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bstract

Ultrafast time-resolved spectroscopic methods have been used to probe the dynamics associated with ligand-field excited states in complexes
f CrIII and FeII. In the former case, Cr(acac)3 (where acac is the monodeprotonated form of acetylacetonate) serves as a prototype for studying
he 4T2 → 2E conversion endemic to complexes of this ion. The data reveal that formation of the 2E state occurs faster than the instrumental time
esolution of ca. 100 fs, implying a rate constant for intersystem crossing of kISC > 1013 s−1. Subtle changes observed in the differential absorption
pectra were attributed to vibrational cooling in the 2E state having a time constant of 1.1 ± 0.1 ps. The role of low-lying ligand-field states as
ighly efficient deactivation pathways for higher-lying charge-transfer states was demonstrated in low-spin FeII polypyridyl complexes. Following
A1 → 1MLCT excitation, the ligand-field manifold is accessed with a time constant of ∼100 fs. This pattern was observed for several different
omplexes, suggesting it is a general feature of this class of molecules. Dynamics subsequent to populating the ligand-field manifold are ill-defined
t present but are presumed to consist of a barrierless evolution through a series of highly mixed ligand-field states, ultimately leading to the
ormation of the 5T2 state as the lowest-energy excited state on the sub-picosecond time scale. This observation has important implications for the
se of such complexes as sensitizers in photovoltaic applications.

2006 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of ligand-field states – electronic states that
derive largely from the d orbitals – is a unique defining feature
of the photophysics and photochemistry of transition metal
complexes [1]. Excited ligand-field states are responsible for
a wide range of reactivity, most notably photosubstitution and
010-8545/$ – see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.ccr.2006.02.010

mailto:jkm@cem.msu.edu
dx.doi.org/10.1016/j.ccr.2006.02.010


1784 E.A. Juban et al. / Coordination Chemistry Reviews 250 (2006) 1783–1791

photoisomerization. Although charge-transfer states are most
commonly associated with excited-state electron transfer,
ligand-field states can also engage in photoredox chemistry
[2]. The physiochemical properties of ligand-field states
have been extensively investigated using an enormous range
of spectroscopic probes. One frontier that remains is the
application of the (relatively) recent technique of ultrafast
spectroscopy. The ability to study the photophysical properties
of molecules on time scales comparable to nuclear motion
has revolutionized current thinking about the factors which
govern the photo-induced dynamics of systems ranging from
gas-phase diatomics to proteins [3]. The study of transition
metal photophysics on the sub-picosecond time scale is a
rapidly developing area of physical–inorganic chemistry [4,5]
and holds considerable promise for advancing our fundamental
understanding of excited-state electronic structure and reactiv-
ity. To date, the overwhelming majority of work in this field
has involved the study of charge-transfer chromophores. With
this contribution, we shift the focus to the ligand-field excited
states of coordination compounds.

There are numerous technical challenges associated with the
application of ultrafast spectroscopic methods to the study of
photophysics of ligand-field excited states. First and foremost is
the small absorption cross-section characteristic of such states:
whereas charge-transfer transitions typically possess extinction
coefficients on the order of 104 M−1 cm−1, d–d bands are usually
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Drawing 1. Molecular structure of Cr(acac)3.

vibrational relaxation. Taken together, these observations point
toward a need to re-evaluate current models that exist to describe
excited-state evolution in transition metal-containing systems.

2. Ultrafast dynamics of Cr(acac)3

2.1. Basic spectroscopy

The electronic absorption spectrum of Cr(acac)3 (Drawing
1) in CH3CN solution is shown in Fig. 1. It consists of a weak
band centered near 560 nm (ε ≈ 50 M−1 cm−1) that is easily
assigned as the 4A2 → 4T2 absorption (in the limit of O symme-
try). The 4A2 → 4T1 transition can be seen as a weak shoulder
at higher energy, but is largely obscured by an intense feature
at 336 nm assignable to a charge-transfer transition (most likely
4A2 → 4LMCT). The lowest energy excited state of Cr(acac)3 is
the 2E state as evidenced by the narrow emission feature detected
in a low-temperature glass (Fig. 1). Time-resolved emission
measurements revealed a lifetime on the order of hundreds of
microseconds, consistent with a 2E assignment for the emissive
state.

Data from time-resolved absorption measurements following
∼100 fs excitation on the low-energy shoulder of the 4A2 → 4T2
transition are summarized in Fig. 2. Both single-wavelength and
full-spectrum data were acquired in order to fully characterize
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ess intense by a factor of one hundred or more. This, coupled
ith the small path length cells required for sub-picosecond

ime resolution [6] translates into high sample concentrations
nd generally weak transient absorption features. Furthermore,
he ability to selectively excite into a d–d band can be hindered by
he presence of other absorptions with larger oscillator strengths
e.g., charge-transfer transitions). Given that ultrafast time res-
lution makes a wide range of molecular processes experimen-
ally observable, excitation into states other than the one(s) of
nterest can significantly complicate the interpretation of data.
inally, the tendency for ligand-field excited states to undergo
hotochemistry can give rise to sample degradation during data
cquisition. Judicious choices about which molecules to study
ust therefore be made in the initial stages of this research effort.
Herein we summarize work carried out on systems put for-

ard as prototypes for the d3 and d6 configurations. First, results
rom a femtosecond time-resolved absorption study of Cr(acac)3
ill be described [7]. This compound possesses a number of

eatures that help to circumvent the problems alluded to in the
receding paragraph. In particular, its well-isolated 4A2 → 4T2
bsorption combined with its relatively low quantum yield for
hotosubtitution [8] allows facile access to the lowest portion
f the ligand-field manifold without the added complication of
hotochemical reactivity. The photophysics endemic to the d6

onfiguration have been examined using FeII polypyridyl com-
lexes as the template [9]. In this case the initial excitation
s charge-transfer, but the optical properties of the molecules
re such that unambiguous characterization of the lower-lying
xcited ligand-field terms is achieved. The results on both sys-
ems demonstrate that interconversion among excited ligand-
eld states is kinetically competitive with other processes such as
ig. 1. Electronic absorption spectrum of Cr(acac)3 in CH3CN solution (solid
ine). The emission spectrum (dashed line), acquired in a 4:1 EtOH/MeOH glass
t 90 K, arises from the 2E → 4A2 transition in the compound.
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Fig. 2. Femtosecond time-resolved absorption data for Cr(acac)3 in CH3CN solution following ∼100 fs excitation at 625 nm. Left: single-wavelength kinetics trace
at 480 nm. The solid line corresponds to a fit to a single exponential decay to a baseline offset with τ = 1.1 ± 0.1 ps. Right: full-spectrum acquired at �t = 5 ps (solid
line) superimposed on data collected at 90 K in a 4:1 EtOH/MeOH glass on the nanosecond time scale (data points). The latter corresponds to the excited-state
difference spectrum of the 2E state.

the kinetics and overall spectroscopic signatures, respectively, of
the excited states being probed. The kinetics trace reveals single-
exponential decay behavior with a time constant of 1.1 ± 0.1 ps.
This feature does not return to baseline, but rather decays to a
significant absorptive offset that persists for hundreds of picosec-
onds. A differential absorption spectrum acquired at a time delay
�t = 5 ps (i.e., after the decay is complete but prior to any evolu-
tion of the long-lived signal) is shown on the right side of Fig. 2.
Superimposed on this trace are data acquired on Cr(acac)3 on
the nanosecond time scale in a low-temperature glass. The latter
spectrum corresponds to a transition from the 2E excited state
to a higher energy charge-transfer state (presumably LMCT in
nature). The similarity between it and the time-resolved data at
�t = 5 ps allows us to establish the presence of the 2E state in
the ultrafast experiment by the end of the kinetic feature shown
on the left. It should be emphasized that this does not imply that
the 1.1 ± 0.1 ps process monitored at 480 nm corresponds to the
formation of the 2E state. At this point we can only state that,
whatever the decay process reflects, the 2E state is established
upon its completion.

The relative simplicity of the electronic structure of
Cr(acac)3, coupled with the spectral isolation of the 4A2 → 4T2
absorption feature, limits the number of possibilities for an
assignment of the kinetics displayed in Fig. 2. These are (1)
vibrational cooling within the 4T2 state, (2) 4T2 → 2E con-
version, (3) vibrational cooling within the 2E state, or (4) a
c
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i
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n
e
c

2.2. Spectral evolution at early times

Since the data at �t = 5 ps clearly show that the 2E state is
present upon completion of the 1.1 ps decay in Fig. 2, attributing
the kinetics to dynamics associated with the 4T2 state (option
(1) and/or (2) in the above) hinge upon establishing the pres-
ence of another electronic state. Unlike charge-transfer spec-
tra that can be simulated using spectroelectrochemistry [4] the
spectra of excited ligand-field states cannot be easily predicted
(one notable exception being the FeII system discussed later).
We must therefore rely largely on chemical intuition to antic-
ipate what absorption properties various excited states might
possess. On this basis, it is our expectation that the excited-
state absorption spectra of the 4T2 state, which derives from a
(t2)2(e)1 configuration, and the 2E state, arising from a (t2)3

configuration, will be different from each other. While we
cannot infer anything about the specific nature of such differ-
ences, we nevertheless expect that the spectral signature of the
4T2 state should be distinct in some way from that of the 2E
state. Data acquired over a broad range of probe wavelengths
over the course of the 1.1 ps decay should allow us to dis-
cern the presence or absence of the 4T2 state in the observed
dynamics.

Full-spectrum data acquired at various time delays over the
first several ps following 4A2 → 4T2 excitation are shown in
Fig. 3. It can be seen that, with the exception of a slight nar-
r
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ombination of any or all of the above. Each scheme has differ-
nt implications concerning the relative rates of intramolecular
rocesses occurring in Cr(acac)3 as well as what is and is not
pectroscopically observable. For example, option (3) would
mply a 4T2 → 2E conversion whose rate exceeds our time res-
lution, whereas option (1) would require that the 4T2 and 2E
tates have an isosbestic at 480 nm. Regardless, the data shown
n Fig. 2 are insufficient to distinguish among these various sce-
arios and illustrate the general need for an extensive set of
xperiments in order to understand the photophysics of metal
omplexes on ultrafast time scales.
owing of the spectrum and a subtle red shift, the spectra at the
arliest times available to us are essentially indistinguishable
ith that of the 2E state at �t ≥ 5 ps. Based on the significant
ifference in electronic configurations between the two terms
n question, we believe that this observation rules out any sce-
ario involving the 4T2 state, at least on this time scale. This
mplies that the dynamics illustrated in Fig. 2 are occurring sub-
equent to formation of the 2E state. Given our ∼100 fs time
esolution, intersystem crossing associated with the 4T2 → 2E
onversion therefore occurs with a rate constant kISC > 1013 s−1

10].
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Fig. 3. Time-resolved absorption difference spectra for Cr(acac)3 in CH3CN
solution following ∼100 fs excitation at 625 nm. The inset numbers indicate
delay times for the probe beam relative to excitation at �t = 0.

2.3. Variable-pump/variable-probe measurements

Having ruled out direct observation of the 4T2 state, the
only option remaining of those outlined above for assigning
the 1.1 ± 0.1 ps process is vibrational relaxation in the 2E state.
Vibrational relaxation dynamics have been the subject of numer-
ous studies over the years [11]. While the vast majority of work
has focused on small molecules, there have been a number of
reports published detailing vibrational processes in transition
metal complexes [12]. Most of these have dealt with metal car-
bonyls, although more recent efforts have begun to broaden this
horizon [13]. The spectral evolution shown in Fig. 3 has all
of the qualitative features one associates with vibrational relax-
ation dynamics, in particular the sharpening of the spectrum that
is giving rise to the observed kinetics.

One of the diagnostics used to infer vibrational relaxation
dynamics from differential electronic absorption spectra is a
dependence of the observed kinetics on the pump and/or probe
wavelength. A more detailed discussion of both the origin and
consequence of these effects can be found elsewhere [7]. Fig. 4
shows the fitted time constant for Cr(acac)3 as a function of
pump wavelength across the entire 4A2 → 4T2 profile for two
probe wavelengths at either edge of the spectra shown in Fig. 3.
Although there are some small fluctuations, we can discern no
systematic variations in the measured value of τ that lie out-
side experimental error. We believe that the absence of any
d
o
s
t
h

2

f
v

Fig. 4. Time constant for relaxation within the 2E state of Cr(acac)3 in CH3CN
solution. Only two probe wavelengths are shown, but similar results were found
for probe wavelengths across the entire excited-state absorption profile.

surface. In Fig. 5 are plotted the initial amplitudes from the fits of
the decay kinetics as a function of excitation wavelength across
the 4A2 → 4T2 absorption envelope (also included is a data point
following charge-transfer excitation in the near ultra-violet, the
details about which are beyond the scope of this report). The
amplitudes have been normalized to their long-lived values (i.e.,
�t > 5 ps, designated by a0), a procedure that corrects the data for
any changes in pump/probe cross-section, laser power, etc. from
one pump/probe combination to the next. The data clearly show
a systematic increase in the amplitude of the initial absorption
cross-section as the excitation energy is increased. This increase
in amplitude occurs to the blue and to the red of the transient
absorption maximum but dissipates near λmax, indicating that
the overall absorption profile is becoming broader with increas-
ing excitation energy [14].
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iscernable trend in τ may be due to the lack of high-frequency
scillators in Cr(acac)3, in contrast to metal carbonyls where
uch trends have been observed by other workers [12]. Addi-
ional studies are clearly needed in order to substantiate this
ypothesis.

.4. Dynamics associated with the 4T2 state

Although we were unable to directly observe the initially
ormed 4T2 state, the variable-pump wavelength studies do pro-
ide insight into the rate of vibrational relaxation on the 4T2
ig. 5. Plot of the (normalized) transient absorption amplitude for relaxation
ithin the 2E state of Cr(acac)3 at two different probe wavelengths as a function
f excitation energy. The y-axis values were determined from single-exponential
ts (e.g., Fig. 2, left) according to the equation �A = c1exp{−kt}+ a0, where k is

he fitted rate constant for decay and a0 is the baseline offset (i.e., the absorbance
f the 2E state subsequent to vibrational cooling).



E.A. Juban et al. / Coordination Chemistry Reviews 250 (2006) 1783–1791 1787

This observation can be interpreted in the following manner.
We have already assigned the observed spectral narrowing to
vibrational cooling in the 2E state. The breadth of the transient
absorption feature at very early times (�t < 1 ps) can be viewed
as a measure of the amount of energy being dissipated. In other
words, the spectral width relative to what is observed for the
fully thermalized state (i.e., �t > 5 ps) reflects how high on the
2E potential the system has been placed. If vibrational relaxation
on the initially formed 4T2 surface were faster than intersystem
crossing, the crossover point would be invariant with excitation
wavelength: the molecule would first fully thermalize on the
4T2 surface, then intersystem cross to the 2E state at or near
the v = 0 vibrational level of the 4T2. Under this scenario, the
breadth of the 2E absorption should be independent of excita-
tion wavelength, since it will always be formed with the same
amount of excess energy corresponding to where the zero-point
of the 4T2 intersects the 2E state. The fact that the spectrum
does broaden significantly and systematically with increasing
excitation energy indicates that the 4T2 → 2E conversion must
occur prior to significant evolution on the 4T2 surface in order
for the excess excitation energy to be manifested in the absorp-
tion profile of the 2E state. This straightforward conclusion lends
additional support to some of our previous assertions and allows
us to infer that intersystem crossing is kinetically competitive
with vibrational cooling in the 4T2 state.
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Fig. 6. Simplified Jablonski diagram illustrating the excited-state dynamics
observed for Cr(acac)3 in CH3CN solution. A discussion of the kinetics observed
following charge-transfer excitation can be found in Ref. [7].

gens: this places the compound just to the low-spin side of
the spin-crossover point with the 5T2 state as its lowest-energy
excited state [15].

One issue of interest is simply the time scale on which the
5T2 state is formed following excitation of the low-spin species.
As was the case with Cr(acac)3, this requires some knowledge
of the absorption properties of the excited state that is ultimately
formed, i.e., the 5T2. As described by Drago and co-workers [16]
and later by Hendrickson [17], substitution at the ortho position
of the pyridyl ring introduces sufficient steric interactions to
stabilize the high-spin 5T2 state as the ground state of [Fe(tren(6-
Me-py)3)]2+ (Drawing 2). Thus, the ground-state spectroscopic
properties of [Fe(tren(6-Me-py)3)]2+ (Fig. 7, middle) will be
essentially identical to those of the lowest energy excited state of

D
M

.5. Summary: ligand-field dynamics of Cr(acac)3

The data described in the preceding sections allow us to con-
truct a Jablonski-type diagram summarizing the photophysics
f Cr(acac)3 (Fig. 6). The most striking feature about these
esults is the extremely fast rate of intersystem crossing. In
articular, the fact that ISC is faster than vibrational cooling
n the 4T2 state signifies a break-down in the so-called cas-
ade model typically invoked to model excited-state evolution,
n which intersystem crossing is assumed to be the slowest of
he three primary photophysical processes (vibrational relax-
tion, internal conversion, and intersystem crossing). Ultrafast
easurements are currently underway on several other CrIII

omplexes in an effort to assess the generality of the dynam-
cs found for Cr(acac)3.

. Photophysics of FeII polypyridyl complexes

.1. Identification of charge-transfer versus ligand-field
ptical features

Unlike the well-isolated features of Cr(acac)3, study of the
ltrafast ligand-field photophysics of this class of compounds is
omplicated by the presence of intense MLCT absorptions that
bscure the 1A1 → 1T1 and 1A1 → 1T2 bands expected for the
ow-spin d6 configuration. In addition, the non-emissive nature
f these molecules adds another level of ambiguity for identify-
ng the lowest-energy excited state of these systems. To circum-
ent this latter problem, we chose to study [Fe(tren(py)3)]2+

s our prototype (Drawing 2) [9]. This compound presents a
igand-field comprised of three pyridyl and three imine nitro-
rawing 2. Molecular structures of [Fe(tren(py)3)]2+ (R = H) and [Fe(tren(6-
e-py)3)]2+ (R = CH3).
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Fig. 7. Electronic absorption spectra of [Fe(tren(py)3)](PF6)2 (top), [Fe(tren(6-
Me-py)3)](PF6)2 (middle), and their calculated difference spectrum (bottom,
solid line). Also shown in the bottom panel (data points) is the nanosecond time-
resolved difference spectrum obtained following excitation of [Fe(tren(py)3)]2+

in CH3CN solution.

[Fe(tren(py)3)]2+. This provides us with an unambiguous signa-
ture for the formation of the 5T2 state following 1A1 → 1MLCT
excitation of [Fe(tren(py)3)]2+ which we can utilize in much
the same way as the low-temperature data were utilized for
Cr(acac)3 (Fig. 7, bottom).

Given the dominance of the MLCT feature in the absorp-
tion spectra of this entire class of compounds, a second question
concerns the conversion between the charge-transfer and ligand-
field manifolds. As mentioned previously, spectroelectrochem-
istry is a powerful tool for anticipating the optical properties of
charge-transfer excited states. In the case of [Fe(tren(py)3)]2+,
these data reveal that both the oxidative and reductive contri-
butions to the charge-transfer manifold yield new absorptive
features for λprobe > 600 nm (Fig. 8). Inspection of the differ-
ence spectrum anticipated following formation of the 5T2 state
(Fig. 7, bottom) shows a net decrease in absorbance in this
same wavelength region. Time-resolved kinetics monitoring this
region of the spectrum should therefore provide some infor-
mation concerning the kinetics of the MLCT-to-ligand-field
conversion.

Fig. 8. Differential absorption spectra for [Fe(tren(py)3)]2+ in CH3CN solution
following electrochemical oxidation (top) and reduction (bottom).

3.2. Ultrafast charge-transfer state deactivation

Single-wavelength kinetics data on [Fe(tren(py)3)]2+ in
CH3CN solution at λprobe = 620 nm following ∼100 fs excitation
at 400 nm are shown in Fig. 9. The data consist of an instrument-
limited net absorptive feature which decays to a bleach (i.e., net
absorptive loss) with a time constant of τ = 80 ± 20 fs (there is
an additional evolution of the bleach feature at longer times
having τ = 8 ± 3 ps that will be discussed in a later section).
Qualitatively, the data are consistent with the expectations dis-
cussed above: an initial positive feature signaling the presence
of a charge-transfer chromophore, followed by formation of a
ligand-field state(s). Based on these data alone, no conclusions

F
C
l
b

ig. 9. Time-resolved differential absorption data for [Fe(tren(py)3)]2+ in
H3CN solution at 620 nm following ∼100 fs excitation at 400 nm. The dashed

ine corresponds to a convolution of the instrument response function and a
iexponential decay model with τ1 = 80 ± 20 fs and τ2 = 8 ± 3 ps (inset).



E.A. Juban et al. / Coordination Chemistry Reviews 250 (2006) 1783–1791 1789

Fig. 10. Time-resolved differential absorption data for [Fe(bpy)3]2+ (top) and
Fe(bpy)2(CN)2 (bottom) in CH3CN solution following ∼100 fs excitaiton.
Both complexes exhibit qualitatively similar dynamics with τ1 < 100 fs and
τ2 ∼ 500 fs. See Ref. [18] for further details.

can be drawn as to the nature of the ligand-field state(s) that
are initially accessed; this point will be addressed in the next
section. Nevertheless, the sub-100 fs time constant indicates an
extremely short lifetime for the initially formed charge-transfer
state.

Fig. 10 illustrates analogous data collected on [Fe(bpy)3]2+

and Fe(bpy)2(CN)2, representing two of several systems that
we have examined [18]. A spectroscopic signature similar to
that observed for [Fe(tren(py)3)]2+ is observed for all of these
compounds. The rapid deactivation of the charge-transfer man-
ifold (τ < 100 fs) thus appears to be characteristic of this entire
class of molecules. Although the focus of the present report is on
the role of excited ligand-field states in ultrafast dynamics, the
fact that the charge-transfer state(s) of FeII polypyridyls are so
short-lived has important implications for their use as sensitizers
in photovoltaic applications [18–20].

3.3. Formation of the 5T2 excited state

As was the case with Cr(acac)3, the differential absorption
spectrum of [Fe(tren(py)3)]2+ at long delay times (i.e., upon
completion of all observed dynamics but prior to ground-state
recovery) constitutes the “end-point” of excited-state evolution.
In the case of the present compound, the availability of the high-
spin analog allows us to unambiguously determine when the 5T2

Fig. 11. Differential absorption spectra for [Fe(tren(py)3)]2+ in CH3CN solution
following ∼100 fs excitation at 400 nm. The spectra were acquired at delay times
of �t = 700 fs (black line) and 6 ps (blue line). The red line corresponds to the
calculated low-spin/high-spin difference spectrum shown in the bottom panel of
Fig. 7.

excited state of the low-spin complex is established. The plot
in Fig. 11 shows a superposition of transient spectra acquired
at time delays of �t = 700 fs and 5 ps, along with the calcu-
lated high-spin/low-spin difference spectrum previously shown
in Fig. 7. The agreement among all three spectra is quite good
and provides compelling evidence that the 5T2 state is well
established by 700 fs following 1A1 → 1MLCT excitation of
[Fe(tren(py)3)]2+ in room temperature solution.

Given the rate at which the 5T2 state forms plus the fact that
ground-state recovery in this compound occurs on the nanosec-
ond time scale [21], the 8 ± 3 ps component evident in the inset
of Fig. 9 cannot be associated a change in the electronic structure
of [Fe(tren(py)3)]2+. By process of elimination, we therefore
attribute this feature to vibrational relaxation in the 5T2 state.
The time scale is comparable to what was found for Cr(acac)3;
similar conclusions have been reached for RuII polypyridyl com-
plexes based on an analogous line of reasoning [4,22].

3.4. Mechanistic considerations

Our current picture for excited-state evolution following
1A1 → 1MLCT excitation of low-spin FeII polypyridyl com-
plexes is illustrated in Fig. 12. The diagram is unfortunately
somewhat vague, but it does reflect the extent of detail currently
supported by the available experimental data. For example, a
3MLCT state must certainly be present at an energy below the
i
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nitially formed 1MLCT state, but we have no experimental
ata suggesting that such a state is even transiently populated.
imilarly, it stands to reason that the 1T1, 1T2, 3T1, and 3T2
tates – all of which energetically lie between the 1MLCT and
T2 states – are somehow involved in the relaxation process
23]. Apart from quantum mechanical considerations vis-à-vis
pin–orbit coupling [24], our strongest experimental evidence
or this is actually the rate at which the 5T2 is formed. Given
he zero-point energy of the 5T2 state relative to the ground
tate in [Fe(tren(py)3)]2+, the excitation wavelength of 400 nm,
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Fig. 12. Schematic diagram depicting the photophysics of FeII polypyridyl com-
plexes following 1A1 → 1MLCT excitation. The values for the various time
constants are specific for [Fe(tren(py)3)]2+ in CH3CN solution, but the qualita-
tive nature of these dynamics appears to be general for this class of molecules.

and a reasonable estimate of the total reorganization energy,
the driving force for 1MLCT → 5T2 conversion is deep into
the inverted region [25]: this is at odds with a rate constant
in excess of 1012 s−1. This observation is reminiscent of those
made by Gray and co-workers concerning the photophysics of
certain Ir complexes, which failed to show inverted behavior
due to the involvement of higher-lying excited states in the
relaxation mechanism [26]. Nevertheless, in the case of FeII

polypyridyls there is no direct evidence of their presence in the
form of distinct, kinetic intermediates, hence the rather non-
descript inclusion of these higher-lying ligand-field states in
Fig. 12. Once the 5T2 state is formed, subsequent relaxation
back to the 1A1 can be quantitatively described by non-radiative
decay theory as has been shown in detail by Hauser, in particular
[27].

The rapid formation of the 5T2 state has several impor-
tant consequences. First and foremost, the fact that a transition
formally characterizable as a two-quantum spin change (i.e.,
�S = 2) occurs on a sub-picosecond time scale underscores the
notion that intersystem crossing in transition metal complexes
can be exceedingly fast. Our data show that ISC can be orders of
magnitude faster than vibrational relaxation dynamics, even in
a relatively large molecule. A similar conclusion was gleaned in
the case of Cr(acac)3, where the 4T2 → 2E conversion outpaced
vibrational relaxation on the 4T2 surface (Fig. 5). A related point
is that spin selection rules do not appear to be a significant fac-
t
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4. Concluding comments

It should be clearly stated that there is not enough informa-
tion available on a wide enough range of molecules to make any
broad generalizations concerning ultrafast dynamics in transi-
tion metal complexes. However, we have yet to come across
a case in which an assumption that kvib > kIC > kISC – which
conforms to the conventional photophysical picture one gleans
from textbooks – leads to the correct conclusions when it comes
to a mechanistic description of excited-state formation. Our
previous work on charge-transfer chromophores led us to this
conclusion [4], and these initial efforts involving ligand-field
excited states appear to be pointing in the same direction. The
underlying reason(s) for these surprisingly fast rates of sur-
face crossings remains an open question. For example, we have
assumed approximate O symmetry for the sake of simplicity in
the discussions presented above. However, the low-symmetry
ligand fields of these molecules will lift the degeneracies of
the states involved in the relaxation mechanisms shown above;
the extent to which this is affecting the ultrafast dynamics of
these systems is unclear. Nevertheless, given these findings
it is our strong belief that mechanistic proposals for excited-
state evolution must be made with extreme caution and a strict
adherence to what the data indicate rather than on any pre-
sumption of the relative rates of various processes that might be
involved.
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or in the mechanism of excited-state evolution, at least in terms
f dictating a sequence of states to be sampled along any given
elaxation pathway. Rather, it would appear that the relative dis-
lacement of potential energy surfaces combined with the high
ensity of states has a greater influence on the time-course of
xcited-state formation. We suspect it is likely the case that these
atter two factors promote extensive mixing among the various
xcited states (both charge-transfer and ligand-field), leading
o an essentially barrierless potential along which the system
volves toward the lowest-energy excited state. Computational
fforts to explore this notion in greater detail are currently
nderway.
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