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Abstract

In the group-6 metal hexacarbonyls a number of metal-to-ligand charge-transfer (MLCT) and ligand-field (LF or d! d) states can be
excited in the near UV. The latter are repulsive. In equilibrium geometry, most of them are higher than the MLCT states. We probed the
dynamics of photodissociation of M(CO)6!M(CO)5 + CO (M = Cr; some data also for M = Mo) with improved time resolution (10–
40 fs), pumping at different wavelengths (mainly 270–345 nm) and probing by nonresonant photoionization. The initial relaxation (e.g.
within 12.5 fs from T1u excited at 270 nm) is assigned to direct crossing over to the repulsive surface, from where the subsequent disso-
ciation is also remarkably fast (18 fs in this example). That is, there is no detour via the lowest excited singlet state, in contrast to the
usual assumption. Also with 318 and 345 nm excitation a direct MLCT! LF relaxation seems to occur before dissociation. The product
M(CO)5 is generated in the S1 state, also at pump wavelengths (345 nm) with barely sufficient energy. It relaxes to S0 through a Jahn–
Teller induced conical intersection along pseudorotation coordinates, which stimulates a coherent oscillation in S0 in this vibration.
A higher-frequency oscillation, assigned to totally symmetric MC stretch vibrations, is already found in the Franck–Condon region;
it persists (with different wavenumbers) also during dissociation and over the subsequent product states. This vibration is transverse
to the valley of dissociation, which is barrierless. The wavelength-independent mechanism also implies that there is no triplet contribu-
tion (which was previously supposed at long wavelengths) to photochemical dissociation of the hexacarbonyls.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

UV photolysis eliminates a CO group from metal car-
bonyls M(CO)n [1,2], leaving unsaturated metal carbonyls
M(CO)n�1 behind which are prototypes of unsaturated
complexes that are often used in processes such as CH acti-
vation [3]. Quite a number of states are energetically in
reach for UV wavelengths: The ligand-field (LF or
d! d) excited group involves lifting of a p-bonding d elec-
tron to a r-antibonding d orbital, resulting in a number of
repulsive states of different symmetries. The group of
0301-0104/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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metal-to-ligand charge transfer (MLCT) states are formed
by promoting a metal d electron to one of the CO p* orbi-
tals. They are not expected a priori to be dissociative,
because they correlate with an ion pair that is subjected
to Coulomb attraction. The MLCT states of suitable sym-
metry (T1u for an octahedral molecule) are connected by
high transition moments with the ground state, whereas
the LF transitions are symmetry forbidden and corre-
spondingly weak. Since the work of the Baerends [4–6]
and Pierloot [7] groups it is known that the MLCT states
lie below most of the LF states in the group-6 carbonyls
M(CO)6. This is also confirmed in a recent publication of
the Daniel group on Cr(CO)6 [8]. The lower of the two
T1u states is populated by optical excitation near 278 nm
(36000 cm�1) in this molecule and near 287 nm in
. (2007), doi:10.1016/j.chemphys.2007.09.057
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Mo(CO)6 and W(CO)6. The corresponding absorption
bands are broad (halfwidth �4000 cm�1) [9,10]. The calcu-
lations [4,5] found furthermore that from one of the lowest
MLCT states (T2u) the population can flow via an avoided
crossing to an LF surface, which steeply declines from
higher energy down to the dissociation product; but the
other MLCT states rise along the M–C stretch coordinate
and thus seem not dissociative [4,5].

In femtosecond experiments with 267 nm excitation and
probing by nonresonant (800 nm) photoionization of
M(CO)6 (M = Cr, Mo, W) [11,12], Fe(CO)5 [13], Ni(CO)4

[14] and other carbonyls [15] we found previously that the
molecules indeed do not directly dissociate from the T1u

(or analogous) state but change the electronic state before.
We pointed out that Jahn–Teller active coordinates play an
important role for the initial relaxation. We also found that
M(CO)n�1 is initially produced in its first excited singlet
state S1; from there, many of the unsaturated carbonyls
relax along a pseudorotation coordinate to S0 (which
explains the isomers observed in photosubstitution reac-
tions [12,16–18]), where sometimes coherent oscillations
can be observed; one of them, Ni(CO)3, luminesces instead
[14]. On initial singlet excitation, any triplet channel (con-
sidered as a possibility in textbooks [2,19]) was excluded
for all the ultrafast processes; this was, for instance, inferred
from the increase of all lifetimes in the series M = Cr, Mo,
W, which is the opposite of the trend expected, if intersys-
tem crossing were involved. The production of singlet
Fe(CO)4 (instead of the previously assumed triplet that is
the ground state of this unsaturated carbonyl) from
Fe(CO)5 has been confirmed by time-resolved electron dif-
fraction [20] and the mechanism assessed in view of previ-
ous findings [21]. The dynamics of dissociating Cr(CO)6

and in particular the pathway after formation of Cr(CO)5

has been confirmed by trajectory [22] and wave packet
dynamics [23] calculations on CASSCF surfaces.

The theory [4–6] suggests one relaxation step in the
intact Cr(CO)6 from the T2u-MLCT state to a dissociative
LF state. On exciting the higher-lying T1u state in our pre-
vious work we found two time constants before the disso-
ciation process [11,12] (see also the survey including other
carbonyls in [15]). We suggested that the molecule first
relaxes from the initial T1u MLCT state via a Jahn–Teller
induced conical intersection to the lowest (or nearly lowest
[4–6,8]) MLCT state (T2u) and only then to the dissociative
surface. In the present work we find with 5–15 times
improved time resolution that the process with the putative
second time constant is actually a highly overdamped Cr–C
stretch oscillation, taking place during dissociation. Analo-
gous results are found for Mo(CO)6. The same oscillation
is also found – with different frequencies – in the subse-
quent observation windows, the S1 and S0 states of the dis-
sociation product Cr(CO)5. Whereas the very first time
constant in Cr(CO)6 is even shorter than previously found,
the other time constants (those that are P25 fs, including
also all of Mo(CO)6) are confirmed, as is also the pseudo-
rotation vibration in Cr(CO)5.
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
The idea [4,12] that the first step after T1u excitation (at
270 nm) represents relaxation down to T2u, one of the low-
est excited singlet states, is consistent with the Kasha rule.
To check it, we investigated the dynamics of Cr(CO)6 also
at longer wavelengths (318 and 345 nm), where the T2u

state can be directly excited. The results are better consis-
tent with a direct MLCT! LF relaxation instead of an ini-
tial downward step. The first time constant is also reported
for some more wavelengths.

2. Experimental

The experiments were performed in an improved version
of our previous setup [11,12], primarily using 5–15 times
shorter pulses. Briefly, M(CO)6 was excited in the gas phase
(pressure 10�4 to 10�7 mbar, background 10�9 mbar) by
weak femtosecond UV pulses (109 W cm�2, 25 lJ cm�2,
typically �30 fs, in some measurements 10 fs), tuned in
the range 270–345 nm, and then after variable delay probed
by nonresonant ionization (1013 W cm�2, 810 nm, �10–
20 fs); the signals are the yields of the parent and fragment
ions MðCOÞþn determined in a time-of-flight mass spec-
trometer as functions of the delay time. The time zero
was taken from the maximum of the Xe+ signal from Xe
added in all measurements. For M = Cr we measured all
the ions (n = 6, . . . , 0), for M = Mo only MðCOÞþ6 and
MðCOÞþ5 .

The generation of the 10–17 fs 810-nm pulses is reported
in [24,25], that of the tunable 30-fs UV pulses in [25], and
that of the 10-fs UV pulses will be reported later in detail.
Briefly, we shortened the pulses (810 nm, 45 fs, 1 kHz) of a
commercial Ti-sapphire laser system, by focusing (f = 2 m)
1 mJ of them into a cell (length 1.5 m, equipped with
quartz-glass windows of 0.2 mm thickness) filled with
200 mbar Ar + 800 mbar He (instead of atmospheric-pres-
sure of Ar as in [24]). Under these conditions the pulses are
self-phase modulated and acquire a chirp, which can be
used to compress the pulses to 17 fs (determined by a com-
mercial autocorrelator) by reflection from chirped mirrors
[24,25]. Using 1 bar of Ar instead of the gas mix gives rise
to a pulse duration of 10 fs [24]. Part (�10 lJ) of this radi-
ation (10–17 fs) is used for probing.

Another part (0.8 mJ) served for generation of the UV
(pump) wavelengths by two different methods: (1) fre-
quency tripling in a short argon cell and (2) supercontinu-
um generation in a long Ar cell.

(1) For the third harmonic, the radiation was refocused
into a second Ar cell (18 mm length), that has pin-
holes (0.7 mm diameter) for entrance and exit of the
radiation. This cell was embedded in a larger cell,
where a pump maintained a pressure of about 5 mbar
of Ar, whereas in the 18-mm cell the pressure of the
flowing Ar was �200 mbar. The emerging radiation
contained 800 nJ of the third harmonic (270 nm), cor-
responding to 0.1% of conversion efficiency. Its band-
width was 9 nm. It was isolated by reflection from a
. (2007), doi:10.1016/j.chemphys.2007.09.057



Fig. 1. Gas-phase UV spectrum of Cr(CO)6. The absorption cross section
at the 278-nm maximum was set equal to the value [9] in acetonitrile
solution at 280 nm. The calculated positions of states are also given in the
upper [8] and lower [7] ladders; longer lines indicate allowed transitions
(T1u), the lines for MLCT (u symmetry) and LF states (g symmetry)
ending on and below the horizontal line, respectively. The arrows indicate
the employed excitation wavelengths (dotted, where only s1 was
investigated).
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dichroic mirror. Before using it as a pump pulse in the
experiment, it was shortened by a prism compressor
(pair of CaF2 prisms and a plane mirror) to 28 fs
[25]. This was necessary, because after generation
the UV pulses traveled through 2.5 m of air and a
0.5-mm CaF2 window, so that the pulses were length-
ened by the corresponding dispersion. This was even
worse, if we started from pulses of 10 fs instead of
17 fs, which are spectrally broader than the longer
pulses. In a more recent setup, we therefore put the
beam path after UV generation completely into vac-
uum (details to be reported later). In this case we used
shorter (10–12 fs) IR pulses and got UV pulses
slightly below 10 fs [26]. Some of the time-resolved
data are from this vacuum setup.

(2) For generating the supercontinuum, the 810-nm 10-fs
radiation is limited by a diaphragm in diameter (to
4 mm) and energy (to 0.4 mJ) and refocused
(f = 1 m) into a cell with atmospheric-pressure Ar.
The UV radiation of the desired wavelength (in par-
ticular 318 nm) was again isolated by reflection from
dielectric mirrors. In the setup with beam path in air,
compression by the prisms resulted in a pulse dura-
tion of 30 fs. In the more recent setup with the vac-
uum beam path, we obtained 9.7 fs at 282 nm [26].

The weak absorption (2 · 10�18 cm2) of Cr(CO)6 at
345 nm required a stronger pump pulse. We used the radi-
ation generated in the commercial (TOPAS, Light Conver-
sion) optical parametric generator combined with various
nonlinear frequency conversion steps, as previously (e.g.
[27]). It delivered pulses of a few lJ with durations of
42 fs after a prism compressor.

The UV pulse durations were determined by ionizing
xenon in the pump–probe experiment: The Xe+ signal repre-
sents the cross correlation function between the pump inten-
sity and the fifth–sixth power (depending on the UV photon
energy) of the probe intensity. The durations of the 810-nm
pulses were measured by a commercial autocorrelator.

As mentioned, the other part (�10 lJ) of the radiation,
taken aside before UV generation, was used for probing.
The probe delay was varied in steps of 3.3 fs (0.5 lm). Both
beams were combined before the ionization setup by a mir-
ror with a hole. Pump and probe pulses are focused by mir-
rors (focal lengths 1 and 0.7 m, respectively) into the
ionization region of the mass spectrometer.

3. Results

3.1. Cr(CO)6

The gas-phase UV spectrum of Cr(CO)6 measured with
saturated vapor in 1- and 10-cm cells is shown in Fig. 1.
Taking the absorption cross section (5 · 10�17 cm2) at the
first T1u maximum (278–280 nm) from the value in acetoni-
trile solution [9,28], the vapor pressure can be calculated to
be 0.15 mbar (literature value 0.35 mbar at 20 �C [29]). The
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
figure also indicates the pump wavelengths and the location
of the states of the MLCT (u symmetry) and LF (g symme-
try) groups, as predicted by two CASPT2 calculations [7,8].
The wavelengths 270 and 282 nm are in the wings of the
longer-wavelength T1u band, whereas 318 and 345 nm
excite the precursor bands [28], whose nature (symmetry-
forbidden MLCT band or triplet transitions) are still under
discussion in the literature [4–8,28] (see Sections 1 and 5).
The second allowed transition is excited at 224 nm, and
242 nm is in the wing of it; a satellite of it is excited at
196 nm [30]. Excitation at 162 nm (7.65 eV) is just below
the ionization limit (8.14 eV [31]), so that probably a Ryd-
berg state is populated. With these four wavelengths and
with 282 nm, we only determined the very first time
constant.

The ion signals CrðCOÞþn , n = 6, . . . , 0, are generated
from different locations Li on the potential energy surfaces
(PES). This is schematically indicated in Fig. 2 (see also
[11]). The Li are consecutively populated and differ in their
mass spectra (upper part of Fig. 2). The Li populations are
modeled by rate equations. Their solution results in sums
of temporal exponentials (lifetimes si of the Li). The signals
themselves are linear combinations of such (sums of) expo-
nentials, convoluted with the instrumental function (corre-
lation of the pump pulse with a suitable power p of the
probe pulse; p is usually the number of probe photons
required to ionize Li, but can be smaller in the case that
there is an intermediate resonance that is saturated. There-
fore we treat p as a parameter in the fit procedure if neces-
sary). A fit of such functions to the signals yields the time
constants si and the relative probabilities nri to generate
the ion CrðCOÞþn from location Li. Such a fit is carried
out as a first step, in which oscillations can be ignored,
. (2007), doi:10.1016/j.chemphys.2007.09.057



Fig. 2. Scheme of the consecutive locations Li and their lifetimes si on the
potential surfaces in the dynamics of Cr(CO)6 dissociation. Wavenumbers
are also given for oscillations observed in Li. Mass spectra (fragmentation
patterns) obtained from each Li are schematically indicated above the
vertical arrows; quantitative fragment intensities are represented by nri,
for which values are given in the tables. The values for si given in the
scheme are for a pump wavelength of 270 nm. The same scheme (with
different values for si) is used for all pump wavelengths.

a

b

Fig. 3. Measured ion yields of CrðCOÞþ6 using the pump pulses of 270 nm
and pulse duration (a) 30 fs and (b) 10 fs, together with simulation curves.
The Xe+ data represent the cross correlation of the pump with the fifth
power of the probe, indicating the instrumental function.
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since the nonperiodic fit function averages over them. It is
practical to first extract the later time constants, outside the
pump–probe overlapping region, where convolution is not
necessary; these constants are then fixed in the next step, a
full fit beginning from the earliest times, with convolution.

3.1.1. Dynamics of Cr(CO)6 excited at 270 nm

These wavelengths populate the same state (T1u) as in
our previous work [11,12]. Figs. 3–6 show the measured
ion yields for CrðCOÞþn with n = 6, . . . , 3 together with sim-
ulation curves, and Table 1 lists the time constants si and
ionization cross sections nri evaluated from these data.
The smaller fragments were only incompletely evaluated
(no iterative improvement of the simulation parameters),
because the time constants and oscillation frequencies
agreed with those of the other signals and/or those of our
previous work. As said above, we first determined the
longer time constants. They agree with the previous values
[11,12] (s4 = 930 fs and s5 =1, i.e. >500 ps, both from
CrðCOÞþn with n = 3, . . . , 0, not shown in this long-time
range, although a trace of the s4 process can be seen in
the inset of Fig. 5. We did not look for the small-amplitude
component with lifetime 39 ps found previously at 267 nm
and assigned to further dissociation of Cr(CO)4 in [12]).
s3 = 40 fs was determined by single exponential fitting to
CrðCOÞþ5 and CrðCOÞþ4 in the range of ca. 120–230 fs (Figs.
4a and 5); this value was later confirmed by a fit over the
full time range, including the other time constants and
the oscillations. Since L4 does not contribute to the
CrðCOÞþ5 signal (and nearly not to CrðCOÞþ4 ) (Table 1), it
was not necessary to take s4 into account for its evaluation.
Note that CrðCOÞþ4 signal shows a strong oscillatory mod-
ulation at later times (discussed below). With s3 fixed,
s2 = 18 fs was then determined from CrðCOÞþ5 by doubly
exponential fitting for times P60 fs (Fig. 4a inset). The pre-
ceding s1 = 12.5 fs could be determined by singly exponen-
tial fitting (with convolution in the full fit, or without in the
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
range 40–110 fs outside the pump–probe overlapping
region) from the CrðCOÞþ6 signal (Fig. 3a inset), which is
only produced from L1 and from nowhere else (Table 1).
The same s1 was also found from the parent ion with the
shorter (10 fs) pump pulses at 270 nm (Fig. 3b). The longer
time constants were not checked with these shorter pulses.
(It may be remarkable that the kinetic description works so
well not only in the exponential decay of Fig. 3b but also at
very short times, near the signal maximum in Fig. 3a and b.
This is not self-evident, because coherent effects or some
consequences of the acceleration phase of the wave packet
might have been expected at such short times. On the other
hand, it is not so surprising: The width of the molecular
absorption is larger than the coherent width of the 10-fs
pulses: >4000 cm�1 as compared to 1470 cm�1. However,
some deviations from the kinetic description do occur at
later times, in the form of the observed coherent
oscillations.)

At this step, the set of time constants was used to check
whether all signals can be reproduced by them over the full
time range, either to improve their values or to detect
from deviations any further process. An obvious deviation
is the oscillation in the decaying part (s4 = 40 fs) of the
. (2007), doi:10.1016/j.chemphys.2007.09.057



Fig. 4. Ion yields of CrðCOÞþ5 with 270-nm 30-fs pump, together with
simulation curves. In the inset of (a) one can recognize the exponential
parts, in (b1) how they can be simulated by contributions (thin lines) from
L2 and L3; the dotted thin lines only contain the exponential parts, the
broken lines also the oscillations. The latter are isolated (function fosc of
Eqs. (1) and (2)) in (b2) and (b3), with the insets showing the Fourier
transforms of them (abscissa unit: cm�1).

ig. 5. Ion yields of CrðCOÞþ4 with 270-nm 30-fs pump. In the inset the
simulation curves contain only the exponential parts.

Fig. 6. Ion yields of CrðCOÞþ3 with 270-nm 30-fs pump. In (a) the broken
line indicates the contribution from L4; the later part of the signal is
magnified in the inset. (b) shows the periodic part of the signal from L4

(two fosc evaluated with Eqs. (1) and (2)), with the Fourier transform in the
inset. Subtracting from (b) the slow oscillation (which persists to >1 ps)
reveals more clearly the fast oscillation (c).
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CrðCOÞþ4 signal, and a closer inspection reveals more such
modulations.

Signal oscillations are interpreted as a molecular vibra-
tion in Li, which modulates the ionization probability nri

by a periodic function fosc (period sosc, amplitude A, phase
delay u) which itself also contains a decay term (dephasing
time sdeph):

nri ¼ nr0
i ð1þ foscÞ ð1Þ

fosc ¼ A expð�t=sdephÞ cosð2pt=sosc � uÞ ð2Þ

Where two different oscillations are active, we add an an-
other periodic factor (1 + fosc2) in (1) with corresponding
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
F

parameters in (2). To extract the parameters, it is easiest to
begin with a signal in a time range, where practically only
one location contributes. An example is CrðCOÞþ4 in the
range 120–230 fs, where L2 has already decayed
(s2 = 18 fs); L4 does nearly not contribute to this signal
in this time range, because 4r4 is small (0.002, Table 1).
This part of the signal is then divided by the decaying L3

population, the result being /(1 + fosc). The function fosc

is then Fourier transformed, to obtain the period sosc

(73 fs, corresponding to a wavenumber of 465 cm�1). This
. (2007), doi:10.1016/j.chemphys.2007.09.057



Table 1
Pump laser at 270 nm: life times si and effective ionization–dissociation
cross sections nri

Li L1 L2 L3 L4 L5

si/fs 12.5 ± 0.5 18 ± 2 40 ± 3 930 ± 100 1
CrðCOÞþ6 1 0 0 0 0
CrðCOÞþ5 0 1.0 0.082 0 0
CrðCOÞþ4 0 1.0 0.440 0.002 0
CrðCOÞþ3 0 0 1.0 0.063 0.013

In locations L2–L4, periodic modulations (Eqs. (1) and (2)) of nri were also
used. The data for CrðCOÞþn with n = 2, . . . , 0 were not evaluated in detail.
Error limits are standard deviations for the values determined in P8
different scans.

Table 2
Time constants si found for Cr(CO)6 with different pump wavelengths
kpump

kpump (nm) s1/fs s2/fs s3/fs s4/fs

270 12.5 ± 0.5 18 ± 2 40 ± 3 930 ± 100
318 19 ± 1 20 ± 2 35 ± 3 1200 ± 100
345 21 ± 1 22 ± 2 25 ± 3 1500 ± 100

Error limits are standard deviations for the values determined in P8
different scans.
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time in turn is inserted in the function (2), which is then
remultiplied by the time-dependent L3 population and then
used to simulate this part of the CrðCOÞþ4 signal; in this
way one obtains sdeph and u (Table 3), and the quality of
the fit can be judged. Since L3 also contributes to
CrðCOÞþ5 , the same modulation (with the same sosc and
sdeph, but possibly different A and u) is also expected in this
signal. The CrðCOÞþ5 is therefore simulated by the exponen-
tial L2 and L3 populations (with the si and 4ri determined
above), each multiplied by the periodic functions (1), in
which sosc for L3 is fixed. (The modulated L3 contribution
is shown in the lowest panel of Fig. 4b.) This results also in
a value for sosc (93 fs, 362 cm�1) for L2 (middle panel of
Fig. 4b). Because of the short s1 (12.5 fs), one cannot ex-
pect to detect such an oscillation also in L1 (see, however,
the results at longer wavelengths and those of the heavier
carbonyl).

Much more prominent oscillations are observed from L4.
This is illustrated in Fig. 6 with the CrðCOÞþ3 signal. Sub-
tracting the L3 contribution from the total signal (upper
panel) and dividing by the L4 population (broken line)
results in the periodic modulation (fosc shown in the middle
panel, with the Fourier transform as inset); after subtracting
the slowly oscillating part (350 fs, 95 cm�1), the fast oscilla-
tion (95 fs, 350 cm�1) is clearly revealed in the lower panel.
(As explained after Eq. (2), we used two factors (1 + fosc) as
in Eq. (1) for evaluation of the L4 signals.)

The slow oscillation agrees with our previous findings,
whereas the fast oscillations are only now detected with
the better time resolution.

3.1.2. Initial dynamics of Cr(CO)6 excited at 318 and

345 nm
Whereas 270 nm is near the maximum of the T1u

absorption, the two longer wavelengths coincide with two
weaker bands, which according to Beach and Gray [9]
can be discerned in the long-wavelength wing of the gas-
phase spectrum (Fig. 1).

The time-resolved measurements and evaluations at
both wavelengths were done in the same way as at
270 nm. The signals CrðCOÞþn with n = 6, . . . , 4 were ana-
lysed in detail. Measured data are given in the Supplemen-
tary data. Also the nri are listed there. Here we only
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
summarize the time constants (Table 2) and the data for
the oscillations found (Table 3), comparing them also with
the corresponding values for 270-nm excitation. At all
wavelengths, the signals can be simulated by the same num-
ber of time constants; their values varying by less than a
factor of 2. Also the number of oscillations is the same.
It is worth noting, however, that in contrast to 270 nm,
with the longer wavelengths an oscillation was also found
in the parent ion and hence in L1 (Table 3). It might well
be that the difference is only due to the nearly twice longer
lifetimes s1 at 318 and 345 nm, that provide a chance to
detect a periodic modulation (note that sosc > s1).

In a first variant of the evaluation, sosc in L2–L4 was fixed
to the values found with 270 nm. The idea was that these
locations on the PES represent electronic states of Cr(CO)5,
that are reached in all three cases (see Section 4). However,
vibrational frequencies can (slightly) depend on the avail-
able excess energy, for example due to anharmonicity.
Therefore we also allowed the fit procedure to vary sosc in
L2–L4. In fact, the quality of the simulation improves a little
with oscillation frequencies that are lower by about 10% at
318 than at 270 nm. Because this variation is near the error
limit of the fixed values, Table 3 lists only the latter.

3.2. Initial dynamics of Cr(CO)6 excited at 290, 242, 224,

196 and 162 nm

In experiments with different organic molecules we often
add Cr(CO)6 (instead of Xe) for preliminary alignment of
pump and probe both in space and time: The long-lived
fragment-ion signals permit to find the overlap also, if
one is still far off, whereas the short-lived parent-ion signal
allows to find the time zero and determine the instrumental
function. Thus we can report on s1 with pump wavelengths
such as 224 nm [27] (exciting the second T1u state) or
242 nm (in the wing of this band) [27], 196 nm [32] (pump-
ing a weaker spectral satellite; see the spectrum in [30]) or
162 nm (fifth harmonic of the fundamental, exciting prob-
ably a Rydberg state of Cr(CO)6). With these shorter pump
wavelengths the lifetimes – listed in Table 2a – are longer.
This table also gives the value (s1 = 14 fs) at 282 nm, deter-
mined in [26] with pulses from the supercontinuum.

3.3. Dynamics of Mo(CO)6 excited at 270 nm

The carbonyl of molybdenum was only briefly investi-
gated, exciting it at 270 nm, in the wing of the T1u band
. (2007), doi:10.1016/j.chemphys.2007.09.057



Table 2a
First time constants s1 found in M(CO)6 (from the MðCOÞþ6 signal) with
different pump wavelengths

Cr(CO)6 Cr(CO)6 Cr(CO)6 Cr(CO)6 Cr(CO)6 Mo(CO)6

kpump/
nm

282 242 [27] 224 [27] 196 162 270

s1/fs 14 ± 1 16 ± 2 20 ± 2 55 ± 5 406 ± 20 26 ± 2

See also the Cr(CO)6 s1 values for three more wavelengths in Table 2.
Error limits are estimated.
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(286 nm), near the wavelength (267 nm) used in our pre-
vious work [26]; we focused to the early-time behavior, pro-
ceeding in the same way as for the chromium carbonyl.
Two of the time constants (s1old = 30 fs and s3old = 35 fs),
previously determined also outside the pump–probe over-
lapping region, are practically confirmed: They are now
s1 = 26 fs and s2 = 35 fs. But s2old (20 fs) must again be
replaced by a highly damped oscillation. Its period and
dephasing time in L2 are sosc = 105 fs and sdeph = 40 fs.
Remarkably, such an oscillation (sosc = 108 fs, sdeph =
34 fs) can also be detected from the parent ion
MoðCOÞþ6 , pointing to a vibration already in the Franck–
Condon region L1. As above (with the longer wavelengths
for Cr(CO)6), the longer s1 provide a better chance to
detect a periodic modulation than in the T1u state of
Cr(CO)6 with lifetime 12.5 fs.

W(CO)6 was not reinvestigated, because already the first
time constant (s1 = 46 fs) was previously determined out-
side the pump–probe overlapping time [26]. But we believe
that, likewise as in Cr(CO)6 and Mo(CO)6, s2old (23 fs)
must also be replaced by a highly damped oscillation.

4. Discussion

4.1. Methodology: effective time resolution

Compared with our previous investigation [12], in this
work we report about a reduced value for the lifetime of
the Cr(CO)6 Franck–Condon region with 270-nm excita-
tion (s1 = 12.5 fs versus s1old = 23 fs), although the corre-
sponding value for Mo(CO)6 (s1 = 26 fs versus s1old =
30 fs) is practically unchanged. Furthermore, a previous
decay with time constant s2old = 10–20 fs is now replaced
in all three compounds by a (highly overdamped) high-fre-
quency oscillation. It may well be that this is also the case
in the other metal carbonyls (W(CO)6 [26], Fe(CO)5 [13],
Ni(CO)4 [14], Mn2(CO)10 and Re2(CO)10 [15]) investigated
by us. These changes ask for an assessment of the time res-
olution. In the following, we apply the considerations of
[33] to the present case.

The halfwidth of the instrumental function (correlation
function of the pump pulse with the third or higher power
of the probe pulse), which represents the time resolution,
was sinstr = 158 fs in the previous experiment [12] but in
this work sinstr = 32 fs and 11 fs with the 30-fs and 9.7-fs
UV pulses, respectively. However, time resolution is only
needed to separate two short processes. With sufficient sig-
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
nal-to-noise ratio, deconvolution with the instrumental
function (which must be known) can in principle provide
a single time constant, even if it is much shorter than sinstr.
(For a complication due to the high probe intensity, see
below.) If, for instance, the time constant s 6 0.1 · sinstr,
this process basically gives rise to a signal with a maximum
that is delayed by Ds = s, and this can be measured with
high accuracy (in our case: 1 fs) due to the monitoring of
the time zero by Xe with each laser pulse. Even more than
one such time constant can be extracted, if there are several
‘‘independent’’ signals, as demonstrated in many of our
previous works (e.g. [34]) and from other labs (e.g. [35]).
This can be explained by an analogy:

The satellite Hipparcos localized in 1989–1993 about
120000 stars with a mean error of 5 nrad [36] which is by
a factor of 100 better than the resolution of a telescope with
a 1-m mirror (i.e. 1% of the width of the instrumental func-
tion). If some of the objects were double stars with an
angular separation of e.g. 50 nrad, they were not resolved.
But suppose, one of the two stars would emit in the green,
the other in the blue range of the spectrum, then the satel-
lite could in principle separate the two in two measure-
ments by detecting with different filters. The number of
distinguishable colors would correspond in our case to
the number of linearly independent ion signals: If in the
simplest case each location gives rise to a signal of its
own, the individual Ds permit to determine each time con-
stant, even if all are only a few percent of sinstr. In general,
linearly independent signals (in the linear combination of
individual exponentials used to simulate the signals) are
sufficient, and curve fitting is used instead of determining
Ds. This is a great advantage of having several signals, such
as is usual in transient mass spectroscopy.

However, during the pump–probe overlapping time (e.g.
near the signal maximum) complications can arise due to
the high probe intensity. One source of interference is the
additional population of a higher level (around 6 eV) in
the substance by absorption of one probe photon (via a vir-
tual level) plus one UV photon; if this level has a longer
lifetime, it can influence the temporal signal in an intricate
way. In fact, we found a clearly longer time constant (40–
55 fs), when we used shorter pump wavelengths (215–
196 nm, corresponding to 5.8–6.3 eV, see Section 3.2), sug-
gesting that also a level populated by 1 IR + 1 UV photon
in this energy region could have such a lengthened lifetime.
We assume that such a real level has influenced the time
constant s1old in the previous experiment [11,12], and the
deconvolution method resulted in a longer than the real
time constant. In molecules, where the real intermediate
state is also short-lived (or if there is only a virtual interme-
diate level), deconvolution can also result in too small time
constants; on the other hand, such contributions can often
be eliminated (see, e.g. [37]). Such nonlinear effects can be
recognized or even eliminated by investigating the depen-
dence on the probe power.

Often also a simple trick helps to avoid such problems:
A time constant down to about s = sinstr/5 can be extracted
. (2007), doi:10.1016/j.chemphys.2007.09.057
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Fig. 7. Schematic potentials and dynamics, using three different pump
wavelengths (270, 318 and 345 nm), which initially excite MLCT states
(T1u with 270 nm). The initial relaxation (during slightly different times s1)
follows MC stretch and JT-active coordinates on potentials as suggested in
Fig. 8, from where the wave packet crosses over to the lowest LF surface.
On this surface, the trajectories are probably still separate (during s2),
merging only above the conical intersection (CI) in the dissociation
product M(CO)5. During s2, the MC distance increases much less than
indicated in the figure (broken lines) for clarity. After passing the CI
(within s3), the wave packet oscillates in the C4v minima along the
pseudorotation coordinates indicated at the bottom; there are three
symmetry-equivalent such minima around each D3h CI (see the drawing in
[12]). The MC stretch oscillation (observed in all Li) is not indicated.
Further dissociation to M(CO)4 (within s4) is promoted by excess energy.
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(if the signal-to-noise ratio is sufficient and if the pulse
shapes are well represented by Gaussians over 3 orders of
magnitude) by evaluating the signal in the time range of
about 5–8 · s (e.g. the range 60–120 fs in Fig. 3a). While
the signal is still exponential there, the Gaussian instrumen-
tal function has already faded away [33,34]. In this way,
evaluation is done outside the pump–probe overlapping
time, so that the additional state discussed above is not
excited. This method did not work for Cr(CO)6 in our pre-
vious investigation [12], because s1old was too short. But it
did work for Mo(CO)6 (where s1old = 30 fs was just at the
mentioned limit) and W(CO)6 (s1old = 46 fs), and both val-
ues were also derived from the shift of the signal maximum
[12,15,33]. In the present work, we checked the first time
for Mo(CO)6 and found s1 = 26 fs, which agrees with the
previous value within the error limit.

We conclude that one can extract time constants that are
shorter than the time resolution (e.g. 20% of sinstr), even sev-
eral such constants under favorable conditions (if there are
linearly independent signals). It is preferable to deduce them
outside the pump–probe overlapping time. Constants
derived from deconvolution during this time must be
checked for contribution by nonlinear effects. However,
whereas time constants shorter than sinstr can be determined,
one does need the corresponding resolution and short pulses
to detect a high-frequency oscillation. Pulses that are longer
than a period would simply average over the signal.

In the previous work [11,12], we thought to recognize an
exponential relaxation with time constant s2old (10, 20 and
23 fs for the carbonyls of Cr, Mo and W) taking place
before dissociation. It was deduced by comparing the mea-
sured signal with a simulated one, using decays with time
constants s1old, s3old, s4old, etc. With the better resolution
in the present work, one can recognize that this deviation
is not purely exponential, but shows a modulation, namely
a highly damped oscillation. It must be due to vibrational
modulation of nri with n = 5 and 4 (i.e. in the signals
CrðCOÞþ5 and CrðCOÞþ4 ). Because the location L1 only gives
rise to CrðCOÞþ6 , the vibration must come from L2 (which
would be L3old). (L3 is only populated after the decay of
this oscillation.) The pure dephasing time sdeph (defined
in Eq. (2)) is 30 fs. Multiplication of the oscillatory func-
tion (Eqs. (1) and (2)) by the decaying L2 population results
in a signal component with decay time sd ¼ ðs�1

dephþ
s�1

2 Þ
�1 ¼ 11 fs. If the periodic modulation would not be

resolved, this component would represent an exponential
decay with time constant sd. It is therefore very satisfactory
that practically sd = s2old.

4.2. Survey of the assignment of lifetimes and oscillations

The assignment was discussed in detail in our previous
work [12]. The steps in the dissociation product M(CO)5

were confirmed by high-level calculations [22,23]. There-
fore we give here only a brief survey. To facilitate discus-
sion, we show schematic potentials in Fig. 7. Details will
be presented in the next section.
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
For assignment of the si and nri (Tables 1 and 2) and
hence the identification of the Li, it helps to know that
the degree of fragmentation increases (i.e. the mass of the
maximum signal decreases) with increasing i, as illustrated
in Fig. 2. This is because in this sequence, more and more
electronic energy is converted to kinetic energy of the
nuclei; vertical ionization from such a hot neutral then gen-
erates a hot ion, which subsequently has sufficient time
(many nanoseconds, early during acceleration in the ion
source) to fragment [34]. Consequently, the intensity of
the parent ion CrðCOÞþ6 is largest in the Franck–Condon
region (i = 1), whereas the final product (L5) (recognizable
from its ‘‘infinite’’ (>500 ps) lifetime) gives rise to small-
mass signals only. In the given case of M(CO)6, the assign-
ments in the previous experiment [12] and the calculations
[22,23] can also point to the assignment in particular of the
later steps. The final time constant s4 (for the process
L4! L5) of around 1 ps slightly depends on the excitation
wavelength (Table 2) and thus on the excess energy in L4;
hence it is probably a ground-state process, probably
M(CO)5!M(CO)4, as indicated in Fig. 7. In fact, this
process is observed in the gas phase and is suppressed in
solution [38–41], and s4 is the only time that is long enough
that cooling by the solvent can prevent the reaction. L4 can
also be identified as (the ground state of) M(CO)5 (and not
a smaller fragment) by the oscillations observed there:
These oscillations have the same frequency in all signals
MðCOÞþn with n = 0, . . . , 5 (n = 0, . . . , 4 for M = Cr; but
. (2007), doi:10.1016/j.chemphys.2007.09.057



S.A. Trushin et al. / Chemical Physics xxx (2007) xxx–xxx 9

ARTICLE IN PRESS
note that the ion CrðCOÞþ5 is lost already with very minor
excess energy due to its extremely small dissociation barrier
[12]); hence they are all due to a single neutral species
M(CO)n with n P 5. Actually, n = 6 can be excluded,
because it is known that dissociation does occur.

The preceding step (s3) was already previously [12]
assigned to the lifetime of the first excited singlet state S1

of M(CO)5, which is depleted to S0 via a Jahn–Teller
induced conical intersection (Fig. 7). The idea of initial
population of S1 was based on a correlation argument
and the observation of luminescence after dissociation of
nickel carbonyl. The assumption lead to an easy rationali-
zation of the oscillations in L4: They are driven by the slope
on leaving from the conical intersection; the vibrational
coordinate is hence expected – and found – to coincide with
the Jahn–Teller active coordinates. These processes have all
been confirmed by calculation [22,23]. The preceding step
(s2) must then represent the dissociation itself (Fig. 7),
and s1 must be the relaxation out of the Franck–Condon
region in the intact molecule.

The oscillations can be easily identified by their frequen-
cies: The higher wavenumbers (350–450 cm�1) are in the
range, where only MC stretch vibrations are observed in
metal carbonyls (see, e.g. [42]). Selection rules suggest that
it is the totally symmetric one of them. The lower wave-
number (80–95 cm�1), observed only in the dissociation
product M(CO)5, is in the range of CMC bending vibra-
tions [42]. In D3h (symmetry at the conical intersection)
there are only two such vibrations (both degenerate, e 0,
one involving the axial and the other the equatorial
ligands); they are JT active. In the symmetry (C4v) of the
S0 minima they decompose into e + a1 + b2, the degenerate
one involving the axial ligand and the latter two corre-
sponding to pseudorotation of the ligands in the basal
plane. It was suggested in [12] and confirmed in [22,23] that
the observed oscillation just correspond to this pseudorota-
tion in M(CO)5 (Fig. 7); it is expected to be the totally sym-
metric component (a1 in C4v) of it.

4.3. The individual steps on the potential

4.3.1. Relaxation out of the Franck–Condon region (s1)

Since the work of the Pierloot and Baerends groups [4–
7], there is agreement that most LF states lie above the
MLCT states in M(CO)6. In the near UV, practically only
the latter are excited, also because LF states e.g. near
250 nm, indicated in Fig. 1, have a much smaller oscillator
strength than the MLCT states according to [43]. (There is
still a discussion [8], whether also triplet states are popu-
lated by optical absorption. This possibility is, however,
rejected in Sections 1 and 5.) The – repulsive – LF states
energetically steeply fall down along the metal–carbon
stretch coordinate, whereas the MLCT states are primarily
not dissociative, because they correlate with charge-sepa-
rated products. However, an avoided crossing with the
LF curves can give rise to a minor or even vanishing bar-
rier, over which the initial MLCT population can reach
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
the dissociative curve [4–6]. The dissociation is hence not
direct, but requires a crossing-over to an LF potential sur-
face. This seems to be in full agreement with our observa-
tion, that a relaxation step (within s1) precedes the actual
dissociation (within s2).

A closer investigation of the energies along the M–C
stretch coordinate by time-dependent density functional
theory, however, suggested that basically only one repul-
sive curve results from this mechanism, starting from one
(or two) of the lowest MLCT states (T2u, which can mix
with Eu), whereas the other MLCT states seem to be bound
[4–6]. This is shown in Fig. 8a, which is adapted from [4].
How does then, for instance, the T1u population (excited
at 270–282 nm) find the repulsive curve within 12.5 fs?
Such a short time obviously requires a very rapid accelera-
tion and hence a very steep initial down-slope. We sug-
gested already in [11,12] that such a slope exists along
Jahn–Teller (JT) active coordinates. This is shown in
Fig. 8b. The JT-induced crossings can provide an ultrafast
path, for example, from T1u down to T2u, from where pop-
ulation could flow to the repulsive LF state [11,12]. This
mechanism would thus follow the Kasha rule, saying that
the molecule first relaxes down to S1 before reaction [44]
(or radiation [45]) takes place. However, if the time s1 rep-
resents T1u! T2u relaxation, this step should not exist on
direct excitation of T2u at 318 or 345 nm (whatever is the
spectral assignment, see Fig. 1), which is in contrast to
our observation (Table 2). Is there hence a direct (‘‘anti-
Kasha’’) path from each MLCT state to a repulsive LF sur-
face, s1 representing this step?

We suggest that this is indeed the case, although details
may be more complicated. One should notice that Fig. 8a
only shows the (lowest) MLCT curves and that in density
functional theory, on which Fig. 8a is based, the lowest
LF state (T1g) is below the T1u state [4]. In the more accu-
rate CASPT2 calculations, T1g is slightly above T1u [7,8].
Both states split along the MC stretch coordinate to an E
and an A1 state (in C4v), which will lead to an avoided
crossing similar as with the lower T2u state. We thus sug-
gest that the E state rising from T1u in Fig. 8a is caused
in this calculation by repulsion from the E state resulting
from the lower-lying T1g state. If T1u and T1g are inter-
changed, one can expect a declining E curve resulting from
T1u and an E curve from T1g (that is steeper) as sketched in
Fig. 8c versus MC stretching. Also versus the JT-active eg

MC stretching one obtains a declining E curve from T1u

and other triply degenerate states. With this model, there
is a direct (anti-Kasha) MLCT! LF relaxation from T1u

via the curve crossing (actually: avoided crossing) as indi-
cated in Fig. 8c. From the higher T1u state (excited at
224 nm), the same LF state can be reached in a different
direction, namely along JT-active coordinates (Fig. 8b).
While this path resembles our previous suggestion [11,12],
it represents again a direct MLCT! LF relaxation. The
model hence says that on T1u excitation (270–290 or
224 nm) the intact molecule does not reach S1 but dissoci-
ates before. It should further be noted that distortion along
. (2007), doi:10.1016/j.chemphys.2007.09.057
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JT-active coordinates (eg MC stretching and t2g MCO
bending) also mixes the different MLCT states. In fact, vib-
ronic interaction between them must be strong. This is
implied by the not very different oscillator strengths of
allowed and forbidden bands (Fig. 1), indicating strong
intensity borrowing. Strong vibronic interaction points to
the neighborhood of a conical intersection (CI), and a CI
can usually provide an ultrafast path from a (in this case:
slightly) higher to a lower state, e.g. from A2u to T2u.

To summarize this part: A direct and fast path seems to
exist from every MLCT state to a repulsive LF state. There
seems to be no need for a preceding relaxation down to T2u

– or it is just not fast enough to compete –, although this
path certainly also exists and is barrierless, made possible
by JT-induced conical intersections [12]. The choice
between the two paths is probably controlled by the rela-
tive slopes. Distortions providing the required steep
down-slopes for the MLCT! LF relaxation are in some
cases simple MC stretching (which can be considered as a
superposition of a1g, eg and t1u stretching), whereas in other
cases Jahn–Teller active coordinates (eg MC stretching and
t2g MCO bending) are involved. Such distortions also mix
the MLCT states. We suggest that s1 is the time constant
for MLCT! LF relaxation in all cases. Where this path
involves intermediate mixing-in of additional states, the
probing technique seems not to distinguish such compo-
nents. We also point out that this model is consistent with
the rapid change of fragmentation (only the parent ion
from L1, no parent ion from L2): The ultrashort s1 times
imply a fast acceleration and hence a steep initial slope;
the rapid lowering of the electronic energy gives rise to
excess kinetic energy of the nuclei, which in the ion causes
efficient fragmentation. If the time constants are controlled
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
by the initial accelerations and slopes, and also by the
height or absence of a barrier resulting from an avoided
crossing, it seems natural that they are characteristic of
each state and that the wavelength dependence can be non-
monotonic, as we observed (Tables 2 and 2a). In contrast,
in a statistical model the lifetimes would monotonically
decrease with increasing excess energy. By far the longest
s1 is observed at 162 nm, which probably excites a Rydberg
state. Its potential (resembling that of a CrðCOÞþ6 ion in its
T2g ground state) is not expected to be repulsive, and the
repulsive valence states are much lower in energy; an inter-
section or avoided crossing between the two types of poten-
tial may therefore be far from the Rydberg minimum and
involve some activation energy.

The model suggests the expected relaxation coordinates.
Information on these initial coordinates can be derived
from resonance Raman spectra. With a number of different
pump wavelengths between 355 and 213 nm, activity was in
fact found in JT-active eg and t2g modes in Cr(CO)6 and
W(CO)6 [46–48]. This confirms our suggestion above, that
they are components of the direction of the initial slope.
With 266 nm, also t1u and t2u overtones were found and
interpreted as an indication of vibronic mixing of LF and
MLCT states [46,49]. (In this energetic region an LF state
is expected (Fig. 1). It is probably not directly excited,
because the absorption is expected to be too weak [43].)
A remarkable finding is that all the vibrational progres-
sions were found to be very short (up to the first overtone;
only traces of higher ones detected in [47]) [46–49], in stark
contrast to other dissociating molecules [50]. This was
interpreted in [46] in terms of an upper-state potential that
is nearly not shifted versus the equilibrium geometry. How-
ever, this is incompatible with the ultrashort s1 values
. (2007), doi:10.1016/j.chemphys.2007.09.057
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found here, implying a very fast acceleration and a steep
initial slope. We instead infer from the short progressions
that the wave packet leaves the initially excited state very
early (within s1) to a potential surface (such as an LF sur-
face), from where transition to S0 involves a much smaller
transition moment. This again confirms our model. (To
explain the short progressions, Adelman and Gerrity [46]
also offered intersystem crossing. This was, however,
excluded in [12], because all time constants were found to
be longer with the heavier metal. See also Sections 1 and 5.)

A support for a specific JT-active mode (t2g, which is an
MCO bending coordinate) is due to photofragment spec-
troscopy, in which rotationally excited CO was found after
photodissociation of Cr(CO)6 [51–53]. This observation
indicates a bent MCO structure before dissociation, so that
the recoil can excite rotation. Such a bending can be pro-
vided by a t2g deformation [12].

The time s1 is amazingly short (12.5 fs with 270 nm or
14 fs with 282 nm). This can be judged by comparison with
a motion in a bound potential, for example along an MC
stretch coordinate with vibrational wavenumber
400 cm�1. To travel from any point on the slope of this
potential to its minimum (or a point close-by, where it
might find an outlet – a CI or an avoided crossing – to
another potential), a wave packet needs one quarter of a
period, hence 20 fs. At the Franck–Condon point with its
Oh symmetry, the only coordinates with nonzero slope
are either totally symmetric (a1g) or JT active. Along the
a1g MC stretching, six MC bonds are extended in phase
and the potential in this direction is bound; its curvature
corresponds to a vibrational wavenumber of 360 cm�1

(period 93 fs, Section 4.4). Traveling to its minimum would
thus take 23 fs, longer than observed (12.5 fs) in Cr(CO)6.
For the JT-active MC stretch mode (eg) a similar wave-
number is expected, as to judge from the ground state
[42]. In contrast, a higher frequency is expected for the
JT-active MCO bending (t2g, 532 cm�1 in S0 [42], 15 fs
for a quarter of a period). Therefore we suggest that excur-
sion along this direction significantly contributes to initial
acceleration and transition to the LF state (which agrees
with the evidence from CO rotational excitation in photo-
fragment spectroscopy, see above). Later on, an ungerade
direction such as t1u must mix in, since gerade coordinates
would not lead to dissociation, because they involve more
than one ligand. (A local MC stretch is a superposition
of t1u with eg and a1g MC stretch coordinates.) u-type dis-
tortion breaks the inversion symmetry, which is also neces-
sary to permit transition from an MLCT state (u
symmetry) to an LS potential (g symmetry).

4.3.2. The dissociation step (s2)

After crossing over to the lowest LF potential surface
(symmetry type T1g in Oh), the MC bond is extended and
the state splits. The wave packet follows the lower one (E
symmetry in C4v) and within s2 arrives at the S1 state of
E symmetry of M(CO)5. The dissociation is remarkably
fast (s2 = 18–22 fs, Table 2), probably the fastest measured
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
to date by time resolution. From photofragment spectros-
copy of W(CO)6, excited at 351 nm, it is known that CO is
ejected with a translational temperature of 1550 K [52],
corresponding to a mean square velocity of 1170 m s�1.
With this velocity, the MC distance can increase within
s2 by only 0.23 Å (or half as much, assuming uniform
acceleration). This should be compared with the Cr–CO
bond length of 1.92 Å (see [54] and references quoted
therein) in Cr(CO)6. This means that the energy of the low-
est LF states falls down very steeply (‘‘precipitously’’ [4]) to
near the final level by extending the MC bond by only 10%.
This is in agreement with the early (within s1) crossing-over
to this surface and the fact that s1 and s2 increase only
slightly on lowering the initial excitation energy. It is also
consistent with the very short progressions in resonance
Raman spectra (Section 4.3.1).

Another remarkable fact is the energetics: The Cr–CO
bond dissociation, leading to Cr(CO)5 in its C4v ground
state, requires 1.6 eV (see Table 8 in [55] and references
quoted). Vertical excitation of Cr(CO)5 (in a Ne matrix)
requires 1.95 eV [56], so that the Franck–Condon (FC)
point of this unsaturated carbonyl is by 3.55 eV above
the hexacarbonyl ground state. On the other hand, the
long-wavelength absorption edge (375 nm) corresponds to
only 3.3 eV; similarly our longest pump wavelength
(345 nm, 3.6 eV) combined with the steep initial slope will
not allow the wave packet to reach the FC region of
Cr(CO)5. For explanation we again invoke the JT effect:
Paterson et al. [22] point out that already with minor exten-
sion of the Cr–CO bond the E state resulting from splitting
of the T1g state is again split by the JT effect (by 0.86 eV
[22]), giving rise to symmetry-equivalent valleys down to
the S1 surface of Cr(CO)5; these curves thus do not lead
to the FC point (which is the E state of the nondistorted
pentacarbonyl). The JT active coordinates should be
CMC bending of b1 and b2 symmetry, the latter probably
more effective. This b2 deformation is the same as a compo-
nent leading in Cr(CO)5 from the FC point down to the
conical intersection with trigonal-bipyramidal structure.
Hence these valleys lead to an energy lower than the FC
point in Cr(CO)5. Therefore also long-wavelength excita-
tion of Cr(CO)6 can reach the excited state of the pentacar-
bonyl. We hence suggest that the paths starting from the
different initial states go down on the same LF surface,
although with longer wavelengths the trajectories lie deeper
in the valleys leading closer to the CI in M(CO)5 (Fig. 7). A
nice confirmation of this idea can be seen in the S1 lifetimes
(s3) of Cr(CO)5 (Table 2), which decrease with longer pump
wavelength: the traveling distance to the CI is shorter in
this case. Lifetimes that are shorter with less excess energy
are probably hard to rationalize in a different way.

4.3.3. The S1 lifetime of M(CO)5 (s3)

The short s3 (Table 2) implies a barrierless continuous
path down to S0. As mentioned in Section 4.2 and
explained previously [12] and confirmed by calculations
[22,23], a suitable conical intersection (CI) is available with
. (2007), doi:10.1016/j.chemphys.2007.09.057
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trigonal-bipyramidal molecule structure (symmetry D3h); it
is induced by the JT effect. The JT-active coordinates cor-
respond to CMC bending (symmetry e 0 in D3h, a1 + b2 in
C4v), which basically exchange the ligand vacancy (in
square-pyramidal geometry) with an adjacent CO group
(pseudorotation). After passing through the CI, the wave
packet oscillates in S0 (i.e. in L4) along the pseudrotation
coordinate with a period of 350 fs (Cr(CO)5). In a quarter
of this period (in 88 fs) the wave packet should travel from
the point of maximum amplitude (turning point) to the
minimum. The question is then: Why is s3 much shorter
(40–25 fs), although the coordinate is the same? We suggest
that this is because (1) the wave packet arrives in S1 not at
the FC point (i.e. above the S0 minimum) but closer to the
CI and (2) arrives there already with a b2 momentum
acquired before (by the JT effect on the repulsive curve,
Section 4.3.2).

4.3.4. Further dissociation from pentacarbonyl S0 (s4)

It was already argued in [12] that the time for dissocia-
tion (s4 � 1 ps) is shorter than statistically expected with
the excess energy from 270-nm dissociation. Apparently,
compared with equipartition, a larger fraction of the
energy seems to be in suitable stretch coordinates. A non-
statistical energy distribution is, of course, also required
for the coherent oscillations observed. It is consistent with
this non-equipartition situation, that s4 only increases from
0.93 to 1.5 ps (Table 2) on decreasing the excess energy by
1.0 eV (increasing the pump wavelength from 270 to
345 nm).

4.4. Coherent oscillations

Already in our previous work [11,12], we found coherent
oscillations after dissociation, in the ground singlet state of
M(CO)5 (wavenumbers 95, 84 and 80 cm�1 for M = Cr,
Mo and W, respectively). They were identified with
pseudorotation vibrations in a C4v minimum, obviously
stimulated by the slope down from the conical intersection
with D3h symmetry, as also confirmed by the calculations
by Paterson, Worth et al. [22,23]. They are found again
Table 3
Fast oscillations (period sosc corresponding to wavenumber m, dephasing tim
windows Li

kpump/
nm

L1 L2

sosc/fs sdeph/fs u/2p sosc/fs sdeph/fs u/2p

270 – – 93 ± 10 27 ± 10 0.58 ± 0
318 86.5 ± 15 150 ± 100 0.36 ± 0.10 93 ± 10 76 ± 20 0.52 ± 0
345 86.5 ± 15 200 ± 100 0.36 ± 0.10 93 ± 10 70 ± 30 0.66 ± 0

mi/cm�1

at
270–
345

397 ± 69 362 ± 39

Error limits indicate the range, in which reasonably good fits are possible.
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in the present work, and a closer inspection reveals more
details, which will be reported later.

With the better time resolution, we now also detect a
higher-frequency oscillation, also in the preceding locations
(Table 3). From its wavenumbers around 400 cm�1, it can
only be an MC stretch vibration. It is certainly totally sym-
metric (a1g ‘‘breathing’’ in Oh, a1 in C4v, etc.), because from
antisymmetric vibrations one in general only observes
overtones [57]. This vibration is already found in the FC
region (L1) of Mo(CO)6, excited at 270 nm, and with
longer-wavelength excitation also in L1 of Cr(CO)6. Obvi-
ously with 270 nm, in this molecule s1 (12.5 fs) is a too
small fraction of the period (80–100 fs) to allow detection
of a such a modulation. Indeed this vibration was also
detected in static spectroscopy in a cryogenic matrix as
vibrational structure in the T1u band of the molybdenum
and tungsten carbonyls (wavenumbers �350 and
�400 cm�1, respectively) but not in chromium carbonyl
[58], certainly for the same reason. The wavenumber
observed in the time-resolved experiment of Mo(CO)6

(310 cm�1) is – in view of the error limit caused by the short
lifetime – in satisfactory agreement with the former value.
Coherent oscillations in the FC region can be stimulated,
if the pump laser’s coherent width covers more than one
of the stationary vibrational levels. Already the width of
the 30-fs laser (490 cm�1 full width at half maximum) is
sufficient.

The MC stretch vibration is seen as a coherent oscilla-
tion also in the subsequent locations L2–L4 on the poten-
tials of Cr(CO)6, although with different frequencies. In
particular for L2, a periodic motion in MC direction seems
surprising at first sight, because L2 was described above as
a potential that is strongly repulsive in MC stretch direc-
tion. A down-slope along this direction was also postulated
for L1 in Section 4.3.1. However, the vibration takes place
along an a1g direction, involving in-phase stretching of six
MC bonds, which does not lead to dissociation. The sym-
metric vibration is schematically illustrated in Fig. 9, which
also shows two of the channels for dissociation; the latter
follow the bottom of the valley, whereas the vibration is
orthogonal to this direction. This is similar as the coherent
e sdeph, phase delay u; see Eq. (2)) observed in the different observation

L3 L4

sosc/fs sdeph/fs u/2p sosc/fs sdeph/fs u/2p

.05 73 ± 10 37 ± 10 0.88 ± 0.05 95 ± 3 165 ± 50 0.67 ± 0.05

.05 73 ± 10 40 ± 10 0.9 ± 0.05 95 ± 5 200 ± 50 0.6 ± 0.05

.05 73 ± 10 40 ± 10 0.16 ± 0.05 95 ± 7 270 ± 50 0.58 ± 0.05

465 ± 64 352 ± 26

. (2007), doi:10.1016/j.chemphys.2007.09.057
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Fig. 9. The totally symmetric (breathing) MC stretch a1g in M(CO)6,
stimulated at the Franck–Condon (FC) point and transforming along
localized M–C dissociation coordinates into two a1 vibrations in M(CO)5.
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HgI oscillation found in the early time of femtosecond
chemistry by the Zewail group in HgI2 dissociation [59,60].

In a previous experiment on CpMn(CO)3 (Cp = cyclo-
pentadienyl) an observed oscillation (period 85 fs) was
assigned to a vibration (wavenumber 392 cm�1) of a local
MC bond along the dissociation coordinate [61,62]. In fact
it is conceivable that this molecule is different from ours,
since the (supposed) dissociation time (170 fs) is much
longer and a barrier was suggested along the path. How-
ever, a totally symmetric MC vibration, excited by the
pump laser in the Franck–Condon region, seems to us also
plausible for this case.

As already said, the vibration also survives in the follow-
ing locations and was monitored for the chromium car-
bonyl system down to S0 of the dissociation product (i.e.
L4). (The wavenumber of 350 cm�1, observed by us in this
state, compares favorably with the 381 cm�1, observed for
the solvent complex Cr(CO)5 Æ cyclohexane [48].) On a
change of the electronic state, it substantially changes its
frequency (by 20%, Table 3). Normally such a change leads
to rapid dephasing of the coherent motion. However, all
the relaxations take place in times (s1–s3) shorter than a
period, so that dephasing cannot fully develop. But such
an effect can be the reason, why in L4 (ground state of
Cr(CO)5) the dephasing time of this vibration (165–
270 fs) is much shorter than that of the lower-frequency
vibration (>1 ps), which is only excited on the lower sur-
face: The a1 vibration changes by 20% (from 450 to
350 cm�1) on S1! S0 (L3! L4) relaxation, so that after
a small multiple of the vibrational period (74 fs in S1) the
two vibrations will be out of phase. Another possible
source of dephasing is connected with the following
observation.

In the simulation of the 318-nm and 345-nm data, we
fixed the frequencies for the oscillations in L3 and L4 to
the values found with 270-nm pump. This idea is based
on the model (Sections 4.3.2 and 4.3.3) saying that in all
cases dissociation leads to S1 (i.e. L3) and then S0 (L4) of
Cr(CO)5, and vibrations in these electronic states should
only slightly depend on the excess energy, due to anharmo-
nicity. However, releasing this constraint for L2–L4 in the
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
simulations results in slightly better fits with frequencies
that are by about 10% lower with lower excess energy
(longer wavelengths). Anharmonicity usually gives rise to
the opposite result. An explanation may be provided by
the existence of two a1 MC stretch vibrations (for the axial
and equatorial bonds), whose frequencies are likely to be
slightly different. Their superposition would then shorten
the dephasing time. At longer wavelength, the lower fre-
quency seems to be favored. This means also less superpo-
sition and hence a longer dephasing time; this is indeed
found at longer wavelengths (Table 3).

The phases u of the oscillations are also reported in
Table 3. They should monotonically increase in the model
that the oscillations simply propagate from location to
location (as in Fig. 9). In fact, the data are consistent with
a monotonic increase, if one takes into account that u is
defined only up to modulo 2p. An alternative to propagat-
ing oscillations, excited in the FC region, postulates restim-
ulation of MC stretch vibration on each crossing-over to a
new electronic state, by which the MC vibrational fre-
quency or the bond length is suddenly changed. In fact,
the MC stretch vibration was found oscillating in S0 of
Cr(CO)5 in the quantum dynamics simulation [23], that
started from the S1 of this molecule (i.e. not from the FC
region of Cr(CO)6).

It seems remarkable that the S1 state of Cr(CO)5 (which
is an LF state) has a larger wavenumber (450 cm�1, Table
3) of the MC stretch vibration than usual. This observation
still awaits electronic interpretation. But it might also have
to do with the existence of two a01 (or a1) vibrations, one of
them preferred in the higher state and the other in the lower
one.

5. Conclusion

By the better time resolution in the present work as com-
pared to the previous investigation [12], we found that the
previously supposed second relaxation step in the intact
M(CO)6 (with time constant s2old = 10–20 fs) is not purely
exponential but contains a periodic modulation. It corre-
sponds to a totally symmetric MC stretch vibration, taking
place during dissociation of a single MC bond. It is already
excited in the Franck–Condon region by the pump laser
and seems to propagate over four electronic levels down
to the ground state of the dissociation product M(CO)5,
although restimulation by a changed MC distance or slope
on transition to a new electronic state may also contribute.
By contrast, a lower-frequency coherent oscillation appears
only after the molecule reaches a minimum of C4v symme-
try (square-pyramidal geometry) in M(CO)5. It is assigned
to a totally symmetric CMC bending vibration that is asso-
ciated with pseudorotation and is stimulated by the slope
on entering this potential well from the S1/S0 conical inter-
section with trigonal-bipyramidal molecule geometry. That
is, in contrast to the higher-frequency vibration which is
(mainly) optically induced, the pseudorotation vibration
is chemically induced. A strong support are the recent cal-
. (2007), doi:10.1016/j.chemphys.2007.09.057
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culations [22,23], which predict such a vibration without
any counterpart in a preceding electronic state. (The calcu-
lation of Worth et al. [23] suggests that also the MC vibra-
tion in part is stimulated by a bond length change on
changing the electronic states.) Chemically induced vibra-
tions can be very useful to find out the directions of slopes
and hence information about the reaction coordinates.
Except for the metal carbonyls [11–15], we have demon-
strated this principle with aminobenzonitriles [57,63–65]
and with tetrafluoroethylene [32]. A chemically induced
coherent oscillation was also detected by Sorgues et al. in
a tetraamino ethylene [66]. A previous theoretical work
assumes that there exist only optically induced coherent
oscillations [67].

The new data suggest some modifications of the early
phases of the dissociation dynamics: Previously [12] we said
that from the initial MLCT state T1u excited at 270 nm, the
molecule relaxes down to one of the lowest singlet states
(T2u) in an ultrashort time (s1), guided by steep slopes
induced by the Jahn–Teller effect, and from there reaches
a repulsive LF state via an avoided crossing. While a bar-
rierless path of this kind probably exists for all MLCT
states, we now suggest that along the JT-active and/or
MC stretch coordinates there is an even faster path for
all MLCT states directly to the repulsive LF surface. A
detour via T2u is not necessary. The previous mechanism
had some similarity with the Kasha rule, with the paths
from different initial states merging within the intact mole-
cule. In the new mechanism, the different trajectories merge
only in the product M(CO)5, at or just above its S1/S0 con-
ical intersection. The necessary structural change (CMC
bend similar to pseudorotation in M(CO)5) already begins
early during dissociation by JT distortion of the molecule
in the E state. This mechanism also explains, why photodis-
sociation at the long-wavelength edge of M(CO)6 can still
produce the excited singlet state (although not in its FC
region) of M(CO)5.

This latter observation also implies that the long-wave-
length wing of the M(CO)6 spectra do not reflect singlet–
triplet transitions, in contrast to the early [68] and a very
recent [8] suggestion and the assignment in textbooks
[2,19]. One can also rule out intersystem crossing, that
would produce triplets from initial singlets still in the intact
molecule; it was also assumed in textbooks [2,19]. We
already excluded it previously [12], because all the mea-
sured time constants are longer in the heavier M(CO)6,
whereas spin–orbit coupling would imply an opposite
trend. From an experiment with much less time resolution,
Joly and Nelson already concluded that dissociation takes
place in the singlet manifold [49].

It may be worth pointing out that in this mechanism (as
also in the previous one), the molecule or wave packet is
guided by the slopes and intersections of potential surfaces
(‘‘pathway approach’’ [69]). Also the choice between the
two paths – direct MLCT! LF crossing-over (favored in
this work) versus a preceding (Kasha-like) down-relaxation
to T2u – is probably decided by relative slopes. In contrast,
Please cite this article in press as: S.A. Trushin et al., Chem. Phys
the traditional assumption involved vertical relaxation
among excited states, guided by matrix elements and den-
sities of states (see the discussion in [70] or pages 458–462
of [71]), reaching equipartition of the energetically accessi-
ble states. Such a statistical situation is also excluded by the
coherent phenomena (oscillations) observed here.

Although the dissociation of M(CO)6 is indirect (i.e. the
repulsive potential is reached only after a preceding relax-
ation step), the observed duration for it (whether one takes
s1 + s2 or only s2) is to our knowledge the shortest time for
dissociation observed so far in time-resolved experiments.
We are not aware of a successful time-resolution of a direct
dissociation such as that of methyl iodide excited in the A
band. The latter process has been estimated to take
sdiss 6 65 fs from the rotational anisotropy in photofrag-
ment spectroscopy [72]. But our results also provide an esti-
mate for such processes: The evolution time on the
repulsive surface until MC dissociation (s2 = 18–30 fs for
the different metal carbonyls) is about one quarter of the
period of a typical MC vibration. This is four times shorter
than previously supposed (e.g. for CH3I in [73]). If this rule
is general, we can expect sdiss � 15 fs for CH3I (which has a
CI stretch wavenumber of 533 cm�1 [74]) and around 4 fs
for HI (stretch vibration 2300 cm�1 [75]).
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