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Photochemistry and photophysics constitute fascinating examples
of light-matter interactions with particular importance for our
understanding of electronic structure of complex molecules and time
scales of elementary chemical events. For obvious technological
reasons, such as the demand for new approaches for solar energy
conversion, research in inorganic photochemistry has grown
particularly strong over the past decades.1 Investigation of Cr(III)
complexes has been of fundamental relevance for the understanding
of the photochemistry and photophysics of transition metal com-
plexes.2

Cr(III) photochemistry, photophysics, and spectroscopy have
been reviewed quite extensively.3-9 The essentials of the photo-
physics can be understood in terms of three levels:4A2,4T2, and
2E. One of the central issues has been the role of the quartet and
doublet states in Cr(III) photoreactions. In fact, solid evidence exists
for reactivity involving both states8,9 and at two separate time
scales: subnanosecond and slower comparable with the long
lifetime of 2E.10-12 The role of ground state intermediates as well
as back-intersystem crossing in the doublet reactivity is still under
debate.5 Since reactivity is ultimately tied to the excited state
dynamics, ultrafast pump-probe studies are expected to bring
valuable complementary information on the subject.7,13

McCusker and co-workers have recently applied femtosecond
time-resolved electronic absorption spectroscopy to probe the
excited state dynamics of Cr(acac)3 (acac) deprotonated mono-
anion of acetylacetone) in acetonitrile.14 Cr(acac)3, which has
4A2f4T ligand field as well as charge transfer transitions accessible
with standard laser sources, is practically nonreactive in aprotic
solvents.15 The transient signal observed upon4A2f4T2 excitation
was assigned to absorption of the lowest excited doublet (2E,
reported to be∼31 kJ mol-1 lower in energy than the4T2 state).16

The 1 ps decay of this transient absorption was ascribed to
thermalization of the2E state.14 Furthermore, the lack of any time-
dependent spectral evolution, within the time resolution of the
experiment, was interpreted as an indication of a4T2 f 2E
conversion (i.e., prompt intersystem crossing) with rate exceeding
1013 s-1. Shorter wavelength excitation of the4LMCT state yielded
an additional 50 fs decay component, which was attributed to direct
conversion from the4LMCT state to the doublet manifold. It should
be emphasized that ground state recovery kinetics, as obtained from
direct time-resolved experiment, has not been reported in any of
the previous investigations. The severe spectral overlap between
ground and excited state absorptions prevents the observation of
ground state recovery dynamics by transient electronic absorption
spectroscopy. Without this information, however, it is not possible
to access the relevance of the2E state in the photophysics of the
Cr(acac)3 complex. The question is whether relaxation via the2E
state really is a major relaxation pathway for an excess energy
initially introduced in the ligand field or in the charge transfer state
manifold.

We have further addressed the dynamics of Cr(acac)3 by transient
infrared spectroscopy in room temperature 20 mM tetrachloro-
ethylene (TCE) solution. Due to the narrow bands of vibrational
transitions, this is a technique that can potentially provide identi-
fication of the absorbing species beyond the capabilities of time-
resolved UV-vis absorption spectroscopy. Nibbering et al. have
provided an excellent outlook into time-resolved IR spectroscopy.17

Our goal was to investigate the ground state dynamics upon
excitation of the4A2f4T1 and 4A2f 4LMCT transitions, at 400
and 345 nm, respectively.14 TCE provides a transparent window
for detection of the strongνCO (≈1579 cm-1) andνCdC (≈1521
cm-1) ground state vibrations of Cr(acac)3.18 The experiment utilizes
the broad (∼200 cm-1) spectral width of the short IR pulses as a
dispersed light source entering the sample at adjustable delay from
the pump pulse. Typical pump energies were 1-2 µJ, and the power
dependence of the transient signals was linear. The full spectrum
within the IR bandwidth is recorded with a 2× 64 channel HgCdTe
detector. The time resolution is estimated to be 400 fs. Full
description of the experimental setup can be found elsewhere.19

The overall time-dependent spectral changes within our detection
window are shown in Figure 1. At both pump wavelengths, the
ground state absorption bands are strongly bleached at zero delay,
and new∼30 cm-1 broad transient absorption bands appear red
shifted from the bleached bands. At increased delays between the
pump and probe, the bleached bands regain intensity, whereas the
positive transients show significant narrowing, and their maxima
move toward higher frequency. At longer times, the ground state
IR spectrum fully recovers, and we found no spectral evidence for
formation of stable photoproducts. Similar trends were observed
at both excitation wavelengths. As an illustration, Figure 2 shows
the time evolution of theνCdC ground state bleach in a time
window of 0-400 ps. The bleach recovery is clearly composed of
two time scales. Double exponential fits of the data yielded a
characteristic time of 15( 1 ps for the fast component, while the
rest of the signal recovers with a time constant of 760-900 ps

Figure 1. Steady state (lower trace) and transient spectra (upper trace)
observed after 400 nm excitation of Cr(acac)3 in TCE.
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(this slow component is subject to somewhat larger error). The
obtained decay traces show only minor variation with respect to
the vibrational mode or pump wavelength. As obvious from Figure
1, the spectral overlap between the negative and positive absorption
complicates the analysis of the kinetics, particularly for theνCO,
which appears as a broad absorption between two strong bleach
bands in a region where a weaker but nonzero bleach signal is
expected. This problem can be overcome by a fitting procedure as
shown in our previous report on the related Fe(acac)3 complex.19

The results show that the bleach recover is dominated (70-85%)
by the fast process (15 ps). Preliminary measurements undertaken
in acetonitrile yielded qualitatively similar results. In this case, the
time constant for the fast bleach recovery process is∼10 ps (see
Supporting Information). As shown in Figure 2, once the line shape
of the transient absorption becomes time-independent (t > 15 ps),
both bleach recovery and decay of transient absorption signals
exhibit the same 760-900 ps time constant. Since this time constant
correlates well with the time constant for2E depopulation (see
Supporting Information),14 we conclude that the main contribution
to the transient absorption at later times comes from a vibrational
transition of the2E state.

Our interpretation of the transient data is based on assumption
that the behavior of the IR bands is directly related to molecular
populations. Thus, the prompt bleach of the two IR bands followed
by recovery at later times reflects the full relaxation chain initiated
by Franck-Condon access of the vibronic levels of the excited
states. Although the vibrational frequencies of the2E state are
predicted to be very similar to the ground state,3,4 the fact that the
bleach recovers with completely identical spectral shape and
position suggests that we are directly monitoring repopulation of
the vibrational ground state of4A2. In fact, the spectrum at long
delay (>50 ps) shows that the2E state absorption is distinctly red
shifted and broadened compared to the ground state.

The interpretation of previous pump-probe measurements
yielded that intersystem crossing (ISC) between the quartets and
doublets is ultimately fast and exceeds vibrational relaxation.14 Then
our results suggest that ISC back to the quartet manifold (ground
or excited state) takes place within a time scale of about 15 ps.
This interpretation is actually in line with the fact that the slow
(600-750 ps) relaxation of the2E state to the ground state is
induced by thermally activated ISC as evident from the temperature-
dependent luminescence measurements (see Supporting Informa-

tion). The large excess energy in the system effectively raises the
temperature of the molecule after vibrational energy redistribution
enhancing the thermally activated ISC to the quartet manifold until
vibrational energy relaxation and transfer to the solvent cools the
molecule sufficiently to trap the remaining population on the2E
state. Our analysis of the time-dependent line shape gives the
vibrational cooling and relaxation time of 7-15 ps. This is
significantly longer than deduced from the transient electronic
spectroscopy, demonstrating the difference in sensitivity for
vibrational dynamics of the different methods.14aAccording to this
interpretation, vibrational cooling time is crucial in determining the
final populations and, consequently, the quantum yields. Given the
widespread range of values for ISC efficiencies reported in different
Cr(III) complexes (from 0.2 to 1),20 the present interpretation is
not at odds with the current understanding of Cr(III) photophysics.

In conclusion, the present investigation clearly shows the great
value of transient IR spectroscopy in inorganic photophysics. In
particular, our results suggest that most (70-85%) of the ground
state population of Cr(acac)3 recovers with a time constant of 15
ps, and the rest follows the lifetime of the2E state. Detailed analysis
of the transient absorption line shape dynamics and investigation
of vibrational relaxation on the ground electronic state are expected
to provide relevant information on the dynamics of bleach recovery.
This subject will be addressed in a forthcoming publication.
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Supporting Information Available: Arrhenius plot for the tem-
perature-dependent relaxation of the2E state of Cr(acac)3 in TCE upon
excitation at 400 nm; and bleach recovery kinetics and transient spectra
upon excitation at 340 nm in acetonitrile. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Figure 2. Time evolution of the bleach recovery of theνCdC (1521 cm-1)
band of Cr(acac)3 in TCE upon excitation at 400 nm. The solid line
represents biphasic fit with time constantsτ1 ) 15 ps andτ2 ) 760 ps. The
inset shows the correlation between the bleach and the excited state
absorption (ESA) at 1509 cm-1 (with reversed sign). The sharp feature near
zero delay is a coherent artifact.
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