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ABSTRACT: We present steady-state absorption and emission spectroscopy and
femtosecond broadband photoluminescence up-conversion spectroscopy studies of the
electronic relaxation of Os(dmbp)3 (Os1) and Os(bpy)2(dpp) (Os2) in ethanol,
where dmbp is 4,4′-dimethyl-2,2′-biypridine, bpy is 2,2′-biypridine, and dpp is 2,3-
dipyridyl pyrazine. In both cases, the steady-state phosphorescence is due to the lowest
3MLCT state, whose quantum yield we estimate to be ≤5.0 × 10−3. For Os1, the
steady-state phosphorescence lifetime is 25 ns. In both complexes, the photo-
luminescence excitation spectra map the absorption spectrum, pointing to an excitation
wavelength-independent quantum yield. The ultrafast studies revealed a short-lived
(≤100 fs) fluorescence, which stems from the lowest singlet metal-to-ligand-charge-transfer (1MLCT) state and decays by
intersystem crossing to the manifold of 3MLCT states. In addition, Os1 exhibits a 50 ps lived emission from an intermediate
triplet state at an energy ∼2000 cm−1 above that of the long-lived (25 ns) phosphorescence. In Os2, the 1MLCT−3MLCT
intersystem crossing is faster than that in Os1, and no emission from triplet states is observed other than the lowest one. These
observations are attributed to a higher density of states or a smaller energy spacing between them compared with Os1. They
highlight the importance of the energetics on the rate of intersystem crossing.

I. INTRODUCTION

Transition-metal (TM) complexes are attracting intense
interest due to their applications in photocatalysis1 and solar
energy conversion2 or as luminescent centers in organic light-
emitting diodes (OLEDs) and light-emitting electrochemical
cells (LEECs).3,4 In photocatalysis, it was found in the early
1970s that metal oxide semiconductors (SCs) such as titanium
dioxide (TiO2) could photoassist the electrochemical splitting
of water or photoreduce CO2 to hydrocarbons.

1,5 However, the
band gap of TiO2 is at 3.2 eV, that is, in a spectral range where
the solar spectrum is weak. To overcome this limitation,
sensitization of the TiO2 substrate by adsorbed dye molecules
allows injection of electrons into its conduction band (CB)
upon excitation by visible light. This sensitization, initially
aimed at extending to the visible range the photocatalytic
applications, later became the basis of dye-sensitized-solar cells
(DSSCs).6,7 Most DSSCs function with a TM dye complex that
is adsorbed onto the surface of the SC. Upon light absorption
by the complex, an electron is injected into the CB of the SC.
Among the important factors determining the efficiency of
DSSCs is the ability of the light-harvesting metal complex
sensitizer to absorb photons in a broad visible-infrared range.7,8

So far, ruthenium-based polypyridine complexes are among the
most used sensitizers. Their singlet metal-to-ligand charge-
transfer (1MLCT) excited states are the doorways to charge
separation, and their maximum absorption lies in the green.
Pushing further to the red the capabilities of sensitized TiO2 as

photocatalysts or in DSSCs is highly desirable because it would
allow exploiting a wider range of the solar spectrum.
Because of the above applications, TM−polypyridine

complexes have attracted much interest from the community
of ultrafast spectroscopists since the mid-1990s.9−19 The
relaxation of the electronic states of metal−polypyridine
complexes from and through the 1MLCT states down to the
triplet metal-to-ligand charge transfer (3MLCT) states is
characterized by an ultrafast cascade of internal conversion
(IC), intramolecular vibrational redistribution (IVR), and
intersystem crossing (ISC) events in tens to hundreds of
femtoseconds.15,20,21 In sensitization by the commonly used
Ru−polypyridine complexes, electron injection is known to
occur on two different time scales: a short one, from the
initially excited nonthermalized 1MLCT state(s) within a few
femtoseconds,22−24 and a slower one, from the thermalized
3MLCT states on the picosecond to nanosecond time
scale.25−28 The overall injection quantum yield is close to
100%.
However, aside from ruthenium being a rare element, the

spectrum of its polypyridine complexes is in the green, while, as
previously mentioned, extending the absorption range further
to the red would allow a better harvesting of the solar spectrum.
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Recent works with osmium-based polypyridine complexes have
reported incident photon-to-current conversion efficiency
(IPCE) extending well into the near-infrared region.29−34

These complexes show lower energy MLCT transitions and the
spin-forbidden transition to the 3MLCT state should, in
principle, be enhanced due to the stronger spin−orbit coupling
(SOC) compared with ruthenium-based complexes. Accord-
ingly, suitably designed Os-polypyridine sensitizers that display
a broader absorption spectrum than their ruthenium equiv-
alents,35 should lead to a better photoelectrochemical energy
conversion. However, understanding their ultrafast photo-
physics is important to estimate the proportion of injection
from nonthermalized 1MLCT state and thermalized 3MLCT
ones.
In OLEDs and LEECs applications, the electronic states

responsible for the emission are singlet and triplet excitons
formed by pairing of electrons and holes. When TM complexes
are used, the internal electroluminescence efficiency can be as
high as 100% because both singlet and triplet excitons
ultimately lead to photon emission from the lowest triplet
state.3,36 This is a consequence of the high spin−orbit coupling
(SOC) due to the metal ion, as it leads to an efficient ISC from
excited singlet to the emissive triplet (sub)-states and can
induce at the same time high radiative rates from the lowest
excited triplet state to the singlet ground state. Thus, fast ISC is
desired for applications of TM complexes as luminescent
materials.
In a recent review,37 we discussed that the ISC rates in TM

complexes do not necessarily scale with the SOC constant of
the metal atom. In fact, while Fe or Ru polypyridine complexes
exhibited ISC times of <30 fs,15,20 diplatinum complexes had
ISC times three orders of magnitude longer.38 An extreme case
was also reported by Steffen et al. for rhodium-cyclo-
pentadienes, where the singlet fluorescence was dominant as
a result of an inefficient ISC to the triplet state.39 The picture
that emerges from these observations is that the SOC constant
is not the only important ingredient but that the density of
states and the molecular structure need to be taken into
account for a proper description of the ISC rates. The structural
considerations stemmed from the fact that either a favorable

crossing of singlet and triplet surfaces was needed for an
efficient ISC or that this crossing had to be made favorable by a
structural rearrangement of the system. The latter was
suggested by our study of halogenated rhenium carbonyl
complexes, whose ISC times increased in the sequence Cl−Br−
I17 and were found to scale linearly with the frequency of the
Rhenium-halogen vibration. As part of our studies on ultrafast
ISC in TM complexes and given its importance for the above-
mentioned applications, here we investigate the electronic
relaxation of two representative osmium complexes by means
of steady-state absorption and emission spectroscopy and
femtosecond broadband photoluminescence up-conversion.
Previously, high-resolution spectroscopy of osmium poly-

pyridine complexes doped into low-temperature solids
provided a detailed description of the low-lying triplet states
and of their zero-field splittings,3,4,40−43 but it is only recently
that their ultrafast relaxation dynamics have been investigated,
mainly in relation to the sensitization of TiO2.

31,32,44 Here, by
ultrafast photoluminescence techniques, we investigate the
intramolecular dynamics of the complexes Os(dmbp)3(PF6)2
(Os1) and Os(bpy)2(dpp)(PF6)2 (Os2) in solution, where
dmbp is 4,4′-dimethyl-2,2′-biypridine, bpy is 2,2′-biypridine,
and dpp is 2,3-dipyridyl pyrazine. (The corresponding
molecular structures are shown in Figure 1.) Os1 is a tris-
bipyridine osmium complex with methyl substituents on the
pyridines, thus constituting an intermediate chemical structure
between the parent [M(bpy)3]

2+ and that optimized with
carboxylate groups to bind onto a SC surface. It is therefore
ideal for a comparison with the much studied [Ru-
(bpy)3]

2+11,15,21 and [Fe(bpy)3]
2+18,20,21 complexes. One

bipyridine ligand of [Os(bpy)3]
2+ has been substituted with

dpp to form Os2. This compound is also investigated here and
compared with Os1 to evaluate the effect of this peripheral
substitution on its ultrafast photophysics.

II. EXPERIMENTAL SECTION

Steady-state absorption and emission measurements were
carried out on a Shimadzu UV-3600 spectrophotometer and
a Shimadzu RF-5301PC spectrofluorimeter, respectively. The
emission spectra were corrected for the spectral response and

Figure 1. Extinction coefficient (continuous lines) in the 360−900 nm region (A) and in the 220−350 nm region (B) and steady-state emission
(excited at 480 nm, dashed lines, panel A) spectra of Os2 (blue) and Os1 (red) in ethanol. The arrows below the absorption spectra describe the
band assignment: triplet (3MLCT) and singlet (1MLCT) metal-to-ligand charge-transfer and ligand-centered (LC) transitions. The molecular
structure of both complexes is shown on the right.
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dispersion of the detection system. Emission quantum yields
were estimated by comparing the integrated steady-state
emission intensity with that of a reference dye (rhodamine
6G in ethanol, quantum yield 0.95) after scaling for the optical
density of the two samples.
The experimental setup for the ultrafast photoluminescence

studies is described in detail in refs 45−47, and we just present
its features of relevance here. In brief, the sample was excited at
either 400 nm (typical pulse width 60 fs, power 80 nJ/pulse,
focal spot 30 μm (fwhm), repetition rate 150−250 kHz) or
between 480 and 700 nm from an optical parametric amplifier
(OPA) system (Coherent, OPA-9400, typical width 70 fs,
power 80 nJ/pulse, focal spot 30 μm (fwhm), repetition rate
150 kHz). The emission, collected in forward-scattering
geometry, was up-converted in a 250 mm thick β-barium
borate (BBO) crystal by mixing it with a gate pulse at 800 nm.
The up-converted signal was spatially filtered and detected with
a spectrograph and a liquid-N2-cooled charge-coupled device
(CCD) camera in polychromatic mode. Appropriate Schott
filters (Schott Glass Technologies) were used to attenuate the
remaining excitation light. This greatly improved the signal-to-
noise ratio but limited the detectable spectral range to a region
starting 30 nm after the excitation wavelength up to 700 nm.
The latter limit is due to a filter cutting the strong second-
harmonic generation (SHG) signal generated by the gate beam
in the sum-frequency BBO crystal. The detection window can
be extended to 740 nm by stretching the gate pulses, doubling
its temporal width, which decreases the SHG background by a
factor of four, enabling us to remove the filter cutting this
spectral region. The time resolution of the setup is ∼110 fs, as
measured by the fwhm of a kinetic trace of the Raman line of
H2O.
The Os(dmbp)3(PF6)2 (Os1) and Os(bpy)2(dpp)(PF6)2

(Os2) complexes were synthesized according to the procedures
of refs 48 and 49 and dissolved in ethanol. The room-
temperature solutions were circulated in a 0.2 mm thick quartz
flow-cell at a speed of 1 m/s to avoid photodamage. With the
above experimental conditions, the excitation pulses hit the
same spot ∼8 times. However, because the ground-state
recovery is ≪5 μs, all excited molecules relax to the ground
state between pulses. The concentration was chosen to have
typically between 0.1 and 0.3 OD at the excitation wavelength,
that is, ∼1 mM. Typical data acquisition times for all up-
conversion measurements were on the order of 0.5 h for one
scan, the scans were repeated up to 10 times and then averaged.
To reliably extract the spectral contribution of each time

component, we performed a kinetic analysis (multiexponential
global fit (GF)) of the kinetic traces obtained by a singular
value decomposition (SVD) of the 2D time-wavelength plot of
Os1 in EtOH. The fitting procedure was performed using the
following function:
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in which we assume three characteristic times (τ1, τ2, and τ3)
for the emission decay. The Gaussian term describes the
convolution with the instrument response function (IRF),
where ΔIRF and t0 are its full width at half-maximum (fwhm)
and the time zero, respectively. In the GF procedure, the time
constants have been considered as common kinetic parameters

for all kinetic eigenvectors, whereas the amplitudes A1, A2, and
A3 have been determined for each kinetic eigenvectors. The
decay-associated spectra are then deduced using the following
equation:

∑τ = · ·A E SDAS( )i
j

i
j

j j

where the Ai
j correspond to the preexponentional factor of τi

obtained for the kinetic eigenvector j, and Ej is the eigenvalue
related to the kinetic and spectral eigenvectors Kj and Sj.

III. RESULTS
III.1. Steady-State Spectroscopy. Figure 1 shows the

steady-state absorption and emission spectra of Os1 and Os2 in
ethanol. Both complexes show an intense and narrow band
below 300 nm corresponding to an intraligand transition.
Additional bands appear in the 350−550 nm region and are due
to absorption by 1MLCT states. Finally, some weaker
transitions lying in the 550−700 nm region are attributed to
3MLCT transitions in similar complexes. (See also Figure 2 for

an enhanced view of the 300 to 800 nm region.)43,50,51

Importantly, the integrated intensity of these 3MLCT
transitions with respect to that of the 1MLCT states is larger
than in the [Ru(bpy)3]

2+ or [Fe(bpy)3]
2+ complexes, hinting to

a stronger mixed singlet−triplet character of the triplet state
due to the larger SOC of osmium.
In the 1MLCT absorption region, we can distinguish two

main group of bands, particularly clear in Os1, which are due to
at least two different transitions. They exhibit structures at 485/
440 and 410/370 nm, whose spacings suggest a vibronic
progression of 1600 cm−1 frequency, typical of the bpy stretch,
already observed in [M(bpy)3]

2+ (M = Fe, Ru) complexes.
The 3MLCT manifold of states (550−770 nm) does not

show two clear groups of bands as in the 1MLCT region. Only
one doublet of bands (at ∼590 and 665 nm) is observed. The
energy spacing between them is ∼1600 cm−1, similar to that
observed within a single group of bands in the 1MLCT
transitions. One is then tempted to assign the 590 nm band to a
higher vibronic band of the 3MLCT transition having its origin
at ∼665 nm. The next vibronic transition would then be at
∼540 nm, which is not clear in our spectrum. This
interpretation also implies that the upper group of 3MLCT
transitions (if at all present) is shaded by the absorption of the

Figure 2. Static absorption and PLE of Os1 and Os2 in EtOH
monitored at 760 and 800 nm, respectively. The discrepancy in the
short-wavelength range is due to the scattering background in the
absorption.
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1MLCT states in the 450−500 nm region. An alternative
explanation for the doublet structure within the 3MLCT
manifold is that the two peaks at ∼590 and 665 nm correspond
to two different electronic states. The most likely interpretation
at this stage is that both vibronic substructure and multiple
electronic states contribute to the overall shape of the 1,3MLCT
absorptions, as witnessed by the additional features that show
up clearly in both groups of the 1MLCT bands for Os1.
The absorption spectrum of Os2 grossly resembles that of

Os1, but there are notable differences: (i) it is shifted to lower
energies by ∼1000 cm−1, (ii) the bands therein are significantly
broader, and (iii) the separation between different groups of
bands is less clear cut. The latter two points suggest a higher
density of states.
The steady-state emission is Stokes shifted by ∼2000 cm−1

with respect to the first absorption band with maxima at 740
and 795 nm for Os1 and Os2 in EtOH, respectively. In both
cases, the emission spectra are broad and structureless. The
emission intensity of both complexes is particularly weak
compared with that of similar ruthenium complexes. Indeed, an
estimate of the room-temperature quantum yield (QY) of
emission upon 480 nm excitation (i.e., in the first 1MLCT
transition), carried out as described in the Experimental
Section, gives a value of ∼5 × 10−3 for Os1 and ∼10−3 for
Os2, while [Ru(bpy)3]

2+ has a QY ∼5 × 10−2.
Figure 2 compares the absorption and the photolumines-

cence−excitation (PLE) spectra of Os1 and Os2, monitoring
their emission intensity at 760 and 800 nm, respectively. The
increasing discrepancy between PLE and absorption spectra
toward higher energies is due to the wavelength dependence of
scattering that affects the absorption spectrum. Keeping this in
mind, the PLE spectra match very well the absorption spectra,
implying that the luminescence is not excitation-energy-
dependent; that is, the relaxation from any initially excited
electronic state cascades down to the lowest emitting triplet
state, in agreement with the Kasha rule. This implies that the
low-emission QYs of the lowest triplet state are due to its
nonradiative decay to the ground state.
III.2. Time-Resolved Photoluminescence. Figure 3

shows the 2D time−wavelength plot of the early time
luminescence of Os1 and Os2 in ethanol (EtOH) excited at
400 nm. Both complexes exhibit a short-lived, almost response-
limited, emission peaking at 550 nm for Os1 and 530 nm for
Os2. Figure 4 shows the emission spectra of Os1 and Os2 in
ethanol at 0, 60, 150, and 300 fs (top panels) as well as kinetic
traces at 530 nm (520 nm) and 650 nm (600 nm) for Os1
(Os2) in EtOH (bottom panels). The emission at early times
appears mirror symmetric with respect to the lowest singlet
absorption band, similar to our previous studies with other
complexes; therefore, we attribute it to the singlet fluorescence.
It mostly decays on an ultrafast time scale, as ∼90% of the
signal at 530−550 nm is found to disappear within ∼100 fs in
both complexes.
In the case of Os1, in addition to the short-lived fluorescence

at 550 nm, we detect an obvious weak longer-lived emission
centered at 650 nm (Figure 3). In these measurements, the
spectral response rapidly drops beyond 700 nm due to the use
of a band-pass filter in front of the monochromator (see
Section II) so that a direct comparison with the steady-state
emission is impossible. Thus, to make a connection of the
present results on the femto-/picosecond regime with the static
regime, we extended the detection window to the maximum of
the steady-state emission maximum around 740 nm (see

Section II). Figure 5A compares the kinetic traces recorded at
730 and 700 nm. Both traces are identical and are well-fitted by
a monoexponential with a decay constant of 50 ± 10 ps,
meaning that the signal at 730 nm detected by fluorescence up-
conversion is only the extreme wing of a 50 ps lived band
centered at 650 nm (Figure 3). We also measured the emission
of Os1 in EtOH observed in the steady-state spectrum at 740
nm with a nanosecond resolution avalanche photodiode
(Figure 5B), showing a time decay of ∼25 ns (No such
measurement was done for Os2). This finding implies that for
Os1, the 50 ps lived signal revealed by ultrafast measurements
has a different origin to the 25 ns lived emission detected in the
static measurements, although the two signals partially overlap
in the spectral region around 700 nm. No picosecond-lived
emission was observed in Os2.

III.3. Analysis. We performed an SVD of the fluorescence
2D plot of the two complexes in EtOH in terms of spectral and
kinetic components before applying a global fitting procedure
with exponential functions.17 The resulting decay-associated
spectra (DAS) are plotted in panels A and C of Figure 6. The
values of the decay constants are summarized in Table 1. For
Os1, this analysis reveals that besides two decay components of
100 fs and 50 ps with distinct spectral shapes (red and blue), a
third component (green) of 1.5 ps appears as a decay around
580 nm and a rise around 660 nm. This component can be
interpreted as the singlet emission in the 550−620 nm region
decaying in 1.5 ps and populating the 50 ps DAS, in agreement
with the fact that the negative part of the 1.5 ps trace clearly
resembles the 50 ps DAS (Figure 6). In the case of Os2, the
intensity decay is biexponential with time constants of <50 fs
and 150 fs. The corresponding DAS are similar to each other,
although the longer component is slightly red-shifted, but the
faster component has a 10-fold larger pre-exponential factor.
In summary, both Os1 and Os2 exhibit a broad emission

band centered around 530−550 nm already at zero time delay
(i.e., with a pulse-width-limited rise), which decays in <50 fs

Figure 3. Two-dimensional time−wavelength plots of the emission of
Os1 (top) and Os2 (bottom) in ethanol excited at 400 nm. The plots
are normalized to the maximum of the fluorescence, and the peak at
455 nm is the Raman line, which is cut on the blue by the detection
window on the top panel.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp405362e | J. Phys. Chem. C 2013, 117, 15958−1596615961

http://pubs.acs.org/action/showImage?doi=10.1021/jp405362e&iName=master.img-003.jpg&w=199&h=220


and 150 fs for Os2 and 100 fs and 1.5 ps for Os1. For the latter,
the 1.5 ps time constant also corresponds to the rise of a
longer-lived (50 ps) emission band centered at 650 nm.
Although partially overlapping with the 25 ns-lived phosphor-
escence, the 50 ps emission is different from it (Figures 1 and
5). No comparable picosecond-lived emission is observed in
Os2, where a fit of the integrated area of the signal (Figure 6C)
shows the fluorescence to decay completely on the two time
scales of <50 fs and 150 fs. Figure 7 shows a diagram
summarizing the relaxation cascade for Os1. For the sake of
simplicity, the 1.5 ps intermediate is not shown.

IV. DISCUSSION

Similar to the previously reported fluorescence of Ru- and Fe-
polypyridine complexes,15,20,21 the short-lived emission of Os
complexes observed here corresponds to fluorescence of the
lowest 1MLCT state. In both Os1 and Os2, this signal decays
biexponentially. The faster, major decay is almost limited by
our time resolution (∼50 fs after deconvolution of the
instrumental response) for Os2, while for Os1 it is slower
(∼100 fs). Moreover, in both complexes we observe a ∼10%
contribution of a slower fluorescence decay of 1.5 ps and 150 fs.
By analogy to ruthenium complexes, such as [Ru-
(dcbpyH)2(NCS)2]

2+ (N719),21 this could arise from the
lower energy part of the 1MLCT manifold of states undergoing
slower ISC to the triplet manifold.
As mentioned in the Introduction, there is ample

evidence17,21,37 that the ISC times generally do not scale with
the strength of the spin−orbit constant of the metal atom and
that the density of states, the molecular structure and the
photoinduced structural dynamics play an important role in the
ISC dynamics, providing, respectively, the system with a pool of
accepting states or allowing it to reach a favorable molecular
configuration for ISC to occur. In the present case, the two
complexes have quite similar molecular structures, but their
electronic structures are nonetheless significantly different
(Figure 1), with Os2 having a higher density of states than
Os1. This, along with the relative shifting of excited states,
would be the origin of the faster intramolecular relaxation (IC,
IVR, and ISC).
ISC in Os1 (on both 100 fs and 1.5 ps time scales) populates

a state that decays in 50 ps. Such a picosecond-decaying
emission is absent in Os2. Because the 50 ps emission peaks
around ∼650 nm (blue DAS in Figure 6), this implies that it

Figure 4. Top panels: time-gated fluorescence spectra of Os2 (left) and Os1 (right) in ethanol recorded at −200, 0, 60, 150, and 300 fs (in addition,
2 and 200 ps for N626) time delays. Bottom panels: kinetic traces (○) at 520 (530) and 600 (650) nm of Os2 (N626) in ethanol and DCM. For a
better comparison of the kinetic behavior, the time traces are normalized to the maximum and plotted along with the kinetic trace (full) of the
Raman line at 453 nm.

Figure 5. (A) Kinetic traces at 700 (blue circles) and 730 nm (red
squares) of Os1 in ethanol by means of femtosecond up-conversion.
For a better comparison of the kinetic behavior, the time traces are
normalized to the maximum. A monoexponential fit of the trace at 730
nm is also shown (green line), which gives a decay time of 50 ± 10 ps.
(B) Kinetic trace at 730 nm of Os1 in ethanol (red circles), measured
with a nanosecond photodiode. A monoexponential fit of the trace
(blue line) gives a decay time of 25 ns.
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does not stem from the lowest triplet state but from a higher
lying state, which cannot be the 1MLCT. Assuming the
absorption−emission Stokes shift (measured at the band
maxima) to be identical to that of the 1MLCT emission, we
estimate the 50 picosecond emission to stem from a state
whose absorption band lies at ∼580 nm. This corresponds to

the upper band of the 3MLCT absorption doublet (Figures 1
and 2). It suggests that the spectral feature in the 550−700 nm
region is not due to vibronic bands but to two different
electronic states. By extrapolation, this would also confirm an
analogous interpretation for the 1MLCT absorption bands in
the 430−550 nm and the 350−420 nm regions. Interestingly,
the appearance of an intermediate 3MLCT emission on the
time scale of tens of picoseconds is reminiscent of similar
observations in the case of ReX(bpy)(CO)3 (X = Cl, Br, I)
complexes.17 The relaxation cascade that is inferred from the
above and from Figure 2 means that close to 100% of the
molecules in the lowest excited singlet state decay via this
intermediate triplet state, in agreement with our conclusions
based on the PLE spectra. Whereas a small portion of the 50 ps
emission rises in 1.5 ps (Figure 6), one would also expect to see
it rising with a 100 fs time scale. However, the absence of such a
rise in the reddest portion of the 100 fs DAS is likely due to the
broad overlapping profile of the 100 fs decay of the 1MLCT
emission.
The 50 ps lived intermediate eventually populates the state

responsible for the static phosphorescence, whose emission
peaks at ∼750 nm (Figure 2) and decays in 25 ns (Figure 5B).
On the basis of our estimate of the emission quantum yield, the
latter has a radiative rate of a few microseconds (τr ≈ 0.025/5 ×
10−3 = 5 μs). Because the up-conversion signal is proportional
to the radiative rate, this corresponds to a signal that is several
hundred times weaker than that of the fluorescence (assuming a
10−20 ns lifetime for it) and thus below our detection limit.
This explains why the steady-state phosphorescence is not
observed in ultrafast measurements (i.e., no nanosecond-lived
signal appears in Figure 5A, where only the 50 ps lived transient

Figure 6. (A,C) Decay-associated spectra (pre-exponential factor of each time component as a function of wavelength) obtained with a global fit
analysis of emission of Os1 (panel A) and Os2 (panel C). (The 150 fs component of Os2 (green) is multiplied by two for clarity reasons.) (B)
Kinetic traces at 500 (blue), 580 (green), and 660 nm (red) of the emission of Os2 along with their fit. (D) Integrated band area of the emission of
Os2 as a function of time (■) plotted along with its biexponential fit in red, decomposed into the blue and green lines corresponding to the ∼50 fs
and 150 fs components, respectively.

Table 1. Values of the Decay Constants Resulting from the
Global Fit Analysis Presented in Figure 6

Os1 Os2

100 fs <50 fs
1.5 ps 150 fs
50 ps

Figure 7. Relaxation cascade of Os1 as derived from the ultrafast
photoluminescence studies.
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emission is detected). For comparison, in the case of
[Ru(bpy)3]

2+,15 which has a comparable radiative rate, the
steady-state phosphorescence was close to the detection limit
yet still measurable due to a better sensitivity of our detection
system in the corresponding spectral region.
We have concluded above that the overall 3MLCT

absorption (550−700 nm) contains (at least) two different
states, the upper one being responsible for the 50 ps emission.
In line with this, one would now be inclined to simply attribute
the steady-state emission to the lower member of the doublet,
that is, the lowest 3MLCT state responsible for the absorption
band peaking at ∼665 nm. However, in high-resolution studies
of [Os(bpy)3]

2+ at low temperatures, Yersin and cow-
orkers40,42,52 found that the lowest-lying triplet state is affected
by an important zero-field splitting effect. It is actually split in
three substates, with the lowest one (I) separated by 60 and
221 cm−1 from the next higher ones (respectively, II and III).
While all three substates contribute to the lowest3 MLCT
absorption band, at room temperature, the steady-state
emission will mainly arise from substates I and II. The lifetime
of substate I at 1.3 K was reported to be 22 μs, which is close to
our estimated value of 5 μs, bearing in mind the uncertainties in
the estimate of the QY. Yersin and coworkers also found a
significant difference between the degree of allowedness of the
transition from the ground singlet state to these triplet
substates, with state I being the most forbidden, while states
II and III become more allowed due to an increasing SOC to
the higher singlet states. One may expect this trend to be
carried over to the upper-lying3MLCT states. Our results are in
line with these suggestions. A radiative lifetime as long as 5 μs
implies that the transition responsible for the steady-state
emission is very weakly allowed: based on the Strickler−Berg
equation one can roughly estimate the peak molar extinction
coefficient of this transition to be ∼130 M−1 cm−1 (for each
given non degenerate state, i.e., state I or II). Because this is
well below the value (2000 M−1 cm−1) measured in the 3MLCT
absorption region (Figure 1), we conclude that the state(s)
responsible for the static emission does not contribute
significantly to the overall absorption spectrum. The 3MLCT
absorption between 550 and 800 nm is actually due to upper
3MLCT states. On the basis of the comparatively higher
oscillator strengths, these states are likely affected by a strong
mixing with the 1MLCT states, which provides them with a
significant singlet character, and hence a higher radiative rate, to
the point that an intermediate 50 picosecond lived emission
appears in the time-resolved luminescence spectra of Os1. The
fact that such an emission is lacking in Os2 is, we believe, due
to the same reasons as invoked above to explain the faster IC/
ISC processes: the density of vibrational states is higher or the
energy spacing between electronic states is smaller, such that
nonradiative relaxation is more efficient.
Coming back to considerations about sensitization and as

discussed in ref 24 the ultrafast injection from nonthermalized
1MLCT states competes with an extremely high rate of IC/IVR.
The latter has the additional consequence of lowering the
energy of electronic states such that the driving force for
electron injection decreases. Although Os2 has a large
extinction coefficient extending to the red, which ensures a
better collection efficiency of the solar spectrum, Os1 seems a
more promising candidate for DSSCs because of the overall
slower relaxation processes evidenced by the presence of
excited states with lifetimes of 1.5 and 50 ps, which allows
ample time for injection, even with a low driving force. The

faster relaxation processes in Os2, ensure a more rapid
funnelling of the population to the lowest triplet state, and it
is therefore a better candidate for OLEDs and LEECs.
Concerning the ISC rates, the present results are a further

manifestation of the fact that a larger SOC constant of the
metal atom (manifested by an increased triplet absorption),
does not necessarily correlate with a shorter ISC time, as the
present systems are quite close to the previously investigated
[M(bpy)3]

2+ (M = Fe, Ru) complexes for which the metal atom
has a smaller SOC constant. They further underline the
importance of energetics in affecting the intramolecular
relaxation processes, not only the ISC but also the IC and
IVR processes. Indeed, small modifications of peripheral groups
of the molecule lead to different ISC times (<50 fs for Os2 and
∼100 fs for Os1). More studies are still needed to extract a
rationale for the ISC rates in TM complexes.

V. CONCLUSIONS

We have investigated the intramolecular relaxation dynamics of
two osmium complexes in solution: Os(dmbp)3 (Os1) and
Os(bpy)2(dpp) (Os2). In both cases, the steady-state
phosphorescence is due to the lowest 3MLCT state, whose
quantum yield we estimate to ≤5.0 × 10−3. The fluorescence of
the lowest singlet metal-to-ligand-charge-transfer (1MLCT)
state of both complexes was found to decay in ≤100 fs due to
an ISC to the manifold of 3MLCT states. Overall intra-
molecular relaxation (IC, ISC, and IVR) is faster in Os2 than in
Os1, and the latter exhibits a 50 picosecond lived emission
from an intermediate triplet state. Despite its better collection
efficiency of the solar spectrum, Os2 is less attractive for
applications using sensitization of TiO2 substrates. However, it
is more interesting for applications such as light-emitting
devices. From a fundamental point of view, these studies
confirm previous observations that a large spin−orbit coupling
of the metal atom is not necessarily accompanied by fast ISC
rates. The present complexes highlight the importance of the
density of states in affecting these rates.
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