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Solvent effects in elementary chemical reactions are studied using femtosecond transient absorption spectroscopy. Photodis-
sociation of M(CO)s (M=Cr, Mo, or W) is examined in a variety of linear chain alcohols to ascertain the role of the solvent on
the initial CO dissociation event. Resonance Raman experiments are also used to obtain more information about the reaction
coordinate for CO dissociation. No significant solvent effects are seen on the short time (~ 350 fs) transient absorption signal
assigned to CO dissociation; however, effects are seen on an intermediate timescale attributed to differences in solvent complex-
ation dynamics. Subsequent vibrational cooling of the nascent Cr(CO)s{SOLVENT) complex is observed consistent with earlier

results.

1. Introduction

Recently there has been much interest in probing
the dynamics and potential energy surfaces of chem-
ically reactive species [1,2]. For small molecules in
the gas phase, unimolecular dissociation dynamics
may be determined uniquely by the structure of the
potential energy surface along which reaction occurs.
Real-time observations of such reactions have re-
cently become possible, and the dynamics measured
can provide detailed information about reactive po-
tential energy surfaces [3,4]. In condensed phases,
interactions between the reacting species and its en-
vironment cause dissipation of momentum along the
reaction coordinate, barrier recrossing, and other
events which destroy the one-to-one correspondence
between reactive potential energy surface (PES) and
reaction dynamics. A microscopic understanding of
condensed phase chemical reactions therefore re-
quires independent determination of both chemical
reaction dynamics and reactive potential energy sur-
face. Given these, critical analysis of lattice or sol-
vent (“bath”) effects on reaction dynamics, yield, etc.
can be undertaken. Such an analysis poses additional
requirements for information about the molecular
dynamics of the bath itself, including the strengths of

intermolecular forces between bath molecules and
between bath and reacting species.

We have taken several initial steps toward under-
standing condensed phase chemical reactions of sim-
ple organometallic species. To put the goals of our
work in perspective, it is useful to outline the follow-
ing protocol even though we are far from executing
all the steps.

(1) Reaction dynamics can be determined through
femtosecond time-resolved spectroscopic measure-
ments such as those discussed below.

(2) Potential energy surfaces must be inferred from
a variety of spectroscopic methods, including femto-
second time-resolved spectroscopy, resonance Ra-
man spectroscopy, absorption and fluorescence mea-
surements, etc., as well as from theoretical cal-
culations. Since detailed features of intramolecular
potential energy surfaces are likely to be washed out
by the intermolecular interactions and inhomogene-
ity of the bath, highly accurate PES determination
should not be necessary.

(3) Molecular dynamics and intermolecular inter-
actions of the nonreactive bath must be modeled.

(4) Given (2) and (3), simulations of chemical
reaction dynamics in the bath can be carried out. The
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simulation results can be compared to experimental
data (1).

The results of the comparison can be used to refine
the assumptions and procedures used in (4). This is
ultimately the critical step which we hope to reach.
Very different models have been proposed for treat-
ing unimolecular photodissociation in a liquid, in
which at least one of the photofragments must “break
out” of the immediate solvent environment to avoid
rapid recombination. Starting points suggested for the
treatment range from a “rigid cage” picture [5] to
one in which the solvent is envisioned as highly com-
pliant and always in an equilibrium configuration
around the dissociating species (in which case a po-
tential of mean force can be used to describe the in-
termolecular interactions) [6-8]. The conditions
under which these or other starting points are reason-
able, and the manner in which refinements can be
made, comprise in our view one of the central prob-
lems in condensed phase physical chemistry. The
problem is especially challenging because in general
the time scales for bond breakage, photofragment
disruption of the solvent “cage”, and nonreactive bath
dynamics cannot be separated.

Advances in both time and frequency-domain
spectroscopies have raised hopes for experimental
determination of potential energy surfaces and
chemical reaction dynamics. Time-domain experi-
ments can be carried out with pulses whose durations
are short compared to the time required for any sig-
nificant nuclear motion in the direction of chemical
change. Phase-coherent nuclear motion (i.e. phase-
coherent wavepacket propagation) in an electronic
excited state is initiated upon absorption of an ul-
trashort pulse, and can be monitored through mea-
surement of absorption of other, variably delayed
pulses. As illustrated in fig. 1, photoexcitation with
an ultrashort pulse into a bound potential (S,) re-
sults in excited molecules whose vibrational oscilla-
tions are in phase. Variably delayed probe pulses then
encounter the excited molecules at various stages of
oscillation, permitting spectroscopic characteriza-
tion of vibrationally distorted species as well as mea-
surement of excited-state vibrational frequencies and
dephasing rates [9-11]. Similarly, absorption into an
unbound potential (S;) initiates synchronized or
phase-coherent motion which is not oscillatory but
rather monotonic, e.g. stretching of a bond distance

So

T

Fig. 1. Schematic illustration of electronic potential energy sur-
faces as a function of the vibrational coordinate Q. Optical ab-
sorption into S, leads to coherent oscillations about the excited
state potential minimum. Absorption into S, or S, leads to co-
herent wavepacket propagation from the excited state to the dis-
sociated product.

until dissociation occurs. This process can also be
probed through measurement of transition absorp-
tion spectra, provided the excitation and probe pulse
durations are short relative to the dissociation time
[3,4]. This provides a good measure of the reaction
dynamics and, depending upon what is known about
the final state into which absorption (or stimulated
emission) occurs, may also yield information about
the reactive potential energy surface and about envi-
ronmental effects on the reacting species.

A set of prototypical liquid-state photochemical
reactions is offered by the metal carbonyls M (CO),
where M=Cr, Mo, or W and M,(CO),, where
M =Mn or Re. These species are of substantial chem-
ical interest, but are also simple enough to be ame-
nable to spectroscopic investigation and theoretical
calculations. We have presented preliminary femto-
second time-resolved transient absorption spectra
from both families [12,13], and we will concentrate
here on the first which has been the subject of a num-
ber of recent time-resolved electronic and vibra-
tional spectroscopic investigations [21,14-171]. In the
gas phase, absorption of an ultraviolet photon yields
a variety of fragments [14,18,19], Cr(CO), where
n=0-5. In solution, only a single CO dissociates,
presumably because energy transfer to the surround-
ing bath dissipates excess Cr(CO); internal energy
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and thereby quenches further reaction. Previously we
determined that the CO dissociation was complete
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vent molecule coordinates to the naked site, forming
the species Cr(CO)sS (S=solvent) which is stable
onto at least the nanosecond time scale. Solvent com-
plexation produces a new visible absorption whose
maximum is known to reflect the strength of the Cr-
S bond [20-22]. Recently, Simon and Xie [15] as
well as Joly and Nelson [12] have measured the rise
time of the visible Cr(CO);(MeOH) absorption to
be approximately 2.5 ps. Both groups have attributed
this time to the bonding of the solvent to the bare
coordination site. We note that Spears and co-work-
ers [16] have performed picosecond ultraviolet pump
and infrared probe experiments whose results sug-
gesteu that the “naked” Cr \bU )s is 10i‘1g-ﬂ'v’€u \ ~100
ps) and exists in two different forms, the C,, sym-
metry square pyramidal and the D, symmetry tri-
gonal bipyramid, both of which may complex with
the solvent. Visible absorption measurements using
polarized light have inferred two distinct intermedi-
ates in low-temperature matrices [23]. The implica-
tions of these observations for ihe room temperaiure
liguid phase visible absorption spectrum is not
known, and to date no evidence of more than one
Cr(CO)s conformer has been seen in the solution
phase electronic spectrum. Very recent measure-
ments of transient Raman spectra [24] appear to
support the conclusion that solvent coordination oc-
curs wiihin several picoseconds.

We present new femtosecond transient absorption
data on all three metal carbonyls, M(CO), with
M=Cr, Mo, W, in several organic solvents. The re-
sults in each case indicate the dynamics of the initial
ligand ejection event as well as the time scales of sub-
sequent solvent complexation and relaxation. Al-
though transient excited-state—excited-state absorp-
tion spectra of dissociating M (CO ), species will not
allow us to elucidate in detail the reactive nntpnha!

energy surfaces, we can hope to address two basic
questions that have raised concern. The reaction dy-
namics should indicate (1) whether reaction occurs
in the initially excited singlet state, or whether the
nearby tripiet ievei plays an esseniiai role; and (2)
whether the singlet excited state, if reactive, is un-
bound or weakly bound (as in level §; or S; respec-
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tively of fig. 1).

Considerable information about the structures of
excited-state potential energy surfaces can be ob-
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present preliminary resonance Raman spectra which
suggest a possible reaction path in metal hexacarbon-
yls. We also present preliminary data from diman-
ganese decacarbonyl, Mn,(CO) o, which offer some
insight into the metal-metal bond photocleavage re-
action that can occur upon absorption.

2. Experimental

The femtosecond laser system used has been de-
scribed previously [25]. Briefly, a cw modelocked
Nd:YAG laser synchronously pumps a femtosecond

U)’C labCl upcnauug Wllll uluuauuuc .J7U as l.llC sdlll
medium and DODCI as the absorber. The output of
this laser consists of 65 fs pulses at 82 MHz, centered
at 615 nm with 45 mW average power. These pulses
are amplified in a three stage amplifier which is lon-
gitudinally pumped by the frequency doubled output
of a seeded Nd: YAG regenerative amplifier. After
compression using a SFg prism pair, ihe resuliing
pulses are 55 fs in duration with a pulse energy of 10
nJ and an 800 Hz repetition rate.

Seventy percent of this output is frequency dou-
bled in a 1 mm KDP crystal to yield the 308 nm, 90
fs, 400 nJ pump pulses. The remaining 30 percent is
focussed into a 2 mm cell of D,O to produce a white
light continuum pulse spanning the spectral range of
400-900 nm. A 10 nm interference filter is used to
select the desired probe wavelength. The probe pulse
is variably delayed along a stepping-motorized delay
line and then overlapping spatially with the pump
pulse inside the sample. The polarizations of the
pump and probe beams are adjusted to be 55 degrees
apart to eiiminate the effects of moiecuiar rotation
on the signal. The intensities of the probe before and

after the samnle (/_ and ! resnectivelv) are measured
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and the quantity (/,—/,)//, is determined. Typical
values of (/,—/,)/l, are between 2 and 10 percent.
Different interference filters separated by 20 nm were
used to select different probe wavelengths, and
broadband iransient absorpiion specira were con-
structed from all the data obtained. Cross correla-
tions between ultraviolet and probe pulses indicate

an instrument response of approximately 100 fs which
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1s consistent with the fastest rise times seen in the
data. Control experiments on trans-stilbene, which
undergoes no photochemical change on sub-picose-
cond times scales, also show 100 fs rise times.

Additional control experiments were conducted on
high-purity solvents only, without the organometallic
solute present. There is appreciable transient absorp-
tion signal from most solvents, presumably due to
electronic excited states produced by two-photon ab-
sorption of the ultraviolet excitation pulse. This sig-
nal varies in timescale and form in different solvents
but in all cases the transient absorption strength is
greatest at 7~ 0 and decays rapidly to a lower level,
which in some cases persists for longer times. The pure
solvent absorption strength at t~0 at any probe
wavelength reported in this work is at least a factor
of 4 smaller (and often a factor of ten smaller) than
any signal obtained with M (CO), present. At longer
times, the signal due to solvent is even weaker by
comparison. Solvent transient absorption was not
considered in our data analysis.

The samples are saturated (10~3 M) solutions in
high-purity solvents, flowed through quartz flow cells.
To minimize optical damage of the walls of the flow
cell, the cell is translated slightly along a motorized
translation stage after each laser shot. Even with this
precaution taken, the optical quality of the flow cell
can undergo gradual deterioration during an experi-
ment. The amount of probe light scattered by the cell
can therefore increase gradually. To eliminate spu-
rious effects on the data, measurements at each point
on the probe pulse delay line are taken with and with-
out the pump pulse present and the scattered light in-
tensity is subtracted. In addition, the entire delay line
is scanned several times in an experiment.

Raman experiments are performed using a cw Ar*
or Kr* ion laser operating on the 514 or 351 nm line,
respectively. The backscattered radiation is passed
through a polarization scrambler and focussed into a
Spex § meter scanning double monochromator and
detected using a photon counting system. The sample
is a saturated solution of M(CO)¢ in methanol flowed
through a | mm diameter jet.

When performing experiments on photochemi-
cally active samples, it is important to produce as few
photoproducts as possible. It is generally acceptable
to keep the photoalteration parameter F defined be-
low [26,27] under 0.1.

2303/ P
F==7 (E)“’” (1)

where N, is Avogadro’s number, € the molar decadic
extinction coefficient, ¢ the photochemical quantum
yield, D the largest dimension of the beam, P the pho-
ton flux, and v the flow velocity. For Cr(CO ), at the
peak of the ligand field transition (€.~ 30002 M~!
cm~!') and assuming a flow of 0.5 m/s, F=0.05 when
3 mW average cw power is used. The 351 nm excita-
tion light is not at the peak but is near resonance
(€35,~300 8 M~! cm™'). In order to keep the pho-
toalteration ratio below 10 percent, very low (<25
mW ) powers were used when near resonance.

3. Results and discussion

3.1. Transient absorption spectra from M(CO)s in
methanol and hexane solvents

Ultraviolet pulses at 308 nm excite predominantly
the 'A,—'T), ligand field transition in Cr(CO)¢
{28]. This excited state is known to lead to CO li-
gand loss within 3 ps [12,15]. Fig. 2 shows transient
absorption data of Cr(CO), in methanol taken with

Cr(CO)g X = 480 nm

Absorption

-0.3 0.0 0.3 0.6 0.9 1.2
Time (ps)

Fig. 2. Transient absorption data of Cr(CO)s in methanol using
probe pulses at =480 nm. The initial (350 fs) nonexponential
decay is a signature of coherent wavepacket propagation on a re-
pulsive surface. The scan indicates that CO dissociation is com-
plete in ~ 350 fs after which solvent complexation occurs in ~3

ps.
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308 nm pump and 480 nm probe pulses. The probe
wavelength corresponds to the absorption maximum
of the solvent complexed species Cr(CO)s(MeOH).
The data show three distinct regions: a pulse-dura-
tion limited rise, a rapid ( <500 fs) nonexponential
decay, and a slower, 1.6 ps exponential rise. The slow
rise is similar to that reported earlier by Simon and
Xie [15] who attribute it to the complexation of the
solvent. The pulse-duration limited rise represents
population of the initially excited ligand field state.
The rapid nonexponential decay represents coherent
wavepacket propagation on a symmetric, repulsive
potential. The excited-state—excited-state absorption
spectrum of the *Cr(CO), species shifts during dis-
sociation, reflecting the degree to which the Cr-CO
bond is stretched. The data indicate that the dissocia-
tion is complete within 350 fs.

We have obtained the time-dependent excited-state
absorption spectra of all three M (CO), species. Fig.
3 depicts the spectral changes of W (CO), for the first
5.7 ps after absorption. Data from Cr(CO)¢ and
Mo (CO) are almost identical in form, as shown by
figs. 4 and 5. Data from W (CO)¢ have higher signal/

W(CO)6 in Hexane

Relative Absorption Coefficient

Fig. 3. Broadband visible absorption spectra for W(CO), in hex-
ane. The excited-state—excited-state absorption spectrum is
peaked at 500 nm and decays in 350 fs. Subsequent solvent com-
plexation leads to a gradual rise between 440 and 520 nm indi-
cating formation of the product W(CO)(hexane).

Absorption

Cr (CO)s in Methanol

Ix, = 500 nm

lx., = 440 nm

Absorption

0.0 1.0 2.0 3.0 4.0 5.0
(ps)

Fig. 4. Transient absorption data for Cr(CO)¢ in methanol for
probe wavelengths of A=500 nm (top) and A=440 nm (bot-
tom). The form and timescale of the signal are similar to those
from W(CO)e.

Mo (CO)e 1n Methanol

|x, = 440 nm

0.0 2.0 4.0 6.0
Time (ps)

Fig. 5. Transient absorption data for Mo(CO )¢ in methanol shows
the same qualitative features as data from Cr(CQ)¢ and W(CO)¢
at the same probe wavelengths.

noise ratios due to an increase in 'A,;—'T , absorp-
tion strength. Relative absorption measurements at
any one wavelength are precise to * 5 percent or bet-
ter, as indicated by the signal/noise level in the indi-
vidual sweep. Some regions of broadband spectra such
as those in fig. 3 have been interpolated; however, we
believe that our measurements of relative absorption
strengths at different wavelengths are precise to £ 10
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percent. Fig. 3 indicates that the excited-state ab-
sorption spectrum of W (CO), is peaked at 500 nm
and tails to the blue. During the first 500 fs, as CO
loss occurs, the absorption strength decays sharply
and blue shifts slightly. During the next several pico-
seconds the spectrum shows a more gradual increase
in absorption between 440 and 500 nm. This was in-
terpreted by Simon and Xie [15] and later by us [12]
as a signature of solvent complexation, i.e. formation
of the W(CO)s(Hexane) species. Further spectral
evolution over a total of 70 ps after photoexcitation
is shown in fig. 6. Within about 50 ps the absorption
maximum has shifted from 500 nm to 480 nm which
we [12] and others [17] have attributed to vibra-
tional relaxation of the solvent complexed species.
After 70 ps, the absorption maximum is centered at
approximately 480 nm which we believe represents
the vibrationally cooled product W(CO)s(MeOH).
No further spectral evolution is seen on picosecond
time scales.

Transient absorption data from Cr(CO)s and
Mo (CO)¢ over temporal ranges of about 60 picose-
conds are shown in figs. 7 and 8. In each species, time-

W(CO)6 in Hexane

—_

Relative Absorption Coefficient

Fig. 6. Spectral evolution of W(CO);(hexane) for 70 ps after
excitation. The absorption maximum of W(CO);(hexane) shifts
from 500 nm to 480 nm in ~ 50 ps, indicating that vibrational
relaxation of the solvated species occurs on this timescale.

Cr (CO)g 1n MeOH

410 nm

EREREE

0 10 20 30 40 50 60 70
Time (ps)
Fig. 7. Spectral evolution of Cr(CO)s(MeOH) for 70 ps. The
three sweeps show that the absorption spectrum gradually blue

shifts. This is attributed to vibrational relaxation which occurs in
approximately 50 ps, as in W(CO}s(MeOH).

Mo (CO) ¢ in Hexane

440 nm

Absorption

0 10 ?F 30 40 50
Time (ps)

Fig. 8. Spectral evolution of Mo(CO)s(MeOH) for 60 ps shows
similar features to the W and Cr analogs. The vibrational relax-
ation dynamics of all three solvent complexed species are nearly
identical.

dependent spectral evolution indicates three distinct
time scales. We associate the first 500 fs with CO dis-
sociation, the 0.5-5 ps interval with solvent com-
plexation, and the 5-50 ps regime with vibrational
relaxation of the M(CO ) S species. This final assign-
ment of the gradually blue-shifting spectrum is con-
sistent with earlier results on iodine vibrational re-
laxation in solution [29].
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We note that there are several issues which are not
clearly resolved by transient visible absorption spec-
tra. First, the time scale for electronic relaxation is
not completely clear. We have assumed that the bare
M(CO); species is formed in its ground electronic
state since we see no clear spectral signature of
M(CO); electronic relaxation. Ab initio calculations
[ 30} have suggested that the bare pentacarbonyl may
be produced in its first excited electronic state. Sec-
ond, the presence of two different conformers (D,
and C,4,) of the bare M(CO); species as concluded
from transient vibrational spectra by Spears and co-
workers [ 16] cannot be resolved from the electronic
spectra. As indicated earlier, we believe that the ki-
netics of transient electronic absorption data [12,15]
and recent transient Raman data [24] indicate sol-
vent complexation of the bare pentacarbonyl species
within 5 ps.

Some questions about the nature of the photodis-
sociative state can be addressed by our results from
the three compounds. In particular, the role of the
triplet ligand field state has long been uncertain. The
absorption spectrum of W(CO)¢ displays a weak
shoulder at 375 nm which has been attributed to the
'A,g—3T, transition [31]. Nasielski and Colas [32]
found that the quantum yield for dissociation in
W (CO)¢is independent of wavelength implying that
photochemistry occurs from the triplet state. Since
the spin—orbit coupling is much stronger in W (CO),
than in Cr(CO),, involvement of the triplet state
should influence the form or decay time of the initial
transient in the 0-500 fs range. Fig. 9 shows the re-
sults of transient absorption measurements in
Cr(CO)¢, Mo(CO)g, and W(CO), at 480 nm. The
short-time signal in all three appears identical. There
are two plausible explanations for this behavior.
Either dissociation from the initially excited singlet
state occurs before any significant intersystem cross-
ing into the triplet state can take place, or else inter-
system crossing is extremely efficient and occurs
within 100 fs in all three species. Such rapid intersys-
tem crossing rates cannot be ruled out by our data,
but we feel they are extremely unlikely. We conclude
that the reaction proceeds directly from the initially
excited state with no intersystem crossing necessary.

M(CO)g in Hex, X\ = 480 nm

[ Cr{CO)s
O
-
e}

(@} Mo(CO)e
C
o
)
fo)
<C

W(CO)e

-0.3 0.0 0.3 0.6 0.9 1.2
Time (ps)

Fig. 9. Transient absorption data from Cr(CO)s, Mo(CO),, and
W(CO)¢ in hexane. The short time transient is identical in form
and timescale in all three. This indicates that intersystem cross-
ing, whose rate should increase considerably with the metal atomic
weight, is not involved in the short time dynamics. The triplet
state apparently does not play a significant role in the dissocia-
tion process.

3.2. Transient absorption spectra from other solvents

We have investigated the metal carbonyls in sev-
eral solvents in order to explore the role of the sol-
vent on each of the three photophysical processes —
ligand ejection, solvent complexation, and vibra-
tional relaxation. The solvents used for our studies
are hexane, methanol, ethanol, 1-propanol, 1-pen-
tanol, l-octanol, and ethylene glycol. The widely
varying molecular sizes and viscosities of these sol-
vents permit evaluation of whether these properties
have effects on the initial dissociation and ensuing
complexation dynamics.

We have concentrated on the probe wavelength re-
gion from 440 to 500 nm since transient absorption
spectra in this regime are sensitive to all three pro-
cesses. Fig. 10 depicts transient absorption data from
Cr(CO)¢ in methanol, hexane, and ethylene glycol.
To within our signal/noise, there is no appreciable
difference in the short time (0-500 fs) decay even in
the viscous solvent ethylene glycol. In fact, the short
time signal is essentially identical in all the solvents
used. This implies that the initial dissociation of CO
is influenced very little by solvent forces. It appears
that the short time dynamics are determined almost
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480 nm

HEX

Absorption

0.0 t.0 2.0 3.0 4.0 5.0
Time (ps)

Fig. 10. Transient absorption data for Cr(CO)¢ in methanol,
hexane and ethylene glycol. In MeOH and ethylene glycol (EG),
the data show a gradual rise indicative of solvent complexation.
In hexane, no such feature is apparent. This is due to the small
spectral effects of complexation of Cr(CO); to an alkyl moiety.
Complexation to the hydroxyl moiety of alcoholic solvents has
larger effects on the absorption spectrum.

solely by the intramolecular PES. Clearly, the ejected
ligand must eventually perturb the surrounding bath
substantially, and will either escape entirely from its
parent or undergo geminate recombination. We note
that the high quantum yield of 0.7 for photodissocia-
tion [33] implies that most of the dissociated ligands
escape the solvent cage. Our data indicate that inter-
actions with the solvent occur after the ligand is no
longer strongly interacting with the parent com-
pound whose spectral behavior is probed.

Fig. 10 does show differences in the 1-5 ps regime,
lending support to the association of this time scale
with solvent complexation. In methanol and ethyl-
ene glycol there is a gradual rise in absorption while
in hexane no such feature is present. At present we
have not unambiguously observed a solvent rise for
Cr(CO)¢ in hexane at any wavelength. However, we
have observed such a rise in Mo(CO)¢ and W(CO),
in hexane. It is probable that the changes in the
Cr(CO)s(hexane) absorption spectrum are not
strong enough for us to detect, while in W(CO)¢ and
Mo (CO)g the effect appears stronger. The gradual
rise in fig. 10 has the same time constant (1.6 +0.2
ps assuming exponential reaction kinetics) for both
methanol and ethylene glycol. Fig. 11 shows tran-

Cr (CO) 6 A =

Absaorption

0.0 1.0 2.0 30 4.0 5.0

Time (ps)

Fig. 11. Transient absorption data for Cr(CO), in ethanol, 1-
pentanol, and 1-octanol. The gradual rise attributed to solvent
complexation is visible in ethanol and pentanol. In octanol the
predominance of alkyl complexation leads to minimal spectral
change.

sient absorption data of Cr(CO)g in ethanol, 1-pen-
tanol, and l-octanol. In ethanol, I-propanol (not
shown), and 1-pentanol the absorption rise time is
identical but the signal strength decreases as the al-
cohol chain length increases. In octanol, the data are
similar to those in hexane. Table 1 summarizes the
results of transient absorption measurements in the
1-5 ps range for all three M(CO)¢ compounds in
various solvents using probe wavelengths at or near
the absorption maximum of M(CO);S. It is clear that
solvent viscosity, dielectric constant, and molecular
weight have no systematic effects on complexation
dynamics on this time scale. The measurements are
complicated somewhat by the fact that the transient
absorption rise time for the solvent coordinated spe-
cies is wavelength dependent. Measurements on the
red edge of the absorption band show faster rise times
than those measured on the blue edge in all metal car-
bonyls and solvents listed. This is an indication that
the spectrum is blueshifting slightly on this timescale
as well, making it difficult to assign a definitive com-
plexation time.

Examination of the Cr(CO)¢ data in figs. 10 and
11 shows that the dynamics of spectral evolution in
the 1-5 ps regime do not depend on the solvent, but
the extent of spectral change does. The results indi-
cate that solvent complexation dynamics are essen-
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Table 1
Rise time associated with solvent complexation

Solvent Viscosity # Transient absorption rise time

Cr(C0)¢ Mo(CO)® W(CO),®
Hexane 0.326 N/A® 3.0
Methanol 0.597 1.6 3.0 2.3
Ethanol 1.2 1.6
{-Propanol 2.3 1.6
1-Pentanol 4.0 1.6
1-Octanol 106D N/A
Ethylene glycol 19.9 1.6

) Viscosities are in units of cp, at 20°C. ® Times are in picoseconds, + 10% uncertainties. © Probe wavelength of 480 nm.
9 Probe wavelength of 440 nm. < No gradual rise in transient absorption was observed. ) Viscosity in cp at 15°C.

tially identical in all solvents, but the complexation
of different solvents causes varying amounts of change
in the absorption coefficients. The insensitivity of the
dynamics with respect to solvent implies that solvent
macroscopic properties such as viscosity and dielec-
tric constant do not determine the complexation time.
Instead this rise time indicates the time needed for
any nearby solvent molecule to complex with the
nascent Cr(CO)s species. The varying amounts of
spectral change indicate that complexation to a hy-
droxyl moiety has far more effect on the absorption
spectrum than complexation to an alkyl moiety. In
alcohols, both the hydroxyl and alkyl moieties may
complex with the naked species. As the alcohol chain
length grows progressively longer, the probability that
an OH end is near the vacant site diminishes. Thus
the absorption signal in longer chain alcohols is sta-
tistically weighted toward coordination to the alkyl
species. This explains the diminishing amount of
change in signal as the alcohol chain length increases.
In octanol, the initial fraction of OH-coordinated
species is quite small and thus the signal resembles
that from hexane.

Although in alcohols coordination to either hy-
droxyl or alkyl moieties may occur initially, the for-
mer is more stable thermodynamically. This is con-
sistent with results of Xie and Simon [34] who show
that alkyl coordinated species ultimately undergo
rearrangement to form only the hydroxyl coordi-
nated species. Rearrangement occurs on the 100-400
ps timescale depending on chain length [34]. Our re-
sults and theirs indicate that the initial local solvent
structure undergoes little or no rearrangement before

complexation, resulting in a mixture of complexed
species. The results also suggest that the initial sol-
vent configuration does not determine which of the
six CO’s dissociates, but instead determines which
part of the solvent complexes to the naked site.

The transient absorption results of this study and
those done earlier provide a consistent picture of
metal carbonyl photochemistry in simple organic sol-
vents. In each M(CO), compound, the initial pho-
toejection of CO occurs within 500 fs and shows no
significant influence of the solvent. Complexation of
the resulting M(CO); species with a solvent mole-
cule occurs within the next several picoseconds. The
M (CO)sS species formed initially is controlled ki-
netically, with no obvious preference for the complex
which is most stable thermodynamically. Vibrational
relaxation of the initially hot M(CO);S species oc-
curs on 50 ps time scales.

3.3. Resonance Raman spectra of Cr(CO)s and
Mny(CO),o

Although we know the time scale for initial CO
photoejection rather well, we still know little about
the reaction coordinate, including the intramolecular
geometry changes accompanying ligand loss. One
might expect substantial deformation of the parent
complex along various vibrational coordinates, as has
been demonstrated through resonance Raman spec-
troscopy [2] (and recently through femtosecond
time-resolved measurements [4] ) for methyl iodide
in the gas phase. To address the question of the reac- -
tion coordinate, we have performed resonance Ra-
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man (RR) experiments on Cr(CO ), in methanol. In
RR, as the frequency of the excitation light ap-
proaches an electronic resonance, there is enhance-
ment in those vibrational modes which undergo dis-
tortion in the electronic excited state. Measurement
of the enhancement of these modes as a function of
excitation frequency [the resonance enhancement
profile (REP) ] may then yield information about the
structure of the excited-state PES. Those vibrational
modes which determine the dissociative coordinate
will have large distortions in the excited state and
undergo large enhancement. Identifying these modes
gives important information about the reaction co-
ordinate [35,36].

As discussed in the experimental section, reso-
nance Raman spectra were collected with very low
excitation laser intensities to minimize the extent of
photodissociation. Due to the limited tuning range of
our excitation source, we could only obtain spectra
in the pre-resonant region. This does not allow us to
carry out a complete study, but the results are sugges-
tive and indicate that further work along these lines
is called for.

Cr(CO)¢ has 33 normal modes, two of which are
totally symmetric. It is clear that the totally symmet-
ric A;, Cr-CO “breathing” mode is not the main part
of the reaction coordinate as this displaces all six CO’s
by the same amount. Therefore there must be partic-
ipation of at least one asymmetric stretch. Due to
symmetry considerations in the Franck-Condon
(FC) factors, enhancement of asymmetric stretches
is manifested by the appearance of even overtones in
the Raman spectrum. There is one additional consid-
eration due to the symmetry of the electronic transi-
tion. The 'A,,~'T,, ligand field transition is for-
mally symmetry forbidden, implying that the well-
known Albrecht A-term [37] given by

e 10, 2 3 <L)

v E.,—Eo+il,, (2)

does not apply. Here, M, is the electronic transition
moment between the ground state (g> and the ex-
cited state {e>, i is the initial vibrational level, j the
final vibrational level, and v is a vibrational level in
the excited state, E, is the laser frequency, and E,,
and I, are the energy and dephasing rate of the
| ev> state. The Albrecht B-term [37] is also for sym-
metry allowed transitions and does not apply here.

The first important term for symmetry forbidden
electronic transitions may be written [38,39] as

a Qatvy (vl Qaliy
(2408 (Aes ZMgsMsg; EO—E +il” B

(3)

where state |s> is symmetry allowed from |g> and
couples to |e> through the vibronic mixing Hamil-
tonian, (A4%), @, is a vibronic promoting mode
through which absorption spectral intensity for the
|e> state occurs, and M, is the electronic transition
moment between |g> and the symmetry allowed
state |{5>.

The FC factors for a mode that is not the vibronic
mixing mode are identical to those in the A-term case.
Resonance enhancement in such a mode will give rise
to even overtones. The FC factors for a vibration that
is the vibronic coupling mode vanish due to symme-
try considerations for the fundamental transition, but
for the 02 overtone are given by

JalQalvad (valQaliad e {21 Qalva) {02l Qa0
=<3|Ua><va|1>+<1|va><va|1>- (4)

The second term may give significant intensity to the
0—2 overtone of the promoting mode even if it is not
the reaction coordinate, i.e. even if extensive motion
along the mode does not occur in the excited state. In
fact, on resonance with a forbidden transition, the
0-2 overtone of the vibronic mixing mode may
undergo more enhancement than any other mode.
Observations of vibronic overtones have been ob-
served in the forbidden bands of benzene [39,40] and
have been used to locate the 2 'A, electronic state in
butadiene [41]. Therefore only the observation of
higher overtones (0—4, 06, etc.) can rigorously
determine that a given Raman active asymmetric
stretch is part of the reaction coordinate.

These considerations may be somewhat clearer
physically in terms of the wavepacket description of
the Raman-scattering cross section originally eluci-
dated by Lee and Heller [35]. The cross section «; .,
is given by

ai—~f=_[ dr {Nli(1) ) expli(Eo+€)t] exp(—T1),
0

(5)

where |i(t) ) is the wavepacket after propagating on
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the excited surface for a time ¢, I is the electronic de-
phasing rate, and ¢; is the energy of vibrational state
|i>. This expression has an intuitive interpretation.
The system begins in the ground vibrational state |i>,
and at time =0 the system interacts with the elec-
tronic transition operator to place it on the excited
electronic surface. The wavepacket then evolves un-
der the influence of the excited state Hamiltonian.
The Raman amplitude is given by the half-Fourier
transform of the overlap of the damped wavepacket
at time ¢, |i(¢) >, with the final vibrational state | /.
As resonance is approached, the dephasing rate de-
creases and the wavepacket evolves for longer times
on the excited state surface, thereby developing over-
lap with new ground vibrational states. The appear-
ance of overtones and new lines in the REP then pro-
vides information about the shape of the excited state
surface along each vibrational coordinate.

Fig. 12a shows the common case of an excited-state
potential energy surface whose minimum is dis-
placed along some vibrational coordinate Q from the
ground-state minimum. This could correspond to the
stretching of a bond in the excited state. In the case
of excitation into an unstable potential, the bond
stretches and the molecule undergoes photofragmen-
tation. The wavepacket picture envisions the Raman
process as one in which the excitation light field pro-
duces a coherent superposition of ground and excited
electronic states, i.e. an excited-state wavepacket,

which persists for the electronic dephasing time. As
resonance is approached, the dephasing time in-
creases, the wavepacket moves farther along the ex-
cited-state potential, and phase-coherent (i.e. Ra-
man) emission into overtone levels is favored by
increasingly large Franck-Condon factors. Thus as
resonance is approached, the intensity of the funda-
mental line of Raman active modes increases while
overtones of all modes along which excited-state nu-
clear motion occurs is enhanced.

In M(CO), the electronic transition which is ap-
proached is a formally forbidden g-g transition which
appears with reasonable spectral intensity due to
strong vibronic coupling. Fig. 12b and 12¢ show such
a case. The potential energy minima of all stable g
electronic states are not displaced along any nuclear
coordinate, and unstable states have potential energy
maxima which also are not displaced. A wavepacket
on a stable g electronic potential energy surface
broadens, and on an unstable g electronic surface
splits into two pieces which move down both sides of
the (two-dimensional projection of the) surface. To-
tally symmetric vibrational modes are Raman active
and the intensities of fundamentals and all harmon-
ics are enhanced as resonance is approached. Asym-
metric modes are not allowed, but as resonance is ap-
proached the even overtones are enhanced. It is clear
that odd overtones will not be enhanced since the
Franck—-Condon contributions from the two parts of

- - :‘“/Y\
Y
- %U
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Fig. 12. (a) Schematic illustration of wavepacket evolution for a symmetric Raman active fundamental. As the wavepacket moves from
its initial position it picks up overlap with overtone levels in the ground state. (b, ¢c) Schematic illustration depicting wavepacket evolu-
tion for an asymmetric stretch in an excited state PES which is either stable (b) or unstable (c). As the wavepacket broadens or bifurcates

it picks up overlap with even vibrational levels of the ground state.
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the wavepacket will be out of phase. In the case of
Cr(CO)s, we look for even overtones of asymmetric
CO stretches since any likely reaction coordinate must
involve such motions.

Fig. 13 shows RR data of Cr(CO)¢ in methanol
with both off-resonance (514 nm) and pre-reso-
nance (351 nm) excitation wavelengths. The only
Raman line between 100 and 600 cm~! is the totally
symmetric A, Cr-CO breathing mode. Since most of
the Cr—CO asymmetric stretches (whose fundamen-
tals do not appear in the Raman spectrum) are be-
tween 400 and 800 cm—! [42], we must look at higher
frequencies to observe overtones. Fig. 14 shows data
from 1200-1400 cm~!. In the preresonant scan an
additional new line is seen at 1332 cm~!. This fre-
quency corresponds to exactly twice the frequency of
the ¥, mode whose motion is shown in the fig. 14 in-
set. Very recent pulsed RR experiments [43] on
Cr(CO)s in cyclohexane do not reveal this overtone.
These experiments show no asymmetric activity for
excitation wavelengths within the ligand field transi-
tion band.

The v, mode also has the correct symmetry to be
the vibronic promoting mode. Only observation of
higher overtones (which may require on-resonance
excitation) will determine whether this coordinate

Cr (CO)g in MeOH
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Fig. 13. Resonance Raman spectra of Cr(CO), in methanol in
the spectral region 100-600 cm~!. The upper scan is for off-res-
onant 514 nm excitation while the lower spectrum is for pre-res-
onant 351 nm excitation. The only fundamental observed is the
Ay Cr—CO breathing mode which undergoes enhancement as
resonance is approached.
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Fig. 14. Raman spectra of Cr(CO)¢ in methanol for both off-
resonant (lower trace) and pre-resonant (upper trace) excita-
tion. Near resonance the second overtone of the »; asymmetric
stretch (shown in the inset) appears at 1332 cm—'.

participates appreciably in the ligand ejection pro-
cess or if the overtone appears primarily due to vi-
bronic activity. Significant motion along the ¥, coor-
dinate during ligand ejection is certainly plausible;
however, a more complete resonance excitation pro-
file should be measured with a more versatile excita-
tion source. We note that ab initio calculations of
Cr(CO)¢ potential energy surfaces are also under way
[44].

Our examination of liquid-state organometallic
photochemistry has included study of the bimetallic
compounds M,(CO),,, where M=Mn or Re. Pre-
liminary is transient absorption data from
Mn, (CO),o has been presented [13]. Excitation with
ultraviolet light leads to either homolytic metal-metal
(M-M) bond cleavage or CO loss. Clearly, an im-
portant part of the homolytic cleavage reaction co-
ordinate is the metal-metal stretching coordinate. The
symmetric M-M stretching mode is strongly Raman
active and should undergo strong resonance en-
hancement as described by the Albrecht A-term (eq.
(2)) or by the wavepacket dynamics expression (eq.
(5)). Resonance Raman spectra may indicate what
other motions are involved, and most importantly
could permit determination of the slope of the repul-
sive potential energy surface along which dissocia-
tion occurs. This information is crucial as input for
molecular dynamics simulations or theoretical cal-
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culations which could indicate the solvent role in M-
M bond cleavage. Certainly solvent effects on the ini-
tial photochemical event should be stronger than in
the case of M (CO)s, since far more bulky and mas-
sive photofragments must move apart.

Fig. 15 shows preliminary resonance Raman spec-
tra of Mn,(CO),, in methanol. The on-resonance
spectrum shows the fundamental and at least two
overtones of the M-M stretching mode, and several
combination bands involving the M—M stretch and
an A,, M-CO stretching mode [45]. These results
will be discussed further in a subsequent publication.
We present them here to illustrate the utility of reso-
nance Raman spectra in conjunction with femtosec-
ond time-resolved transient electronic absorption
spectra of condensed-phase photochemical reac-
tions. We are especially hopeful that this case may
permit direct study of solvent effects on elementary
bond breakage.

4. Summary
We have studied the photochemistry of M(CO)¢
in a variety of solvents. Short-time CO dissociation

appears to be independent of the solvent implying that
the dissociating fragment feels no significant force or

Mno (CO) 4 in MeOH

M-M + M-CO
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160 240 320 .460 480 560
Raman shift (cm-?)

Fig. 15. Resonance Raman spectra of Mn,(CO),, for both off-
resonance (514 nm) and on resonance (351 nm) excitation. On
resonance, the second and third overtones of the symmetric M-
M stretch are enhanced as are combination bands between the
M-M stretch and a symmetric M-CO stretch.

viscous drag from the solvent neighbors. The disso-
ciation time does not change upon substituting tung-
sten or molybdenum for chromium, indicating that
the triplet state does not play an essential role in the
reaction. The dynamics of solvent complexation to
the bare M (CO); photofragment demonstrates that
the solvent has no significant effect on which CO dis-
sociates, and that the solvent undergoes no signifi-
cant rearrangement before coordinating to the open
site. Vibrational relaxation of the M (CO)S product
occurs on the 50 ps time scale. Results from reso-
nance Raman studies indicate that the »; asymmetric
M-CO stretch may be an important component of
the most favorable reaction coordinate, but a more
complete resonance excitation profile is needed. Res-
onance Raman spectra of Mn,(CO) , were also pre-
sented and show extensive structure involving the
metal-metal stretching mode along which photo-
cleavage occurs.
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