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Abstract 

We report femtochemical studies of the organometallic dimetal decacarbonyl. By the use of mass spectrometry, we obtain 
the temporal dynamics in the channels for metal-metal and metal-ligand bond cleavage. The time scale observed for 
cleavage and for structural bridging indicates the nature of the repulsion along the two reaction coordinates and the interplay 
between the bond order and the femtosecond dynamics. 

I. Introduction 

Organometallic compounds have unique functions 
and properties which are totally determined by the 
dynamics of metal-metal (M-M) and metal-ligand 
(M-L)  bonding [1,2]. The time scales for such cleav- 
age determine the product yield and the selectivity in 
the product channel. It also establishes the nature of 
the reactive surface: ground-state versus excited-state 
chemistry. 

One class of reactions which has been the subject 
of detailed spectroscopic, mechanistic, and theoreti- 
cal studies is the carbonyl containing metal-metal 
compounds (for recent reviews, see Refs. [3,4]). For 
these compounds it is known that both the M-M and 
M-CO bonds can be broken upon UV excitation. 
There have been numerous studies aimed at under- 
standing the dissociation mechanism of these metal 
complexes in solutions as well as in the gas phase. 

1 Contribution No. 9032. 

The energetics, spectroscopy, and photochemistry of 
these metal complexes have also been extensively 
studied. 

For dimetal and related complexes, several as- 
pects of the dissociation mechanism have been ad- 
dressed, starting with the assignment of the optical 
transitions [5]. The primary photodissociation chan- 
nels [6-11] and their time scales for dissociation 
[8,12-16] have been examined. The bond energies 
and internal energy distributions of photoproducts 
[8,17-19], molecular rearrangement and bridging 
[20-22], and solvent complexation and vibrational 
relaxation in solutions [13-15,23] have also been 
studied by many groups. 

On the theoretical side, there has been significant 
progress in understanding the electronic structure of 
these and related systems [24,25]. The molecular 
electronic structure [26] and correlation diagrams 
[27] of the reactive channels have been described. 
Molecular dynamics studies by the Manz group 
[28,29] on related systems have determined the ele- 
mentary time scale for metal-ligand bond breakage 
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and exploited these femtosecond (fs) time scales to 
control the outcome of reactions. 

In this Letter, we report the first studies of the fs 
dynamics of isolated Mn2(CO)10 in a molecular 
beam. The goal is to directly obtain the cleavage 
time for the M - M  and M-CO bonds and to examine 
the mechanism in relation to bonding characteristics. 
Since these studies are carried out in a molecular 
beam, complications from solvent caging of ligands 
and possible cooling by vibrational relaxation can be 
eliminated. Hence, direct comparison with theory 
could be made. To date most measurements (see 
below) have provided an upper limit of a few pi- 
coseconds. However, it is important to resolve the 
elementary motion in order to compare the dynamics 
in the two channels and to establish whether the 
dissociation takes place on the excited surface, or on 
the ground state reached by intramolecular vibra- 
tional-energy redistribution (IVR). 

In the gas phase, the time scale of dissociation in 
these and related systems were obtained, as an upper 
limit, using two different approaches: Measurement 
of the anisotropy parameter (/3) and the fluence 
dependence of ionization yield. Bersohn's group [8] 
reported the first collision-free gas-phase photodisso- 
ciation study for Mn2(CO)10 and Re2(CO)lo. From 
measurement of /3--- 1.9 (for Mn2(CO)10) they de- 
duced an upper limit of 2-3  ps for the lifetime (from 
calculation of the rotational period). In this same 
study, they showed that M-M fragmentation is the 
primary channel• In a subsequent study, Vaida's 
group [10] showed that both the M-M and M-CO 
fragmentation channels are active. Grant's group [12] 
used the fluence dependence of ionization versus 
fragmentation in supersonic jets and again deduced 
an upper limit for the dissociation time (--- 1 ps) in 
the case for Fe(CO) 5. 

Nelson's group studied the M-CO bond cleavage 
in M(CO)6, where M = Cr, Mo, and W [14], in 
solution using fs laser pulses, and reported a dissoci- 
ation time of less than = 500 fs. From their experi- 
ments, also in solution, Harris' group obtained an 
upper limit of the dissociation time (actually referred 
to as predissociation) of 2-3  ps or less [13]. In a 
later study the results for the photolysis of Mn2(CO)10 
were interpreted in terms of ultrafast geminate re- 
combination which occurs on a = 350 fs time scale, 
predominantly by a single collision with the sur- 

rounding solvent cage [16]. This analysis of the 
results in solution suggests a shorter time scale for 
the primary dissociation channel. Recently, the group 
of Ruhman observed coherent photodissociation, us- 
ing fs pulses, and provided a simplified molecular 
orbital scheme for the decarbonylation [15]. 

The absorption spectrum of Mn2(CO)10 in cyclo- 
hexane is very broad and does not give dynamical 
information. The spectrum shows that the maximum 
extinction coefficient is at = 345 nm and that the 
transition can be assigned as o - ~  cr * promotion 
along the Mn-Mn bond, Fig. 1 [5,13]. The cr --* cr* 
transition removes the bonding character of the Mn-  
Mn bond and leads to the dissociation into two 
• Mn(CO) 5 products. According to a state-correlation 
diagram, two • Mn(CO) 5 product states correlate with 
the lower-lying triplet, excited state, which could be 
directly accessed either by the optical excitation or 
through intersystem crossing from the excited singlet 
state [3,27]. The other absorption transitions, peaking 
near = 260 and -~ 300 nm, have been assigned to 
metal-to-ligand charge transfer (MLCT) transitions, 
which correspond to dTr ~ "rr*(CO) and cr 
"rr *(CO) transitions, respectively [5]. These transi- 
tions tend to weaken the metal-ligand bond and 
could lead to Mn-CO bond breakage. However, the 
mechanism describing the dynamics of elementary 
bond dissociation could not be resolved from the 
spectra. 

In this work, we examine the elementary dissocia- 
tion dynamics of Mn2(CO)10 and provide a direct 
measurement of the M-M and M-CO bond cleav- 
age, free of the solvent• From these results we 
describe the mechanism for the reaction in the two 
channels. The products of Mn2(CO)10 in the molecu- 
lar beam were detected by time-of-flight (TOF) mass 
spectrometry with fs time resolution. Two primary 
channels were distinguished by detecting Mn + from 
• Mn(CO) 5 and Mn~- from Mn2(CO) 9 (Fig. 1). On 
the fs time scale, the primary steps could be isolated, 
as ionization is observed before fragmentation. The 
time scale for the cleavage provides a dynamical 
picture which is correlated with the nature of the 
M-M and M-CO bond potentials. We also relate the 
observed long-time behavior of the Mn~- transient to 
the molecular rearrangement of the Mn2(CO) 9 prod- 
uct to form a 'bridged' complex, a process studied in 
low-temperature matrices [21,22], and on the basis of 
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solution-phase studies thought to occur within a pi- 
cosecond [15]. 

2. Experimental 
The system for the generation of the fs laser 

pulses has been described in detail elsewhere [30]. 
Briefly, the 514.5 nm output of an Ar + laser (Coher- 
ent, 2.8-3.0 W) pumped a colliding-pulse mode- 
locked (CPM) ring dye laser to generate ultrafast 
laser pulses at /~max = 620 nm with an 83 MHz 
repetition rate. The pulses from the CPM laser were 
amplified by a four-stage pulsed dye amplifier (PDA) 
pumped by a Nd:YAG laser (Spectra Physics DCR3) 
with a 20 Hz repetition rate. The amplified pulses 
were recompressed by prism pairs and split into two 
pulses for use as clocking pump and probe. The laser 
pulse for the pump was focused into a KD * P crystal 
(0.5 mm thick, type I) to generate the frequency-dou- 
bled output with a peak at 310 nm. The 620 nm 
probe was delayed with respect to the pump by a 
retro-reflector on a computer-controlled actuator. The 
pulse length of the final output of the laser system 
was = 85 fs (fwhm) measured by autocorrelation. 
The spectral width was measured to be = 7 nm for 
620 nm. The laser pulses were recombined collinearly 
by a dichroic mirror and focused into the molecular 
beam chamber. 

The molecular beam chamber had a two-stage 
pumping system divided by the .= 2 mm diameter 
skimmer, Fig. 2. The sample, Mn2(CO)10 (98% as- 
say, Strem Chemicals), was heated to 45-50°C and 
seeded in He carrier gas with a typical backing 
pressure of .= 20 psi. The background pressure in 
the ionization TOF chamber was maintained at = 3 
>( 10 -6 Torr when the nozzle (0.3 mm diameter) 

was open. The nozzle temperature was set at = 5°C 
higher than the sample holder to prevent condensa- 
tion inside the nozzle. Diethylaniline (DEA) was 
purchased from Aldrich (98% assay) and used with- 
out further purification. 

The products following excitation of Mn2(CO)10 
were ionized by the probe fs laser pulse. The ions 
formed were repelled, accelerated, and allowed to 
drift through the field-free region before being de- 
tected by micro-channel-plates (MCP). The TOF 
mass spectrum was taken using a transient digitizer 
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Fig. 1. (a) Molecular structures and bond cleavage in the two 
channels leading to Mn2(CO) 9 and .Mn(CO) 5. (b) Energetics of 
the scheme for probing the fragmentation dynamics in the two 
channels along the metal-metal (Mn-Mn) and the metal-ligand 
(Mn-CO) bond. The absorption spectrum shown here is taken in 
solution [13] and bond energies are from solution phase studies 
[13,18,19]. 

(LeCroy 8818A). The fs transient for a specific mass 
was obtained using a boxcar integrator (SR250) and 
monitoring the selected ion signal as a function of 
the delay time between the pump and probe laser 
pulses. Each data point was averaged for 3 laser 
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Fig. 2. The experimental setup, showing the generation of femtosecond laser pulses. The probe pulse (A 2) is delayed with respect to the 
pump pulse (A l) by a computer-controlled actuator. The two pulses were made to travel collinearly and focused onto the molecular beam. 
Ions are detected in the time-of-flight mass spectrometer. 

shots, and the transients were accumulated for over 
100-300 scans to achieve a signal-to-noise ratio of  
at least 10-20.  

3. Results and discussion 

The TOF mass spectrum of Mn2(CO)10 taken 
with fs pulses at 310 nm is shown in Fig. 3. Two 
main peaks, Mn + and Mn~-, were observed, which 
are consistent with the mass spectra reported earlier 
[10,31]. Other  species such as Mn2(CO)+0, 

Mn (55) 

Mn 2 (110) 

Mn(CO)s (195) 

- II c ._~ 
Parent 1390) 

_o 

0 1 2 3 4 5 6 7 8 9 10 

TOF (us) 

Fig. 3. The time-of-flight (TOF) mass spectrum of Mn2(CO)lo 
taken with femtosecond laser pulses at 310 nm. 

• Mn(CO)~-, and Mn2(CO) ~- could also be observed, 
but with weaker intensities• The distribution of ion 
fragmentation is known to depend on the wavelength 
and the intensity of laser pulses [31,32]. 

A pump and probe intensity-dependence study 
was performed on the Mn + signal. A log- log  plot of  
the Mn + signal versus the laser intensity gave a 
number close to unity for the pump laser and signifi- 
cantly larger than unity for the probe laser. This 
indicates that excitation by the pump laser is pre- 
dominantly a one-photon absorption process, while 
ionization by the probe laser requires a multiphoton 
process, consistent with the scheme in Fig. 1. The 
multiphoton excitation by the probe laser involves 
dissociation and ionization, and the evaporation of 
all CO ligands in the process of  probing is due to 
both processes [31,32], depending on the time scale 
and the fluence. 

Transients for Mn2(CO)~-o, Mn~-, Mn + are shown 
with the fits in Fig. 4. Here, the pump and probe 
laser intensities were so weak that there was no ion 
signal due to either pump or probe laser alone• The 
Mn + and Mn~ transients were taken at the pump 
intensity where the Mn ÷ signal is linear with the 
pump laser intensity. For the Mn2(CO)~0 transient, 
since the signal was so weak, the pump intensity was 
increased from that used for Mn ÷ and Mn~-. The 
pump laser was polarized parallel to the TOF detec- 
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Fig. 4. Femtosecond transients of Mn2(CO)~- o, Mn~, and Mn +, 
and for calibration DEA +. The fits are shown as solid lines. The 
solid vertical line indicates time-zero at which there is no delay 
between the pump and probe pulses. The Mn~- transient was fit 
with a decay time of 160 fs to the asymptote. 

tion axis, and the probe laser polarization was at 
54.7 ° to that of the pump. This is not necessarily the 
magic angle [33]. If this was close to the magic 
angle, this setup gives transients which are not af- 
fected by the rotational motion of the fragment for 
which the recoil vector was initially aligned by the 
pump laser polarization [34]. 

The transient for DEA + in the molecular beam 
was taken with the exact same conditions and dis- 
played in Fig. 4. Time-zero is defined as the middle 
of the rise of the DEA ÷ transient• As expected, this 
corresponds to the peak of the Mn2(CO); 0 transient• 
The transients for Mn(CO)~ and Mn2(CO) ~- were 
also recorded, and these are very similar to the 
Mn2(CO); 0 transient, indicating their origin from the 
parent• 

The Mn~- transient shows an apparent peak shift 
of = 100 fs, while the Mn ÷ transient shows a shift 
to a plateau of -~ 150 fs. More quantitative fits 
indicate that the initial rise in both Mn ÷ and Mn~- 
transients is similar to the calibration transient of 
DEA ÷. The Mn ÷ transient shows the initial rise to 
the plateau and the signal remains constant for more 
than -- 100 ps. Meanwhile, the Mn~- transient dis- 

plays the initial rise to the peak and a decay ( =  160 
fs) to an asymptotic level where it then remains 
constant for more than = 100 ps. 

The polarization anisotropy as a function of the 
delay time, r(t), was also measured for both Mn ÷ 
and Mn~- transients. The r(0) was nearly = 0.4 for 
both ions, consistent with the initial transition in- 
volved being parallel to the molecular axis [34]. The 
r(t)  shows an exponential fit with a characteristic 
time of = 700 fs for the Mn + transient and = 100 
fs for the Mn~- transient. This large difference in the 
r(t)  for the two transients provides information about 
rotations in fragmentation as well as about changes 
in the transition moment due to rearrangement of the 
molecular structure, as discussed below• 

3.1• Femtosecond mass spectrometry of the two 
channels 

The transients obtained by mass detection of ions 
reflect the dynamics of the parent Mn2(CO)10 or the 
nascent .Mn(CO) 5 and Mn2(CO) 9 products. Frag- 
mentation in the ion channel does not influence such 
measurements since fs resolution enables one to 
observe ionization prior to fragmentation [30]. The 
Mn2(CO)~- 0 transient in Fig. 4 indicates an ultrashort 
lifetime of the excited parent molecule, which decays 
completely in less than = 85 fs, our fs pulse width• 
The Mn ÷ and Mn~ transients do not show this fs 
decay component, and hence represent the dynamics 
of the nascent products, • Mn(CO) 5 and Mn2(CO) 9. 

The Mn~- transient arises from Mn2(CO) 9 and not 
from the .Mn(CO) 5 product; note that from the 
energetics in Fig. 1, the available energy is sufficient 
to decarbonylate one CO and at most two. The peak 
of the Mn~- transient is shifted by = 100 fs from the 
time-zero (Fig. 4), while the Mn ÷ transient does not 
have any corresponding peak, indicating that it repre- 
sents the dynamics of the other nascent product, 
• Mn(CO) s. This is consistent with the fragmentation 
and ionization pathways• First, neutral Mn 2 species, 
even if fragmented by the probe (or in free flight) to 
give an Mn ÷ species, will display the same fs tran- 
sient, whether detecting Mn ÷ or Mn~. This is not 
the case in our experiment, indicating that the Mn ÷ 
and Mn~- signals are from two different neutral 
channels. Second, a secondary pathway for an Mn 
species is in principle possible from a Mn 2 neutral 
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species. For example, the nascent vibrationally hot 
Mn2(CO) 9 may dissociate into -Mn(CO) 5 and 
• Mn(CO)4, and these species could be ionized to 
give the Mn ÷ signal. However, the dissociation of 
vibrationally hot product requires IVR on the ps time 
scale. Therefore, the transients presented here reflect 
the dynamics of the neutral two channels (Fig. 1). 
This is consistent with previous photofragment spec- 
troscopic studies [8,10]• 

The preference of Mn~- over Mn ÷ in probing the 
Mn2(CO) 9 product can be understood on the basis of 
the strengthening of the M-M bond upon CO elimi- 
nation. The strength of the M-M bond increases 
with CO elimination, thus reducing the M-M bond 
cleavage during probing. This also accounts for the 
formation of the bridged complex in the Mn2(CO) 9 
product. The Mn-Mn bond distance in Mn2(CO)10 
is relatively long ( =  3.0 .~) [26], and there is no 
evidence of bridging in Mn2(CO)10. There is, how- 
ever, some experimental evidence for the formation 
of the bridged Mn2(CO) 9 product upon UV excita- 
tion [21,22]. 

Finally, it should be emphasized that the absorp- 
tion maximum found in solutions is at = 500 nm for 
Mn2(CO) 9 and = 800 nm for .Mn(CO) 5 [9], and 
accordingly the probe wavelength used here (620 
nm) is between absorption maxima of the two frag- 
ments. If the probe wavelength is chosen in favor of 
one of these two absorptions, then the Mn+/Mn~ - 
transients would also reflect such changes in the 
dynamics. 

3.2. Metal-metal bond cleavage 

The 0" ~ 0" * transition of the Mn-Mn bond re- 
duces the bond order to zero and therefore leads to 
the repulsive dissociation of Mn2(CO)lo along this 
bond. But the electronic states of Mn2(CO)10 are 
complex, and the upper electronic states involved in 
the optical excitation and dissociation are not yet 
totally certain [3,4]• According to a simple state-cor- 
relation diagram, the optically allowed singlet 
1(0"0., ) state does not correlate to the ground state of 
two .Mn(CO) 5 products. The lower-lying triplet 
3(0.0" , )  state to which an optical transition is spin- 
forbidden, in a zeroth-order approximation, could 
make such a correlation [3,27]• Therefore, dissocia- 
tion along the M-M bond occurs on the 3(0"0" , )  

state accessed either through the intersystem crossing 
(ISC) from the optically prepared 1(0-0-, ) state or by 
the direct excitation due to strong spin-orbit cou- 
pling• 

The time shift observed for the Mn ÷ signal is 
measured to be = 40 fs halfway up on the rise (Fig. 
4). This observation of a fs shift excludes the possi- 
bility that the cleavage is due to predissociation. It 
also excludes ground-state dissociation since the time 
is too short for internal conversion and IVR to be 
effective• Because of its impulsive nature, we con- 
clude that the mechanism of the cleavage must in- 
volve a dissociative, repulsive potential-energy sur- 
face, accessed directly (i.e. 30.0-,) or reached by 
very large non-adiabatic ISC (10"0. */30"0"*)• It is 
interesting to note that, in the first quantum simula- 
tion [28], Manz and co-workers have shown that 
direct dissociation of HCo(CO) 4 to H and Co(CO) 4 
takes 20 fs while the indirect ISC takes 50 fs. 

For fragmentation on the repulsive surface, the 
shift represents the time for the two fragments to 
move beyond their force field of interaction. In 
analogy with direct dissociation reactions [35], we 
can deduce the nature of the repulsive potential and 
its interaction length from knowledge of the bond 
energy, the available energy and the reduced mass. 
The Mn-Mn bond energy in the gas phase is still not 
certain, and different values ranging from 22 to 42 
kcal/mol have been reported [17]. Assuming a value 
of D(Mn-Mn) -~ 36 kcal/mol [18], which has been 
determined in solution, the available energy is then 

56 kcal/mol at the pump wavelength of = 310 
nm. If all the available energy is transformed to 
kinetic motion of the fragments, the upper limit for 
the recoil velocity is = 0.022 A/fs .  Accordingly, 
for = 40 fs of delay time, the separation between 
centers of masses of the two • Mn(CO) 5 fragments 
must be = 0.9 ,~ from the equilibrium distance. 

For a one-dimensional repulsive potential, V(R) 
= E e x p [ - ( R -  Ro)/L], for two fragments at sepa- 
ration (R), the length parameter (L) can be deter- 
mined from a simple relationship relating the time 
shift to the recoil velocity and total energy [30]. For 

o 

the Mn-Mn cleavage we obtained L = 0.2 A, indi- 
cating a very steep potential for repulsion in the 0" * 
charge density. From experiments carried out in the 
gas phase and in solution [3,8], the • Mn(CO) 5 prod- 
uct has actually been found to be vibrationally hot, 
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indicating that L could be even less than 0.2 A. 
Furthermore, the reaction coordinate for the M n - M n  
bond cleavage cannot be simply described as the 
elongation of the distance between two ' f rozen '  frag- 
ments. It should include other vibrational motions 
(e.g. those involving CO ligands) as the ultrafast 
repulsion between the metal atoms changes with 
time. A more accurate determination of the M n - M n  
bond energy along with the information about the 
time delay and internal energy distributions at differ- 
ent energies would be very helpful for a complete 
picture of the molecular dynamics. Theoretical stud- 
ies now should be of  interest. 

3.3. Metal-ligand bond cleavage 

As mentioned above, the transient for Mn~- prob- 
ing can be simulated with a smaller time shift of 

20 fs and a decay of = 160 fs. This fs and very 
short delay observed for the Mn 2 species again 
excludes a predissociative or ground-state reaction 
mechanism. If the dynamics of this metal-l igand 
cleavage involves an initial bound cr(r * transition, 
then a non-adiabatic but strong crossing to a M n - C O  
repulsive state must be involved. Waldman et al. [15] 
suggested that following the excitation of the 
molecule to the (crtr * ) state a non-adiabatic coupling 
to other electronic states will lead to cleavage of  the 
M n - C O  bond. The direct transition to the 7r * (CO) 
orbital can also lead to rupture of the M n - C O  bond 
[13]. Actually, as shown in Fig. 1, at the pump 
wavelength of 310 nm, the transitions to both tr * 
and "rr * (CO) are optically accessible. The fs appear- 
ance of  the Mn~- signal supports the mechanism that 
the M n - C O  bond cleavage effectively occurs on a 
repulsive, dissociative potential energy surface along 
the M n - C O  reaction coordinate, Fig. 5. It is interest- 
ing to note that this type of decarbonylation has been 
studied theoretically by Manz and co-workers for 
e.g. in HzFe(CO) 4 and found to occur in = 100 fs 
[29]. 

The M n - C O  cleavage is faster than M n - M n  
cleavage and this is consistent with the kinematics. 
For the same amount of  available energy, the recoil 
velocity for the M n - C O  bond dissociation is ex- 
pected to be about 2 times higher than that for the 
M n - M n  bond cleavage. This is because the reduced 
mass for the former is = 4 times smaller than that 

0 

c -  

n , .  

Mn2(CO)9 + CO 

• Mn(CO) 5 
..k 

• Mn(CO)5 

RMn-Mn 

Fig. 5. Proposed scheme for the dynamics of bond cleavage in 
Mn2(CO)10 . The direct excitation to the dissociative potential 
energy surfaces lead to fs bond ruptures along the M-M and M-L 
reaction coordinates. Both the diabatic and adiabatic (note the 
dotted circle) surfaces are shown, along with the wave packet 
motion along the two coordinates. 

for the latter. Hence, a time-shift in the Mn~- tran- 
sient is expected to be --- 2 times less than that in the 
Mn ÷ transient if the dissociative potential energy 
curves for both channels are of the similar nature. 
This simple picture is entirely consistent with our 
findings. In solution the M n - C O  bond energy is 
estimated to be ~ 38 kca l /mol  [19], which is com- 
parable to the value of = 36 kca l /mol  for the 
M n - M n  bond energy [18]. For the available energy 
of = 54 kcal /mol ,  oan upper limit for the recoil 
velocity is ~ 0.042 A / f s  for Mn-CO.  This is about 
twice the M n - M n  bond recoil velocity. This again is 
consistent with the experimentally measured time 
shift of = 20 fs for the M n - C O  bond cleavage 
compared to the = 40 fs for the M n - M n  bond. 

The Mn~- transient shows an initial rise to a 
maximum and a decay to an asymptote with a char- 
acteristic time constant of = 160 fs (see Fig. 4). This 
decay reflects the change of nascent Mn2(CO) 9 in 
the first few hundred fs. We now consider two 
pathways, one of which is the molecular rearrange- 
ment to form a bridged Mn2(CO) 9 and the other is a 
further dissociation of vibrationally hot Mn2(CO) 9 
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product. Both of these product channels have been 
studied by transient IR in solutions and matrices 
[11,21,22]. The dissociation process is less likely 
though because the time constant is too short for the 
vibrationally hot Mn2(CO) 9 product to undergo sta- 
tistical energy redistribution. The other pathway, i.e. 
the ligand bridging, is consistent with this time scale 
since molecular rearrangement occurs on a very short 
time scale, leading to a significant change in the 
ionization cross section. In this case, our measured 
decay of 160 fs for bridging is consistent with the 
recent finding by Ruhman's group that this process 
occurs on < 1 ps time scale [15]. 

The fast decay (.-~ 100 fs) in the anisotropy r(t) 
observed for the Mn + signal is also consistent with 
the bridging of Mn2(CO) 9. As the molecule rear- 
ranges, the cylindrical symmetry is reduced, and this 
leads to a decrease in the polarization anisotropy 
with a time constant comparable to that of in- 
tramolecular rearrangement. For r(t) of the Mn ÷ 
signal we observed a longer decay (=  700 fs) and 
this could reflect the rotational dynamics of the 
-Mn(CO) 5 fragment. Because these r(t) measure- 
ments involve multiphoton ionization [33], these re- 
sults will be analyzed more quantitatively in further 
studies. 

4. Conclusions 

In this contribution, we present our first direct 
measurement of the dynamics of M-M and M - L  
bond cleavage using fs time resolution and TOF 
mass spectrometry. Both bond cleavages in 
Mn2(CO)10 occur on the fs time scale, indicating 
that previous estimate of the upper limit (2-3 ps) 
from measurements of the anisotropy parameter in 
the gas phase is about two orders of magnitude 
longer than obtained here. The rotational period is 
too slow to be used as an internal clock for this 
heavy molecule! 

The fs cleavage dynamics excludes ground state 
dissociation as the time scale is much shorter than 
most vibrational motions needed to complete internal 
conversion and IVR. It represents direct dissociation 
on repulsive surfaces involving both the M-M and 
M - L  charge distributions. Although the initial transi- 
tion is assigned as cro" *, the dynamics is controlled 

by the reduction in bond order introduced by the 
repulsion in these coordinates, surprisingly leading to 
a slower M - M  than M - L  bond breakage. We de- 
duce a repulsive length of = 0.2 A (upper limit 
--- 0.9 ~,). 

We account for the disparity in the time scale for 
M-M and M - L  breakage on the basis of simple 
kinematics. The reduced mass in the Mn-CO cleav- 
age is = 4 times smaller than that of the Mn-Mn 
and, hence, the CO product separates apart - 2  
times faster than does • Mn(CO) 5 product. Unlike the 
Mn-species, which builds up and live for at least 100 
ps, the Mn2-species decays in = 160 fs. We relate 
this decay to the bridging of the nascent Mn2(CO) 9 
product. 

There are several implications of these new find- 
ings. First, the measurements in solutions, which in 
many cases showed a longer time scale, must include 
possible caging by the solvent and/or  vibrational 
cooling on the time scale of the experiment. The 
M - L  may appear slower than M-M dynamics in 
solutions simply because of the easier kinematics of 
caging for the former. Second, the potential energy 
surface is not predissociative, as previously inferred, 
since we do not observe ps dynamics for the isolated 
reaction. Finally, while the bonding characteristics in 
these very interesting systems may involve a simple 
description (e.g. ~r~r * ) of 'bound' states, the dynam- 
ics clearly shows the strong repulsive nature of the 
force. We consider this as evidence of the strong 
interactions leading to the adiabatic picture in Fig. 5. 

Future work will include studies of the energy 
dependence, the time-dependent anisotropy, the de- 
tection of different fragments, and the comparison 
with other systems. Preliminary studies of Re2(CO)10 
and of kinetic energy time-of-flight (KETOF) have 
been made and will be published later. Molecular 
dynamics calculations will also be of interest. 
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