ the (calculated) & S; distance is only 0.52 €¥ in this
ps) Fe(COY" transient observed at negative delay times in ref molecule.
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5.5. The Slow Final Time ConstantThe next time constant  of the group 6 pentacarbonyls. On the other hand, there is no
(3.3 ps) is nearly 2 orders of magnitude slower. Two processesdirect experimental evidence against the existence of an
can be considered for it: (1) slow electronic relaxation such as undetected parallel channel in the triplet manifold. In their
intersystem crossing and (2) a hot reaction such as dissociationcareful work on time-resolved IR spectroscopy in gas-phase
of the next ligand, stimulated by the excess vibrational energy photolysis of Fe(CQ)!7~21 Weitz and co-workers observed both
released on the way down to the produet S species, singlet and triplet Fe(CO{distinguished by their

Only the latter process can be suppressed in solution by chemical reactions), at delays up to many tens of nanosec-
collisional cooling, and only for this reaction will the rate depend onds'®9They presented evidence that both of them are primary
on the excess energy and thus on the excitation wavelength.products so that this photodissociation would proceed via at
Weitz and co-workers found in an experiment with nanosecond least two channels. The analysis was complicated by the fact
time resolution with excitation at 351 nm in the gas-phase both that the spectra of the two species overlap to some extent and
singlet and triplet Fe(CQ)t81° Such a long lifetime rules out ~ the spectral shapes are time-dependent due to cooling effects.
intersystem crossing taking place within picoseconds in this We argue in favor of a pure singlet channel on the basis of
molecule. (See also the next section.) The 3.3 ps must hencelime constants of competing processes.
be assigned to elimination of the second CO in the singlet Quantum chemically, it has been estimated that a triplet forms
manifold. The product singlet Fe(Céhas also been identified  from the excited states of He(CO), with a rate of 0.35%/ps,
by Weitz and co-workers in the gas pha&&? It can, beyond corresponding to a time constant of 29(%pSimilarly, for HCo-
the time range of 500 ps investigated by us, relax to its triplet (CO),, a time in the range of 50 ps was suggesfeth Fe-
ground state and subsequently, supported by the released energyCO),, intersystem crossing (ISC) seems to take even nanosec-
eventually lose another ligand. onds, to judge by the delayed observation of singlet Fe{CO)

The assignment as a dissociation driven by vibrational excessby Weitz and co-worker%1°(This is beyond our observation
energy is in agreement with the observation that in solution time of 500 ps.) The collisional relaxation times presented by
elimination of a second CO is suppressed. This is expected if them suggest that ISC even needs more than 200 ns in Fg(CO)
the time constant for collisional cooling is not much longer than and Fe(CQ). Excluding much heavier elements, the shortest
that of the reaction. Deactivation times for low-frequency time we know for ISC is 300 fs for excited Ru(bip¥).>® Even
vibrations such as those of the +€ bonds are in the 10 ps if the spin changed with such a fast rate also in the excited
range?>46 (Note that within one-tenth of the time constant, the Fe(CO}, ISC would hardly be able to compete with the fast
temperature would decrease by 10%, a cooling which might singlet-channel dissociation, which takes about 66f2( +

already sufficiently slow the reaction.) 15+ 30 fs) or even with the individual initial processes.

The time for elimination of the second CO in the chromium 5.7. Further Comparison with Previous Work. The time
carbonyl system was found to be 0.93%pa.view of the small for expulsion of a CO ligand from }fe(CO) after UV
dissociation energy (0.43 é¥ of ground-state Fe(CQ) it excitation has been calculated by quantum dynamics to take

seems surprising at first sight why the analogous reaction shouldabout 100 f$?° this being well consistent with our results on
take three times longer. However, it should be noted (1) that Fe(CO}. Upper bounds for the dissociation times have been
the dissociation energy of singlet Fe(G@® larger (about 0.94  deduced by Grant and co-workers from the yields of resonant
eV, calculated from ground-state dissociattbmnd excita- two-photon ionizatiort? The resulting bounds<(0.6 and 1 ps
tion?>26 energies, according to ref 26 everi.15 eV) than in with excitation at 290 and 310 nm, respectively) are still too
the triplet, comparable to that of Cr(Cand (2) that the excess  high. With our assignment, one must expestharterlifetime
energy available in §e(CO), (about 2.0 eV minus the energy  than measured at 267 nm, if the short-lived ligand-field state
carried away by CO) is less than that in Cr(GGnce S is an 1E is directly excited at longer wavelength. On the other hand,
excited state of Fe(CQ)RRKM calculationd* at such excess if a level of even lower energy can be populated, the decay
energies give dissociation rates which are consistent with a timetime can again be lengthened. This is apparently the case with
constant around 3 ps. two-photon excitation at 800 nm, to judge by the results of ref

5.6. Intersystem CrossingThe early ab initio calculatiod&2* 7 at negative delay times.
of Daniel and co-workers investigated the directly repulsive  Grant and co-workers also found an inverted vibrational
potential energy curve leading from the lowest triplet state’j1 population in the photochemically eliminated ¢&For expla-
of Fe(COj to the triplet ground state of Fe(CQ)tacitly nation, they pointed to the decrease of the@ distance on
assuming that intersystem crossing (ISC) in Fe(®Yaster going from the complex to the free CO. However, the degree
than dissociation. The latter is, however, very fast, so that ISC of vibrational excitation very much depends on how suddenly
probably cannot compete (section 5.3). In the calculations, athe distance will change; in other words, how abrupt is the turn
singlet pathway was presented too, but with avoided crossingsof the valley in the surface in which the potential energy is
instead of conical intersections between the states. Such a patiplotted versus the €0 and Fe-C distances. While the required
is necessary (at least in addition to a triplet path) to explain the curvature is conceivable and one can also argue on a mechanical
formation of singlet Fe(CQ)'%1° Weitz et all” and Hepburn basis invoking the ultrafast acceleration along the—Ee
et all® assumed that the singlet curves start from higher coordinate, which will transfer some momentum to the carbon
electronic states of Fe(C®)In the calculations, the excited atom, our mechanism offers a more attractive explanation: the
states are connected with the product states by simple repulsiveoump laser excites a charge transfer state with a weakened CO
curves. bond; the system then suddenly jumps to the ligand field state

Also, in the dissociation of Cr(C@ and the other group 6  With its restored CO distance which then further shortens during
hexacarbonwglwe found no indication of intersystem Crossing the rapid dissociation. Already in the first two transitions the
even after elimination of the second CO. “No indication” means CO vibration will be excited for FranekCondon reasons.
that all the steps can be assigned within the singlet pathway, Several statistical models have been suggested to describe
including a coherent oscillation along a pseudorotation coor- the translational and rotational energy distributions over the
dinate which would have no counterpart in the triplet manifold fragments as measured in photofragment spectroeéignd
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SCHEME 2 experiment, the ratio FéFe(CO}™ varies by a factor of200
(compare Figures 2a and 3a, restoring however a background

Fe(CO)y 5y - no bimolecular reaction of a few percent which was subtracted). We have shown that,
L AT except elimination of the first CO, fragmentation takes place
only after ionization and is caused by excess vibrational energy
o ] L or Fe(CO)s ) or/and absorption of an additional photon. Any coherence within
1e(CO)y (Sy) Fe(CO)4(1) or Fer(CO)g the ion can be expected neither for the thermal nor the secondary
photochemical dissociation. The ion internal energy controlling
J nanoscconds the fragmentation can probably also be influenced by temper-
L ature or laser intensity. It is also known that in cyclopentadienyl
Fe(COY, (1) — CO + Fe(CO)3(L) (Ty) (Cp) complexes the Cp ligand can be cleaved off only
(S32) thermally?
1. ] (slow) L | (slow) 6. Concluding Remarks
Dissociation of the first CO of Fe(C@)with its individual
le(CO)L(1) Fe(CO);(L), steps is remarkably fast. The sum of the first three time constants
(21 + 15+ 30 fs) is below 100 fs. As argued in section 5.4,
the abundance of the unsaturated metal carbonyl pro#ets. this implies that the acceleration already begins in the Franck

the expulsion of the second and following ligands, such models Condon region. This is not self-evident. If the excited state were
are justified. (However, they should take into account that the nondegenerate, the potential energy curve along anCke
reactions take place in the haj Sate, not in the triplet ground  dissociation coordinate would begin with zero slope since there
states.) But the first CO is eliminated photochemically; that is, are symmetry-equivalent ligands. Jahn-Teller splitting of a
its kinetic energy is due to acceleration along the potential degenerate state, however, gives rise to a nonvanishing slope.
energy surfaces, and everything happens in a time much toolt thus explains the initial fast acceleration and predicts that it
short for attaining equipartition of energy. This step should be involves more than one CO ligand. (Superposition with a totally
treated separately. Instead, the models comprised all thesymmetric stretch coordinate, which also involves several
dissociation steps. The fact that they well reproduced the ligands, is not excluded.) Such a degenerate’)(2Eate is
experiments means that in this system the product distribution available in the right wavelength region; due to its metal-to-
and the rotational and translational energies are not sensitive toligand charge transfer character the corresponding absorption
the mechanism. A clearly nonstatistical feature is the vibrational is intense and, due to its short lifetime (steep slope), also broad
inversion in CO mentioned above. Nonstatistical product so that it can overlap with the pump wavelength. On the other
distributions were also found in experiments with nanosecond hand, the nondegenerate A/AMLCT state has also been
excitation, which probably involved several consecutive pho- predicted in this regio”? To explain the lack of anisotropy,
tochemical steps (see, for example, ref 11). we also assume an intermediate population of the¢'1tate
Nayak et al. found in Fe(C@photosubstitution of two CO’s  (via the 2E/1A," conical intersection) which then rapidly returns
initiated by a single photok: They proved that one of the new  to the main relaxation path.
ligands L (such as a phosphine, pyridine, or (iso)nitriles) was  Jahn-Teller (JT) splitting also raises the probability of
introduced in a ground-state reaction in either of two ways: crossing with other potential energy surfaces. In particular, we
either in a substitution of RLECO) formed at high Fe(CQ) suggested in section 5.4 an intersection with another JT-split
concentrations by reaction with Fe(CQO)Sy) or at high L surface with that of the lower-lying, strongly repulsive ligand
concentrations in a substitution reaction in the triplet Fe(¢CO) field state 1E Without the splitting, there would be little chance
We can now substantiate this mechanism with the lifetimes for of crossing with a lower-lying steeper surface; it would then be
unimolecular decay (Scheme 2). Whereas thestdte of Fe- difficult to understand a time constant as short as 21 fs for
(CO), is much too short-lived (47 fs) to undergo any bimolecular conversion between two electronic states. Similar chains of JT-
reactions, the Sstate has sufficient time (nanoseconds in induced intersections have been found in the positive ions of
solution) to insert into Fe(CQ@)or to add an L. In the triplet  benzene or of Pby Koppel3® In less symmetric molecules,
ground state of Fe(CQJinfinite lifetime) the reactant L can  the second-order Jahn-Teller effect of nearly degenerate®$fdtes
substitute one CO in a bimolecular reaction. (Instead of such can probably give rise to similar effects.
an Sy path, Nayak et al. suggested an additi@imination As already pointed out in section 5.2, it may turn out by
mechanisni2 However, the postulated triplet intermedidfe- computational progress that in the Frarckondon region the
(CO)L would have too high an energy to be formed.) In a strongly repulsive LF states lie higher than the initially excited
slower reaction, the triplet complexes with 4-fold coordination one, in analogy to the situation in the group 6 hexacarb&fiyis.
can also add an L with simultaneous intersystem crossing.  Then an intersection or avoided crossing of the two surfaces
In light of the present results, it is also interesting to discuss can be expected due to the slope difference, as suggested for
a recent experimetfton “coherent control of chemical reac- the case of M(CQ)dissociatior?:° The basic mechanism before
tions” in which dissociative photoionization of Fe(Gognd dissociation would remain unchanged, howevieitial ac-
CpFe(CO)Cl was used to maximize or minimize the ratio of celeration along JT coordinates, repeated change of direction
two ion signals by tailoring the 800 nm femtosecond laser and electronic states via JT-induced conical intersections, and
pulses; F&/Fe(CO}* and CpFeCOCIFeCl" varied by a factor only thereafter transition to a steeply repulsive LF surface.
of 70 and 4, respectively, depending on pulse shape and other The change of electronic state and change of acceleration
details. In principle, pumpprobe experiments could also be direction is in contrast to the textbook suggestiowhich
interpreted in terms of coherent control, in which the “product” assumed that the optical excitation directly populates the
(ion signal) depends on the delay time. (Alternatively, the repulsive state.
leading front of the pulse in ref 54 varying in shape could be In previous experiments with high-intensity nanosecond UV
considered as a pump and the trailing edge as a probe.) In oudaser pulses, it has been suggested that resonant two-photon
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excitation could populate states with energies above the ioniza-
tion limit and that the neutral molecule subsequently loses all

its ligands explosivel§? However, the ultrafast dissociation

Trushin et al.
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