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Ultrafast Dynamics of Transition Metal Carbonyls. 3. Intracluster Chemistry in [Cr(CO) g]n
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We report on one-color femtosecondump/probe experiments applied to homogeneous chromium hexa-
carbonyl clusters which are prepared in a molecular beam. The pump pulse initiates bimolecular intra-cluster
reactions by ultrafast photodissociation of a CO ligand from Cr¢@©a 'T,, metal-to-ligand charge-transfer

state. The resulting reaction products are detected mass-selectively after multiphoton ionization by the probe
pulse. In contrast to nanosecond multiphoton ionization (Peifer, W. R.; Garveylnl. . Mass Spectrom.

lon Processe4990102 1), which exclusively leads to appearance of the @ass peak, a number of novel
species which may serve as interesting model systems for catalysis and surface chemistry are detected. In
addition to mononuclear fragments, metal cluster ions, and coordinatively unsaturated polynuclear metal
carbonyls, metal oxides and carbides are observed in the femtosecond mass spectra. The appearance of these
species can be rationalized by formation of asymmetriridging CO ligands in the neutral manifold. The
dynamics extracted from the transients of different reaction products is interpreted using concepts of surface
and inorganic cluster chemistry. Ultrafast metaietal bond formation on a time scale much faster than our
laser pulse width (ca. 150 fs) can be observed. Site exchange of CO from terminal to bridging positions on
the picosecond time scale is proposed to occur in coordinatively unsaturated polynuclear metal carbonyls.
Experiments at different center wavelengths (280 and 262.5 nm) reveal energy-dependent reaction channels
which are closed when exciting the clusters at 280 nm. When exciting at 262.5 nm, impulsive formation of
the corresponding products and decay on the picosecond time scale is observed.

1. Introduction i.e., 7-10 laser photons had to be absorbed by the parent
) o » molecule. Vaida and co-workers observed in their MPI experi-
The investigation of polynuclear transition metal carbonyls ments on M(CO) (M = Mn, Re) only M" and My* in the
in the gas_phase provides an opportunity to study effects_ rangindmass spectrl? Similar to the mononuclear transition metal
from an isolated system of a single metal atom with CO carbonyls, the polynuclear species exhibit complete ligand
molecules attached to it up to adsorbates on metal SUﬁaceS-stripping in the gas phase under multiphoton conditions when
Of special interest are the binding properties exhibited by those applying nanosecond laser pulses. Real-time studies in solution
clusters and the dynamics of bond breakage and bond formationyyith femtosecond laser pulses focused on the decarbonylation
In addition, coordinatively unsaturated transition metal carbonyls gynamics and on geminate recombination induced by the solvent
and organometallics, for whom transition metal carbonyls serve cagel415 A landmark study by Zewail and co-workers on
as model systems, are of great catalytic importance for a numbenvin,(CO), in a molecular beam yielded directly the fragmenta-
of industrially important processes, e.g. isomerization, oligo- tion time scales of metalmetal bond cleavage (40 fs) and
merization, and hydration of olefifg.Metal carbonyls also play  meta-CO bond breakage (20 fs) when exciting e~ o*
an important role in preparing thin metal films via chemical transition? Their femtosecond mass spectrum obtained by MPI
vapor depositiod. Thus detailed studies regarding the elemen- at 310 nm was strongly dominated by Mmand Mn* ions.
tary reaction mechanisms of these cluster systems are of greatoordinatively unsaturated binuclear metal carbonyls were of
interest in order to gain insight into their dynamical chemical only minor importance.
properties. Formation of coordinatively unsaturated binuclear metal
Up to now, most investigations on the structure and dynamics carbonyls in the gas phase has been observed after irradiation
of polynuclear transition metal carbonyls have focused on of stable mononuclear precursors which after loss of CO ligands
systems which already contain a metaietal bond. Prototype  undergo bimolecular reactions with additional mononuclear
systems which have been investigated in the gas phase arearbonylst®20 A promising source of generating polynuclear
Mn2(CO)o and Re(CO)po (see, e.g., refs-412). These com-  coordinatively unsaturated transition metal carbonyls of higher
pounds show intense absorption in the region between 330 andhuclearity may be provided by photoexciting homogeneous
500 nm which is assigned to tile— o* transition of the metat mononuclear transition metal carbonyl van der Waals clusters.
metal bond3 Photoexcitation of this transition leads to ho- Smalley, Duncan, and co-workers prepared homogeneous
molytic cleavage of the metaimetal bond in competition with  [Fe(CO}], clusters in a molecular beam which they photoion-
ligand dissociatiod.Leutwyler and Even investigated MO ized at several excimer wavelengfig? Exciting at 157 nm
and Fg(CO);» by nanosecond multiphoton dissociation (MPD)/ (one-photon ionization) evidence for cluster formation was given
multiphoton ionization (MPI) using aMNlaser pumped dye laser by observation of [Fe(C@)," cluster ions in the mass spectra.
in the region of 386-450 nm’ They only observed the bare At 193 nm, monomer fragments and Fecluster ions up to
metal cluster ions Mh, Mn,* and Fe, Fe, Fe™, respectively, approximatelyn = 30 were detected. Smaller peaks correspond-

10.1021/jp984206m CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/24/1999



Transition Metal Carbonyls J. Phys. Chem. A, Vol. 103, No. 15, 1992681

ing to multiples of 56+ 28 amu were observed and assigned coordinatively unsaturated species of typg(CO), are formed,

to coordinatively unsaturated polynuclear iron monocarbonyls. indeed, under our experimental conditions. In addition, we shall
The photofragmentation was shown to take place in the neutralshow that novel bimolecular intracluster chemistry can be
manifold. At 249 nm, the same mass spectra with smaller observed in these clusters leading to detection of oxidic and
efficiency were observed. Miller and co-workers built upon this carbidic metal ions. Time scales of formation and decay of
work and performed picosecond-MPI experimefit3® They various reaction products will be given from preliminary one-

extended these studies by adding argon or various reactive gasesolor pump/probe experiments.

to the Fe(CQO) clusters and observed a number of different  The paper is organized as follows: In section 2 we shall

reaction products. briefly describe the experimental setup used for these studies.
Peifer and Garvey studied homogeneous group VIb transition In section 3 we shall present our results which will be discussed
metal carbonyl clusters, i.e., [Mo(Cg), [Cr(CO)], and in section 4. The paper will be concluded by section 5.

[W(CO)e]n, by nanosecond-MPI at 248 mf2’ Due to the

quadrupole mass spectrometer employed, they could only detecR. Experimental Section
ions up to 210 amu. Under cluster conditions, Peifer and Garvey
observed in addition to the dominating bare metal ions oxidized
metal ions in their mass spectra. However, no ions of coordi-
natively unsaturated transition metal carbonyls were observed.rate of 10 Hz, were derived from a modified commercial

; +
The [Mo(COM, clusters yielded MoO and MoG" and the femtosecond Ti:Sapphire chirped pulse amplification system

[W(CO)¢], clusters WO. For [Cr(CO}], only Cr* was ) .
observed, the mass spectrum did not change in going from .(BMI’ Alpha 10 series). The amplifier was seeded by an argon

monomer to cluster conditions. The formation of the oxides was E?ihslgsea(igogzggg?n(%vc?h?;g%tpul\mf:%ggircr)legi;ngﬂ?'lﬁfekgd
interpreted in terms of a novel bimolecular intracluster reaction u.Isegr\)/vere frequency doubled ir’1 20.5 mm Ioh BEO | F(;r stal
occurring within the homogeneous transition metal carbonyl P q y : 9 y

clusters. Structurally, the occurrence of the metal oxides was %';Id_'l_nhgespglsslss gsf :iFr)nL()It;n?;ug;JlSir(ra]nzrgilwzeﬂgeniqbitilftovsi
proposed to result from bridging CO ligands with the O atom ’ P y pump

attached to one and the C atom attached to another metal aton?tage white light seeded optical parametric amplifiers (OPAs)

in the neutral such that these CO ligands formally donate four \év:rzst’ieo nsslge?fzti;roﬁggr: (':Sor:]ur::gﬁolr?v\tr:e\g:blfgong:ékﬁ ulse
electrons. The failure to observe any oxidized chromium species,[he one-color eF>)< erimentg at 280 and ZGé 5 nm. both OPAs
in the [Cr(CO}], experiments was explained by the possibility P . ’

. : . were tuned to center wavelengths of 560 and 525 nm,
of forming different structures in these clusters, e.g., a strong respectively. Typical crosscorrelation widths routinely measured
tendency to form direct metaimetal bonds. The space available P y. 'yp y

for the valence d-orbitals was cited to explain such a tendency. g?gﬂg tohg : )\(/\?:Sr'r;;g;z(\;v%?hzizgggts tést?gtyol—?ﬁeocl:t;péjrtone

From these results it appears to be appropriate to investigate,sing a Michelson interferometer arrangement via a delay stage
the reaction dynamics of homogeneous [Cr(g}e)lusters after (Aerotech, ATS0230 with stepper motor). Both OPA pulses
photoexcitation in more detail. Our ongoing femtosecond real- \yare recombined on a beam splitter and frequency doubled in
time experiments are aimed at approaching the following 4 92 mm long BBO | crystal. The resulting femtosecond UV
questions: Is it possible to generate unsaturated p°|y”UC|earpuIses were focused into the molecular beam.
transition metal carbonyl clusters which may serve as model For preparation of the homogeneous [Cr(@@¥lusters we

systems for adsorbates on metal surfacgs and may I_ead to novetljsed a molecular beam apparatus consisting of two differentially
catalysts? Does there occur novel bimolecular intracluster pumped chambers, a main chamber housing the pulsed solenoid
chemistry? Does reactivity depend on excitation energy? What | (General Valllve, Series 9 with home-built conical orifice
time scales are involved? of 200um diameter driven by a home-built triggering and driver
These clusters are ideal precursors for observing bimolecularassembly), which is separated from the buffer chamber by a
reactions on the femtosecond time scale as the zero of timerhodium plated nickel skimmer (Beam Dynamics) of 1.5 mm
which is ill-defined for Ol’dinal’y full-collision bimolecular diameter. The buffer chamber houses a home-built linear time-
reactions can precisely be determined by the photodissociationgfflight (TOF) mass spectrometer of WilecLaren typé®
event initiated by a femtosecond laser pulse. In the pioneeringith a multichannel plate detector (Hamamatsu, F1552S).
work of Wittig and co-workers and Soep and co-workers, it Neon gas (Linde, 99.995%) at a backing pressure of ca. 4 bar
was realized that van der Waals clusters allow to study full \as seeded by Cr(C@pAldrich, 99%, used as received) heated
collisions by initiating a unimolecular dissociation reaction tq approximately 363 K and expanded through the nozzle. The
producing the reactants within the cluster environment, albeit hegm «/d ~ 100) entered the second chamber where it was
with restricted impact parameters due to the precursor geometrycrossed by the laser pulses. Molecular beam, laser pulses, and
(for reviews see refs 2831 and references therein). These TOF axis were mutually perpendicular to each other. The pump
experiments naturally paved the way to real-time studies of py|se excited @T, MLCT (metal-to-ligand charge transfer)
bimolecular reactions, a field which has been opened up by the state of Cr(CQ)at 262.5 nm (280 nm) which is known to lead
famous experiments of Zewail, Wittig, and co-workers on the to ultrafast dissociation of CO ligan¥s® and initiated the
precursor clusters HCO, and HBF12.3237 In the former case  reaction dynamics. The probe pulse ionized the nascent neutral

The experimental setup has been described in detail else-
where38 Briefly, femtosecond pulses of 8400 fs at center
wavelength of 805 nm, ca. 17 mJ pulse energy at a repetition

photodissociation leads to a hot H atom colliding with@3®  photofragments by MPI and the resulting ions were detected
yield CO and OH, whereas in the latter case photodissociation mass-selectively. Care was taken that the pump beam did not
leads to a hot Br atom colliding with ko yield IBr and I. produce any measurable ion signal by itself. After amplification

In this contribution we shall present our first attempts toward the multichannel plate signal was sent to a digital signal analyzer
answering the above questions by applying femtosecond pump/(Tektronix, DSA 601). At each delay position complete TOF
probe spectroscopy to homogeneous [Cr(g:3lusters pre- mass spectra were taken which were averaged for typically 100
pared in a molecular beam. We shall show that polynuclear laser shots. A number of scans (typically about 15) was
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TABLE 1: Mass Peaks Identified in the Mass Spectrum
Shown in Figure 1

5 ion m/z (amu) ion m/z (amu)

Crt 52 Cr" 260

Crc* 64 Cr(CO)" 272

CrOo* 68 Cr(COy* 276

B} Cr(COy 80 Cr(CO)" 296

2 Cro* 84 Cr(CO)* 300

Cr*" 104 Ce(CO)+ 324

£ Cr(COx* 108 Cp(CO)* 328

e CrC* 116 Ci(CO)*+ 348

Cry(CO)* 132 Cg(CO)* 352

Cr(CO)* 136 Cr(CO)*+ 376

Cr0," 2 136 Ck(CO)" 380

Crs* 156 Ci(CO)+ 404

4 é z; 1‘0 1I2 1‘4 1‘5 18 CrZ(CO)ZJr 160 C&(Co)lfr 412

time of flight / ps CI’(CO)4+ 164 C@(Co)loJr 436

Figure 1. Averaged femtosecond pump/probe mass spectrum of g?gggi} 12481 gféggg))ili 28‘21

2 2

[Cr(CO)]n clusters at center wavelengths of 262.5 nm. Cr(COy- 192 Cr(COYs* 516

_ ) ) Cr,* 208 CE(CO)ot 540

averaged. The average laser intensity was monitored by a crco)* 216 Ce(COWs* 568

photodiode which also served to trigger the DSA in order to  Cr(CO)* 220 Cg(CO)2" 596
check for any irregularities in signal strength. Transients were  Cr(CO)" 244

obtained by integrating each mass peak of interest at each delay  a |soparic with cr(Coy*.

position. Data analysis was performed on a DEC Alpha
workstation.
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Mass Spectra.Figure 1 shows a mass spectrum obtained
from homogeneous [Cr(C@]), clusters after pumping &Ty,
MLCT state by femtosecond laser pulses centered at 262.5 nm 5
and probing at the same wavelength. The mass spectrum is?
averaged over the whole delay range covered1®0 ps) to £
show all mass peaks that are observed. The mass spectrum (a}
each delay time) is clearly dominated by the"@n peak but,
in sharp contrast to the nanosecond-MPI spectra on [CH&GO)
clusters?” it is not the only mass peak observed. Instead, the
mass spectrum shown in Figure 1 consists of a large number of |
additional mass peaks which mainly correspond to metal cluster Yy
ions Cr™ and polynuclear coordinatively unsaturated metal
carbonyl ions G{{CO),* with n going from zero up to at least ~ Figure 2. Comparison of averaged [Cr(C¢) femtosecond pump/

n = 5. The formation of nanoparticles such as the ones we probe mass spectra taken at different center wavelengths.
observe in the mass spectrum has been termed “inverse lasedominated by bare metal cluster ions,Cmay already point
ablation” by Miller and co-workers* to the possibility that metalmetal bond formation is a driving

In addition, all possible mononuclear metal carbonyl ions force in the intracluster reactions taking place in the neutral
Cr(CO)y" with m = 0—6 are present in the mass spectrum. manifold. It is interesting to note that with increasing nuclearity
Similar experiments conducted on Cr(GQLH;OH)« hetero- the relative number of CO ligands per Cr atom appears to
clusteré! only yielded those wittm = 0—3 and 6; thus, there  decrease when looking at the least unsaturated cluster ions.
may exist different cooling efficiencies between these two types  Mass spectra obtained at 280 nm pump/probe center wave-
of cluster species. Furthermore, some unexpected ions corredengths are very similar to the one shown in Figure 1. However,
sponding to metal oxides and metal carbides are observed insome important differences are present. In Figia comparison
the mass spectrum. These ion peaks may hint toward a reactivebetween portions of mass spectra recorded at 262.5 nm pump/
neutral intermediate that is responsible for a dissociation reactionprobe center wavelengths and 280 nm pump/probe center
of CO within the excited cluster environment. Table 1 lists ion wavelengths is shown. When comparing the mass peaks
peaks from the mass spectrum which can uniquely be assignedcorresponding to Crg and CpC™ it is readily observed that

The polynuclear metal carbonyl cluster ions are coordinatively these ions appear only in the mass spectrum obtained at higher
highly unsaturated (the ion §€QO);;" must have lost at least  pump/probe photon energies. From these findings it can be
18 CO ligands in the neutral and ionic manifold together, if we deduced that formation of the neutral reaction products leading
assume the minimum sized precursor cluster [Cr@D)he to these ions upon probing appears to be dependent on the excess
presence of the G metal cluster indicates that in order to form energy deposited initially. The corresponding reaction channels
this ion the parent cluster must even have lost 30 CO ligands). are obviously closed at 280 nm.

The neutral reaction products after excitation of the homoge- Transients. Figure 3 gives an overview of the time-dependent
neous clusters by the pump pulse are most likely less unsaturatedneasurements by pseudo-three-dimensional plots of several
polynuclear metal carbonyl clusters which upon ionization by transients obtained with femtosecond pulses at 262.5 nm pump/
the probe pulse lose further CO ligands and van der Waals probe center wavelengths up to 65 ps. Mass peaks corresponding
bound Cr(COy units. The fact that the mass spectrum is to different ion flight times are indicated in the figure. On the
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transient even though the first rise time of 180 fs appears to be
too long due to the transient peak at about 250 fs which cannot
be fit properly. It seems obvious that several time scales are
involved in the dynamics of the neutral reaction product
corresponding to the chromium ion signal. Figure 5 shows the
CrCO" transient together with a fit to a triple exponential rise.

It should be noted that the first rise time (163 fs) can only

be taken as a rough estimate due to our time resolution and the
step width chosen. In addition to a very fast initial rise this

rel. intensity / 8.

Cr(CO), transient exhibits a peak after about 250 fs which is probably
due to the initial fast dissociation dynamics of Cr(G®@jthin
. 50 the clusters. Similar transient peaks have been observed for the

50

decarbonylation dynamics of Cr(C&ih the gas phasg*®and

in Cr(CO)+(CH3OH), heteroclusters! In Table 2 the rise times

T3 describing the long time part of the transients of the
coordinatively most unsaturated mononuclear chromium car-
bonyl ions are listed for both experiments conducted at pump/
probe center wavelengths of 262.5 nm and 280 nm. A rise time
for the Cr(CO}* transient is only given for the experiments
conducted at 280 nm since these do not exhibit interferences
with an isobaric species as will be explained below.

Figure 6 shows Gt transients on both a short time scale
and a longer time scale. The rise and decay times obtained from
Cr,(CO), fits to a triple exponential rise (€}, a biexponential rise and
/CF(CO) Cr,(CO) single-exponential decay (€1, and a single-exponential rise

. . 3 . .
~ oryco, and S|nglg-exponent|al deqay (Q?r Cr%) are given in Tgble
~—— crico), 3. The fits included convolution with a Gaussian of experimental

Cr,

rel. intensity / a.u.

o crosscorrelation width as described above. Rise times T1 which
b are shorter than 150 fs have to be taken only as estimates due
238§ to our time resolution and the experimental step size. After fast
0B initial rise the transients exhibit peaks after ca. 250 fs indicating
CHEO), / Cr.0; ﬁme:mghws 9 o fast passage through a very short-lived state induced by the

primary photodissociation event. The,Citransient exhibits a
Figure 3. Pseudo-three-dimensional plots of experimental transients late maximum after about 20 ps followed by a picosecond decay

obtained at pump/probe center wavelengths of 262.5 nm. toward an asymptotic minimum. In contrast, the'Cand Cyg*

left-hand side of Figure 3 transients measured at the mostintensé;r.ems'entS afFer a fast |n!t|al rse degay monotomcal!y on a
ion signals (Cf, Cr(CO)", Cr(CO)", Cr,") are shown, the right- p]cqsecond time scale. H|gher_chrom|um cluster tran5|_ents are
hand side of Figure 3 contains transients obtained at less intens@'m'_l""_r to the latter two transients. On_ly th‘? 2_Crtran3|ent
ion signals. From the figure qualitative conclusions can be €XNibits the peak after 20 ps. From the figure it is apparent that
drawn: All transients corresponding to mononuclear ion peaks (e néutral reaction products giving rise to the metal cluster
show monotonically rising behavior on the picosecond time scale 10NS Upon interaction with the probe pulse are formed extremely
whereas those corresponding to metal cluster and polynucleard@St (Pulse width limited rise times are observed in our
coordinatively unsaturated cluster ions decrease toward a€XPeriments)and decay on a picosecond time scale. Results from
constant asymptotic level on the picosecond time scale aftertn® €xperiments conducted at 280 nm pump/probe center
fast initial rises. It should be noted that Cr(G@) isobaric with wavelengths are also given in Table 3. These latter experiments
Cr,0,, so interferences of transients leading to both of these ylelded. es_sentlally pL_JIse W|dth limited rise times followed by a
ions are possible (vide infra). decay indicated by times T3 in _the table. TheCand Cg*t

To obtain a more detailed view of the dynamics going on in transients decay on the same time scale for both wavelength
the clusters, in what follows some cuts through the hypersurfacesPairs, the G transient decays much faster for pump/probe
shown in Figure 3 will be presented. The experimental transients center wavelengths of 280 nm.
were measured up to a delay time of 130 ps; the step width The signal intensities obtained at the mass peaks of the
chosen during the first 6 ps was 66 fs, and for the remainder of coordinatively unsaturated carbonyl ions,@O),," were quite
the transients it was 1.33 ps. In Figut a transient obtained at  low, so the transients measured did not allow for a detailed
the Cr" ion signal is shown together with fits to a single quantitative analysis. However, the main features could easily
exponential rise (left) and to a triple exponential rise (right) be deduced and the transients are presented in order to provide
and the corresponding residuals. The fits were obtained bya more complete picture of the dynamics going on in the
convoluting the model function (here: single exponential rise [Cr(CO)g, clusters after photoexcitation by the pump pulse.
and triple exponential rise, respectively) with a Gaussian of Additional experiments aimed at quantifying the characteristic
experimental crosscorrelation width. From the figure it can rise and decay times require a considerably better signal-to-
clearly be deduced that a single-exponential rise does not fit noise ratio which can only be obtained by improving the
the experimental transient well. The residuals show systematicexperimental setup. These experiments will be performed in our
deviations from zero and the short time part of the transient laboratory soon. In Figure 7 as an example a transient measured
cannot be represented by the fit at all. The triple exponential at the CsCO" mass peak (pump/probe center wavelengths:
rise shows much better agreement with the experimental 262.5 nm) is shown together with a fit to a single-exponential
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Figure 4. Cr" transient obtained at pump/probe center wavelengths of 262.5 nm together with fits to exponential rise functions after convolution

with a Gaussian of experimental crosscorrelation width. Residuals are shown in the upper frames. The inserts correspond to a shorter time scale up

to 6 ps. Rise times are indicated in the figure. Left: fit to a single-exponential rise (rise time T1). Right: fit to a triple exponential rise @ise time
T1, T2, T3).

rise and a single-exponential decay. The transient exhibits aare formed by simple CO ligand dissociation since in that case
pronounced peak after ca. 250 fs similar to the peaks observedone would expect the maxima to shift to later delay times in
in the transients presented above. Like thg"@ransient a peak  going frommto m — 1 instead of going froomto m+ 1 as

after ca. 20 ps is reached which is followed by a decay on the is clearly observed here. Transients measured at metal carbonyl
picosecond time scale. However, the rise time of 20 ps is ion peaks of higher nuclearity show the same general appearance
different from that observed in the Crtransient. To obtain a  as those presented in Figure 8, they are, however, contaminated
better view at the structure of the LEO)," transients we by more noise, so we decided not to show them here.
removed high-frequency noise by applying a low pass filter to  Figure 9 shows transients obtained at mass peaks of CrO
the transients after Fourier transfom. The window function and CrC for both pump/probe center wavelengths. Rise times
chosen was a Gaussian. The results after back transforming thebtained from fits to a single-exponential rise are indicated in
filtered transients measured at pump/probe center wavelengthghe figure and are all on in the picosecond range. These
of 262.5 nm and those obtained at pump/probe center wave-transients do not show any specific structure on the femtosecond
lengths of 280 nm are shown in Figure 8. Gray bars denote thetime scale. Thus, formation of the corresponding neutral
approximate positions of the maxima. Fits to single exponential products does not appear to be directly coupled to the initial
rises and single exponential decays are also shown for guidingfast reaction. The transients reach asymptotic maxima and must
purposes. Comparison of the maxima in Figure 8 shows an correspond to a neutral reaction product which is at least stable
essentially constant shift of about 4 ps toward longer delay times for the time covered by our experiments (130 ps). The only
for the Cu(CO)y" (m = 0—4) transients in going frorm to m possible source of oxygen and carbon within the homogeneous
+ 1 (262.5 nm). The exact position of the maxima is rather clusters are CO ligands which must be dissociated either in the
difficult to determine since the peaks are quite flat. The neutral or ionic manifold. Peifer and Garvey observed metal
maximum of the G(CO)™ transient is slightly shifted back  oxides in their ns-MPI studies on homogeneous transition metal
toward shorter delay times and those of the(CO) 7" carbonyl clusters only for the tungsten and molybdenum species
transients are again shifted toward longer delay times in going but not for the chromium onés.In Figure 10 corresponding
frommto m+ 1 by about 1 ps. A similar behavior is exhibited transients obtained at the CrOand CeC*™ mass peaks (pump/

by the transients measured at 280 nm; however, the maximaprobe center wavelengths: 262.5 nm) are shown. Both of these
appear much earlier, those of the@O)," (m = 0-3) transients decay on the picosecond time scale after fast initial
transients nearly instantaneously. The shifts of the maxima rise which is in contrast to the transients shown in Figure 9.
indicate that the dynamics detected at the mass positions ofThe CrQ* transient exhibits a (convoluted) rise time of 90 fs
different polynuclear carbonyl ions mainly derive from different (single exponential) and a single-exponential decay time of 36
neutral precursors which result from the intramolecular reactions ps. Due to the pronounced peak after 250 fs, a rise time for the
induced by the pump pulse. It is unlikely that these precursors Cr,C" transient could not be determined, the decay fits well to
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Figure 5. CrCO' transient obtained at pump/probe center wavelengths
of 262.5 nm together with a fit to a triple exponential rise after
convolution with a Gaussian of experimental crosscorrelation width
and corresponding residuals. Rise times (T1, T2, T3) are indicated in
the figure. The insert corresponds to a shorter time scale up to 6 ps.

TABLE 2: Comparison of the Long-Time Rise Times of the
Transients Obtained for Some Mononuclear Chromium
Carbonyl lons at Different Center Wavelengths

262.5 nm 280 nm
fragment rise time T3 (ps) rise time T3 (ps)
Crt 24+ 3 20+1
Cr(COy* 24+ 1 26+ 1
Cr(COy" 50+ 3 43+ 2
Cr(CO)* 19+ 2

a biexponential with characteristic decay times of 5 and 74 ps,
respectively.

At mass 136 amu we may identify two isobaric species,
Cr(CO) and CpO,. Figure 11 shows the transients measured

at the 136 amu mass signals for both center wavelengths. If the

signal at 136 amu was entirely due to Cr(GQ)a transient
exhibiting a monotonic rise on the picosecond time scale would
be expected by comparing it with those obtained from the

J. Phys. Chem. A, Vol. 103, No. 15, 1998685

place at 280 nm, similar to what was observed for £r@¥ide
supra).

4. Discussion

To gain a better understanding of the possible processes going
on in the homogeneous clusters after photoexcitation by the
pump pulse, a short discussion of the relevant energetic data of
the Cr(COy monomer may be in order. In Figure 12 excitation
energies, ionization energies, and bond dissociation energies
(BDE's) obtained from literature data are given. The ionization
energy of Cr(CQOy and its ionic BDE's are taken from ref 42,
the ionization energy of Cr is taken from ref 43. First and second
neutral BDE's of Cr(CQyare taken from ref 44, the third BDE
from ref 45, and the other neutral BDE's are obtained by
dividing the remaining dissociation energy of the process
Cr(CO)— Cr + 6CO by three, similar to an estimate proposed
in ref 46. Solid arrows in the figure denote the photon energies
corresponding to the center wavelength of 262.5 nm. Energy
uncertainties as quoted in the cited references are denoted by
the shaded areas.

As can be seen from the figure, a single pump photon is
sufficient to excite aTyy MLCT staté” of Cr(CO) which is
followed by ultrafast ligand dissociation to form electronically
excited Cr(COJ in the 'E state?®40 Electronically excited
Cr(COy} is proposed to rapidly undergo internal conversion to
the vibrationally hot electronic ground state within less than
100 fs, followed by further dissociation of a CO liga#fd'©
These observations were in line with a sequential decarbonyl-
ation model of Cr(CQ) in the gas phas®. The energetic
position of the Cr(CQ)E state as obtained from condensed
phase experimerft&is also indicated in Figure 12. Two-photon
absorption by the parent Cr(Cg&lgads into the ionic manifold.
Thus, the dynamics we shall discuss below cannot arise from
two-photon absorption by a parent Cr(GQ)nit within the
homogeneous cluster since the pump pulse was not able to
produce any significant ion signal as discussed in section 2. It
must either be induced by a single pump photon leading into
the 1Ty, state of Cr(CQ) or by absorption of an additional
photon from the pump pulse by a photofragment formed within
the pulse width.

Before discussing the dynamical processes which may occur
in the homogeneous clusters after photoexcitation some remarks
on possible neutral reaction products leading to the ions observed
in our experiments (see Figure 1) will be made. Since the species
we observe are novel compounds whose structures are not
known experimentally and have not yet been calculated theoreti-
cally, we have to rely on what is known about stable polynuclear
transition metal carbonyl compounds and relevant surface
chemistry in the literature. As the mass spectra are dominated
by metal cluster ions and coordinatively unsaturated polynuclear
metal carbonyl cluster ions, it can be assumed that formation
of metal-metal bonds appears to be favored in the intracluster
reactions. Bridging CO ligands may assist in further strengthen-

remaining mononuclear chromium carbonyl ions. However, the ing the metatmetal bonds. The bond formation then yields
transient measured at pump/probe center wavelengths of 262.%cess energy which can be disposed of by dissociation of

nm shows a single exponential rise followed by a single
exponential decay which is not the expected behavior. It thus
appears quite likely that an isobaric species;@3t) deriving

additional CO ligands.
The presence of chromium oxide and carbide ions in the mass
spectra points to the existence of asymmetrically bridging CO

from a different neutral reaction product leads to interference |igands where the carbon atom is bound to one chromium atom
with the Cr(CO}* transient. This is confirmed when comparing  and the oxygen atom to a neighboring one. Peifer and Garvey
the corresponding transient measured at pump/probe centediscussedr-bonding (d-7* back-bonding) CO molecules to
wavelengths of 280 nm. This transient exhibits the expected explain the appearance of tungsten oxide and molybdenum oxide
monotonic rise. It may thus be concluded that the reaction ions in their nanosecond-MPI mass speé& They based their
leading to the neutral precursor of the;Os "™ ion does nottake ~ arguments on experiments by Shinn and Madey who observed



2586 J. Phys. Chem. A, Vol. 103, No. 15, 1999 Gutmann et al.

rel. intensity / a.u.
rel. intensity / a.u.

1 1 1 L 1 L L | | L 1 L

| 1 1 i 1 | 1 | 1

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 o] 20 40 60 80 100 120
time / ps time /ps

Figure 6. Comparison of Gy (n = 1—4) transients obtained at pump/probe center wavelengths of 262.5 nm. Left: Transients on a short time
scale up to 6 ps. Right: Transients on a longer time scale up to 130 ps.

TABLE 3: Rise Times and Decay Times (underlined) of the estimate an average BDE of 9000 ctinformation of Cg*

Cry* (n = 0—4) Transients Obtained from Fits (for Details, involves a total of 270,000 cm of energy corresponding to
See Texty more than seven photons at 262.5 nm if starting with the smallest
time constant  time constant  time constant cluster possible, i.e., [Cr(C@l}. As discussed above, Cr(CO)
fragment T1(fs) T2 (ps) T3 (ps) within a neutral cluster absorbs one photon from the pump pulse
Crt 180+ 10 3+0.5 24+3 which means that not more than 3 (in case of absorption of an
gg 1§8i é“ 5+05 gir’i %4 additional pump photon by a primary photofragment which in
Crit 50+ 40 3EL8 principle is possible as most of the transients measured show

a Errors given are uncertainties due to the fits and do not correspond p_ulse -Wldth- I-Imlted rise times: 67) C-O Ilgands_ -WI” be
to the actual time resolution of our experiments. dissociated if intracluster processes leading to additional excess
energy do not occur. If this is assumed then up to 270
two types of CO molgcules adsorbed on a Cr{110] surface. ligands must be lost in the ionic manifold after absorption of
these surface experiments apn—CO species at low coverage the (strong) probe pulse which needs more than six probe

_could be detectec_i Wh!Ch was explained tazbbound with the photons. This number may become slightly smaller due to the
intramolecular axis oriented parallel to the surface. The authors L ) . )
fact that the ionization energies of the cluster species will be

showed that, ~CO is a precursor to CO dissociation on the wer than that of the unclustered photofragments. Unfortu-
surface. From these results it appears reasonable to assume thé& photofrag ’ .
nately, those data are at present unavailable. However, since

the oxidic and carbidic chromium ions observed in our mass . :
spectra derive from a similar neutral precursor which must have we observe a large qumber of rrlletal. carbonyl ions of different
formed after absorption of the pump pulse by the homogeneousdegree of poordmamve saturation inour _pump_/prol_oe mass
[Cr(CO)]n clusters. Further support comes from the literature SPeCtra which are of comparable signal intensity, it seems
on stable polynuclear transition metal carbonyls where the Unlikely that all of these ions arise from (statistical) fragmenta-
existence of asymmetrically bridging CO ligands was sheiw?. tion in the ionic channel. In addition, if that was the case and
An example is the compound #7{-CsHs)Mo(CO)],. The the ions observed derived mainly from dissociation after
bonding mechanism has been explained by charge donation fromabsorption of the probe pulse, most of the transients obtained
a metal d-orbital to the C@+-orbital similar to what has been  at different ionic peak positions should show the same dynamic
proposed for—CO 49 behavior. This is not the case as can be seen from the transients
The appearance of highly unsaturated polynuclear metal shown in section 3 which clearly differ from each other. It
carbonyl ions and metal cluster ions indicates that a considerableappears thus most likely that different reaction products are
amount of energy must be available in the clusters in the ionic formed in the neutral after the pump event which leads to
and/or neutral manifold. Assuming for an order of magnitude additional excess energy available for CO dissociation. From
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. . ! . . x and possible metalmetal bond formation, can be seen from
the literature: Site exchange has been observed, for example,
in [(75-CsHs)Fey(CO).56 High mobility of CO ligands in
polynuclear clusters has also been associated with so-called
fluxional clusters where it has been shown that only ligands
such as CO which are capable of bridging show fluxional
behavior involving rapid exchange of positiotisThe appear-
ance of different isomers at different times will lead to time-
dependent ionization probabilities upon absorption of the time-
delayed probe pulse which will be reflected in the transients
observed. Thus, the different transients of polynuclear species
shown in section 3 may indeed result from this kind of dynamics
(vide infra).

Since the results we present in this contribution are the first
of an intracluster reaction occurring in [Cr(G@})clusters, there
is as yet no additional information on possible reactions
available, neither from experiment nor from theory. At present,
backed by surface experiments and polynuclear cluster chemistry
from the literature cited above, we can thus only speculate on
the intracluster chemistry going on in our van der Waals clusters.
If the primary reaction after absorption of the pump pulse is
essentially unaffected by the cluster environment (for CrgcO)
(CH3OH) this is most likely the cas#)the photodissociation
product Cr(COy which is formed within the pump pulse width

rel. intensity / a.u.
e . .

T1=20 ps could readily react with a neighboring Cr(G@)olecule to form
T2=33 ps : . solvated C#CO), an 18-electron systePi. This kind of
bimolecular reaction has also been proposed to take place in
0 20 20 80 80 100 120 the gas phas¥:8 It is interesting to note that the highest
time / ps coordinated binuclear chromium carbonyl ion we can clearly

Figure 7. Cr,CO" transient obtained at pump/probe center wavelengths identify in our mass spectrum is £€O);;™. This kind of
of 262.5 nm together with a fit to a single-exponential rise and single- reaction may be the initial process responsible for the intra-
exponential decay and corresponding residuals. Rise (T1) and decay gter chemistry observed. However, as the transients obtained
(T2) times are indicated in the figure. The insert corresponds toashorterfrom metal clusters (see Fi 6) of hiah learity i
time scale up to 6 ps. _ gure 6) of higher nuclearity rise on
a femtosecond time scale, formation of the whole metal
the dominance of the metal cluster ions in the mass Spectra’framework must occur extremely fast. The figure also indicates
metalmetal bond formation to form a metal framework at that clusters of higher nuclearity are less stable than those of
which CO molecules are adsorbed seems to be an importandOWer nuclearity. This can be seen from the asymptotic value
process in this respect. Formation of a metal framework will Of the transients after 130 ps and from the second rise time of
lead to some energy release (the-Cr binding energy in the ~ the Cb" transient as compared to the very fast rising £r
Cr, dimer amounts to 1240& 500 cnt! (Dg))5® possibly ones. Thl_s can be explained by the ad_dltlonal excess energy
leading to CO dissociation and evaporation of van der Waals avallat_)le in the neutral precursors 01_‘ higher nuclearlt_y since
bound Cr(COy units. The nearly instantaneous rise observed formation of the metal framework will undoubtedly yield a
in most of the transients measured in our experiments implies considerable amount of energy becoming available for dissocia-
an ultrafast bond forming mechanism which is only possible if tion. In addition, the bound ion states of the polynuclear
the carbony! cluster units are arranged such that they are closé®0mpounds will decrease in energy with increasing nuclearity
in proximity to the metatmetal bonding distance. This ultrafast Which means that upon probe ionization more excess energy is
bond formation can then be considered as the reverse of ultrafasvailable for dissociation of the cluster.
metal-metal bond fission observed by Zewail and co-workers ~ Figure 8 shows that the picosecond dynamics of the corre-
in Mny(CO)0.12 Formation of metatmetal multiple bonds is ~ sponding neutral polynuclear carbonyls cannot be explained by
also well-known in polynuclear cluster compourtd&urther- simple consecutive CO ligand dissociation. If this was the case,
more, formation of bridging ligands from the terminally bound it would be expected that transients corresponding to higher
CO molecules in the octahedral complexes Cr(C€n also coordinated species show maxima at earlier times than those
lead to additional excess energy as they may be bound morecorresponding to coordinatively more unsaturated species. This
strongly than terminal ligands. In surface chemistry it is known is clearly not the case when inspecting the transients shown for
that CO adsorbates are able to occupy edge bridging or faceboth center wavelengths. In addition we observe the surprising
bridging sites on metal surfaces in addition to on top posit#®ns. fact that the dynamics measured at 280 nm center wavelengths
Thus, isomerization processes may be involved in the reactionappears to occur faster than at 262.5 nm center wavelengths.
dynamics. Evidence for bridging ligands is provided by ap- This is again unexpected for a simple-€2O bond fission
pearance of oxidic and carbidic chromium species in our masswhich should occur faster with increasing available energy. A
spectra (vide supra). This kind of site exchange isomerization possible explanation for the latter behavior may be that an
dynamics will involve a high degree of mobility of the CO endothermic reaction occurs at 262.5 nm which due to the
ligands within the polynuclear clusters. That this assumption is necessary activation energy is not possible at 280 nm. Such a
not unreasonable, especially when considering the availability reaction could be formation of the neutral precursors of the
of a considerable amount of excess energy after the pump evenCrO,", Cr,C" (and CpO,") ions observed in our mass spectra
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Figure 8. Cr(CO)," (m = 0—7) transients obtained at pump/probe center wavelengths of 262.5 nm (left) and 280 nm (right). Gray bars denote
approximate peak positions on the picosecond time scale.

upon 262.5 nm probe ionization. These ions were not ob- early times which points to the fact that they are not directly
served at 280 nm. As the transients measured at these massonnected to the initial ligand dissociation event. It may thus
peaks (Figure 10) show a femtosecond rise and a picoseconde possible that these products are formed after movement of a
decay, the reactions leading to the corresponding neutral specie€O ligand to az-bridging site. It should be noted that molecular
is over when the picosecond dynamics leading to the shifted rearrangement to form bridged CO ligands can be very fast,
maxima shown in Figure 8 sets in. The transients exhibit a peakindeed, as has been observed in the work of Zewail and co-
at early times similar to all other transients showing fast workers!? These authors found that when photolyzing GO},
femtosecond rises. As similar peaks have been attributed to thewith femtosecond laser pulses the nascent({@@) photo-
initial photodissociation process leading to hot ground-state fragment bridges within 160 fs.
Cr(CO),%84041 we may conclude that the neutral reaction At present we have no explanation for the observation that
products whose transients show such a peak are connected tthe maxima of the G(CO)™ transients shift to earlier times
these fast photodissociation products, i.e., they are formed in awith respect to those of the §€EO),+ transients. It may be
more or less impulsive way. that those ions arise due to fragmentation from higher neutral
The scenario just described does, however, not explain why cluster species which differ from those corresponding to
the less coordinated species show earlier maxima on theCry(CO)," (m < 4).
picosecond time scale than higher coordinated ones and why The rise times of the mononuclear Cr(GO)(m = 0-3)
the maximum of the G(CO)* transient shifts back to earlier  transients given in Table 2 derive from different sources. Part
times. An explanation for this behavior may be formation of of the rise on the femtosecond time scale may be due to the
bridged ligands by terminally bound ligands moving to different decarbonylation dynamics of the monomeric Cr(g@3 dis-
coordination sites. Available energy must be used to break thecussed in refs 38 and 40. However, since thg"Gransients
terminal Cr—CO bond and deliver kinetic energy for mobility  (see Figure 6) with higher already decay on the femtosecond
which may readily lead to ligand dissociation. If this happens, time scale, their neutral precursors also contribute. The rise of
at early times upon probe ionization less coordinated ionic the mononuclear Cr(C@J (m = 0-3) transients on the
fragments will be observed. At later times formation of the new picosecond time scale may then derive from evaporation of
bonds occurs. The mobility of ligands can be connected to the Cr(CO) clusters of solvated mononuclear photofragments
fluxionality of polynuclear clusters containing CO ligarfds.  similar to what has been observed for the Cr(g&@H3zOH)x
Additional evidence is provided by formation of neutral heteroclusters in ref41. However, additional contributions from
precursors leading to CrOand CrC ions upon probe ioniza-  the picosecond decay of the neutral photoproducts corresponding
tion. The transients corresponding to these mass peaks (Figurdo the Ck"™ and the C{CO)," ions will be present. It is
9) at both center wavelengths exhibit a rise on the picosecondinteresting to note that the rise times T3 of the Cr(@Qh =
time scale. These transients do not show a transient peak aD—3) transients do not differ much when comparing for both



Transition Metal Carbonyls J. Phys. Chem. A, Vol. 103, No. 15, 1992689

T T T T T T T T T T T T T T
262.5 nm . v, 280 nm
cro*t ., L crot

rel. intensity / a.u.
rel. intensity / a.u.

T1=8.4 ps ’ T1=21ps
’
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time / ps time/ps
T T ¥ T T T T i) T T T T T T
262.5 nm 280 nm
crct ' crct

rel. intensity / a.u.
rel. intensity / a.u.

: T1=21.5ps T1=25 ps

il 1 L L L 1 i ) L i L ! 1 |

0 20 40 80 80 100 120 0 20 40 60 80 100 120
time / ps time / ps

Figure 9. CrO" and CrC transients obtained at pump/probe center wavelengths of 262.5 nm (left) and 280 nm (right) together with fits to a
single-exponential rise. Rise times (T1) extracted from the fits are indicated.

center wavelengths. This is totally different from our observa- nanosecond-MPI mass spectrum of [Cr(GJ@)Cr* is the only
tions for the Cr(COy(CH3OH), heteroclusters where the observable ion. However, it is still puzzling that in the
picosecond rise times had been attributed to solvent evaporationnanosecond-MPI mass spectra of other homogeneous group VIb
The corresponding rise times at 280 nm were about 98 ps clusters ([Mo(CQg],, [W(CO)s]n) metal oxide ions indicative
and at 262.5 nm they were between 33 ps and 5% fsis of bimolecular intracluster reactions have been obsefédt
may again be a hint toward a higher amount of excess energyappears that [Cr(C@]), plays a special role among the group
being available for evaporation of Cr(COWnits from the VIb clusters. Further femtosecond experiments on the intra-
clusters after bond formation, here. cluster dynamics of [Mo(CQ), and [W(CO}], are planned in

It is still surprising that in the nanosecond-MPI mass spectra our laboratory in order to answer that question.
of [Cr(CO)]n no ions indicative of cluster formation could be
found?” Since several species which give rise to the ions
observed in the mass spectra obtained in this work live for at  In this contribution we presented our first results on ultrafast
least 130 ps, it seems unlikely that short lifetimes are sufficient intracluster bimolecular chemistry occurring in homogeneous
to explain their absence from the nanosecond-MPI mass spectratransition metal carbony! clusters. With femtosecond pulses we
However, since all photoproducts observed in this work are obtained a number of novel polynuclear reaction products which
formed on the femtosecond and picosecond time scale, it is quiteupon probe pulse ionization manifest themselves as metal cluster
likely that they readily absorb further photons from an exciting ions Cg*, coordinatively unsaturated polynuclear metal ions
nanosecond-laser pulse which leads to further fragmentationCr,(CO),", and metal oxides and carbides. These compounds
until only the bare chromium atom remains. Thus, in the may serve as model systems for polynuclear coordinatively

5. Conclusions



2590 J. Phys. Chem. A, Vol. 103, No. 15, 1999 Gutmann et al.

T T T T T T T T T

+
Cr02+ Cr(CO) 3 . T1=42ps
T2 =30 ps

T1=90 fs
T2=36 ps

rel. intensity / a.u.

rel. intensity / a.u.

! Il 1

1 1 Il

I
0 20 40 60 80 100 120

time / ps
Figure 10. CrO," and CkC" transients obtained at pump/probe center o 20 20 &0 m o0 120
wavelengths of 262.5 nm. Fits to a single-exponential rise (rise time time / ps
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with a Gaussian of experimental crosscorrelation width (Cy@nd Figure 11. Transients obtained at mass 136 amu with pump/probe

to a biexponential decay (€2") starting at the maximum (decay times ~ Center wavelengths of 262.5 nm and 280 nm. Fits to a single-exponential

T1, T2) are shown. Inserts correspond to a shorter time scale up to 6'1S€ and a single-exponential decay (262.5 nm; rise time T1, decay
ps. time T2) and to a single-exponential rise (280 nm; rise time T) are

shown.

unsaturated transition metal catalysts and surfaces containingdinatively unsaturated polynuclear transition metal carbonyls
adsorbed CO molecules. In contrast to our femtosecond experi-and their isomers in order to test our ideas on ultrafast site
ments, nanosecond-MPI studies on [Cr(gl@lusters exclu- exchange.
sively yielded CrF ions. The fact that we observe chromium Surprisingly it was found that most transients measured at
oxides and carbides in the mass spectra could be explained bylower photon energy (pump/probe center wavelengths: 280 nm)
formation of ar-bound asymmetrically bridging CO molecule, exhibited faster dynamics than those measured at higher photon
a species which has also been observed on Cr[110] surfacesenergy (pump/probe center wavelengths: 262.5 nm) even though
and in inorganic polynuclear transition metal cluster compounds. the excited electronic state was still the salfig, state. These

By following the dynamics of various reaction products on findings could be explained by the fact that at higher photon
the femtosecond and picosecond time scale, we obtained hintsenergy additional reaction products could be observed which
toward possible reaction paths. Pulse-width limited formation upon probe ionization showed up as different oxides and
of several polynuclear species led us to propose metalal carbides, e.g., CrQ, Cr,C". These additional products are
bond formation as a major driving force taking place im- formed within our experimental pulse width which means that
mediately after CO dissociation from a van der Waals-bound less energy is left for other competing reactions as compared
Cr(CO) unit. Bond formation provides additional excess energy to the reactions at lower excitation energy where this channel
which can be disposed of by CO ligand loss and Cr@CO) of reaction is closed.
evaporation. On the picosecond time scale shifted maxima of Additional experiments are planned to be performed in our
the transients measured at the coordinatively unsaturated polylaboratory very soon to elucidate the rich and fascinating
nuclear chromium carbonyl masses were observed. We couldintracluster chemistry of transition metal compounds in more
interpret these shifts in terms of isomerization processes suchdetail. Especially, experiments similar to those presented here
as site exchange of terminally bound CO ligands to form on [Mo(CO)], and [W(CO}], are necessary to explain why
bridging species. The fact that the Cr@nd CrC transients [Cr(CO)], does not show any evidence for intracluster reaction
exhibit similar picosecond rise times could be explained by products on the ns time scale whereas the molybdenum and
movement of a CO ligand to @-bound asymmetric bridging  tungsten species do. Experiments employing much shorter pulse
site. This kind of site exchange could be connected to the so-widths than the ones presently available to us will be important
called fluxional clusters known from the literature. It would be to elucidate the mechanism of the extremely fast product
highly desirable to calculate possible structures of these coor-formation observed in detail. In addition, carefully varying the
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Figure 12. Energetics of Cr(CQ)dissociation in the neutral and ionic
manifold as obtained from literature data (see text for details). Solid
arrows indicate photon energies corresponding to 262.5 nm.

expansion conditions of the molecular beam in a reproducible
manner may help to clarify the dependence of the time scales

of the dynamics involved on cluster size. Finally, two-color
experiments with various pump and probe wavelengths will

provide more information on the fragmentation pathways in both
the neutral and ionic manifold and tell us more about energy-
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