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Introduction

By combining single-molecule and femtosecond transient ab-
sorption spectroscopy, exciton annihilation leading to the
higher excited state of one chromophore has been observed
in multichromophoric systems.[1–7] The investigation of the
electronically excited states, with particularly attention payed
to different interaction regimes, has revealed new intramolecu-
lar deactivation mechanisms.[8,9] For instance, in a series of
rigid peryleneimide (PI) substituted polyphenylene-core den-
drimers, a mechanism of increased intersystem crossing owing
to the different nature of the triplet symmetry (np* versus
pp*) involving higher excited states Sn has been revealed as a
consequence of efficient singlet–singlet exciton annihilation.[10]

Moreover, exciton–exciton annihilation was found to take
place in a rigid PI end-capped polyphenylene (pPh) after the
formation of two weakly coupled charge-transfer states.[11]

Quantum-chemical calculations show that the excited-state
wave function significantly spreads over the neighbouring
penthaphenylene skeleton in polar solvents. This effect dimin-
ishes the center-to-center distance between the transition di-
poles and increases the spectral overlap between the fluores-
cence and S1–Sn absorption spectra.
Although PI chromophores have been used extensively as

light absorbers,[12] energy transfer agents[13,14] and charge ac-
ceptors,[15,16] there is only a limited number of examples in
which the higher excited state properties of PI have been in-
vestigated. Herein, we present an investigation of two analo-
gous bichromophoric systems with short chromophore–chro-
mophore separations of 5.4 and 3.4 nm (Scheme 1). These sys-
tems consist of two or one rigid penthaphenylene moieties
end-capped with PI and are named PI-(pPh)2-PI and PI-(pPh)1-
PI, respectively. Each single-electron donor pentaphenylene

unit is about 2 nm long and keeps the PI subsystems at a well-
defined distance within a nearly collinear orientation. Using ex-
citation pulses in the visible region, the higher excited singlet
states Sn can be reached by either consecutive or simultaneous
two-photon absorption within one laser pulse or by singlet–
singlet annihilation, the latter being restricted to multichromo-
phoric systems. To unveil possible fast interchromophoric inter-
actions, these systems were investigated using single-photon
timing and excitation-power-dependent polychromatic femto-
second transient absorption techniques.
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The excited-state properties of two peryleneimide chromophore
end-capped pentaphenylene compounds were investigated in
detail using femtosecond transient absorption and single-photon
timing experiments. Singlet–singlet annihilation was found to
promote one chromophore into a higher excited state and results
in the formation of an ultra-short-living intermediate charge-
transfer (CT) state in the Sn–S1 deactivation pathway. In low-po-

larity solvents, this CT state is found to be energetically higher
than the first excited state and thus cannot be populated via
one-photon excitation. The observed CT state decays with a time
constant of about 1 ps to form the lowest singlet excited state.
These results demonstrate the potential use of the singlet–singlet
annihilation as a novel tool in studying reactions occurring in
states that are energetically above the S1.
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Results and Discussion

Steady-State Measurements

Figure 1 displays the normalised steady-state absorption and
emission spectra of PI-(pPh)1-PI and PI-(pPh)2-PI in methylcy-
clohexane (MCH). The fluorescence quantum yields measured
in degassed conditions are compiled in Table 1. The extinction
coefficient of the model compound PI-(pPh)1 measured in tol-
uene is 52000m�1 cm�1 at 515 nm.
Both PI-(pPh)1-PI and PI-(pPh)2-PI have a large offset in the

absorption energy of the two constituents. The blue parts
(350–450 nm) of their spectra originate from the dominant
backbone absorption (pPh units), whereas the bands centred
at 520 nm are due to the S0–S1 transition of the PI subsystem.

While the features and posi-
tion of the lowest (S0!S1) ab-
sorption band of PI-(pPh)1,

[17] PI-
(pPh)1-PI and PI-(pPh)2-PI in
MCH are nearly identical, the rel-
ative intensity compared to that
of the pPh band reflects the
ratio of PI and pPh units
(Figure 1). The PI absorption
band appears slightly unstruc-
tured when compared to the
S0!S1 of the phenyl-substituted
chromophore (C1P1), suggesting
some ground-state delocalisa-
tion over the neighbouring pPh

unit.[15] Although the maximum and the vibronic structure of
the absorption band attributed to the pPh moiety is situated
at the same wavelength for PI-(pPh)1-PI and its single-chromo-
phore analogue PI-(pPh)1, this band is shifted over 20 nm to
longer wavelength in PI-(pPh)2-PI. In addition, in PI-(pPh)2-PI,
the fine structure is partially lost, suggesting increased conju-
gation between the pPh subsystems. In the emission spectra
in MCH, the maxima (560 nm) and the vibronic shoulders are
similar to previously studied PI-substituted pPh compounds.
Again, the maximum and vibronic characteristics of the emis-
sion spectra in MCH are only weakly shifted with respect to
those of C1P1 in toluene. The loss of fine structure in the ab-
sorption spectra and the persistence of the fine structure in
the emission spectra suggest an increased planarity of the
pPhn moiety versus the PI moiety in the singlet excited state.
We recently demonstrated that PI-(pPh)1 dissolved in polar

solvents shows an efficient photoinduced charge transfer from
the backbone to the end-cap; similar behaviour is expected for
PI-(pPh)1-PI and PI-(pPh)2-PI.

[17] The decrease of the quantum
yield of the latter compounds in tetrahydrofuran (THF; see the
Supporting Information, Table 1 for details) points to an im-
proved efficiency of the radiationless deactivation of the re-
laxed singlet excited state. This effect is probably related to
the dipolar character of the excited state suggested by a sys-
tematic redshift of the emission spectra with less pronounced
vibronic features in this solvent (see the Supporting Informa-
tion, Figure 1 for details).

Time-Resolved Experiments on PI-(pPh)2-PI

By single-photon-timing (SPT) experiments, the fluorescence
intensity of PI-(pPh)2-PI was found to decay monoexponential-
ly over the entire wavelength range of the emission spectrum
with a time constant of 2.8 ns (3.5E108 s�1). Combined with
the fluorescence quantum yield of 0.72, this decay yields a flu-
orescent rate constant of 2.5E108 s�1. The slightly faster decay
compared to C1P1 (2.38E108 s�1, F=1 in toluene) at the
same emission maximum suggests a stronger transition dipole
moment.[15]

Time-resolved transient absorption spectra obtained upon
excitation at 495 nm with two different excitation powers
(60 mW and 400 mW) are depicted in Figure 2. The spectroscop-

Scheme 1. Molecular structures of PI-(pPh)1-PI (1) and PI-(pPh)2-PI (2) ; R=n-octyl, Ar=4-n-octylphenyl.

Figure 1. Normalised absorption and emission spectra (excitation at 495 nm)
of PI-(pPh)1-PI (b) and PI-(pPh)2-PI (c) in MCH.

Table 1. Fluorescence quantum yields, absorption and emission maxima
of the compounds PI-(pPh)1, PI-(pPh)1-PI and PI-(pPh)2-PI in MCH.

Compound PI-(pPh)1 PI-(pPh)1-PI PI-(pPh)2-PI

Quantum yield 0.85 0.78 0.72
Absorption maximum [nm] 510 515 512
Emission maximum [nm] 560 560 562
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ic features characteristic of PI can be recognised by the two
bands rising instantaneously after excitation and decaying con-
currently on a nanosecond time scale (see Figures 2A and C).
The negative part in the 500–550 nm region is due to ground-
state depletion mainly resembling the steady-state absorption,
whereas the stronger negative band at 540–650 nm is associat-
ed with stimulated emission fully matching the stationary
emission spectra. The positive part (650–730 nm) with a molar
extinction coefficient comparable to the value for the deple-
tion band (when the ratio of the two signals is assessed) corre-
sponds to the S1–Sn absorption band within the PI chromo-
phore. The transient spectrum between 540 nm and 750 nm is
a sum of the excited-state absorption (positive contribution)
and stimulated emission of the locally excited (LE) state (nega-
tive contribution).[11] One should keep in mind that the excit-
ed-state absorption band might extend to lower wavelengths
than the positive band, where it cancels to some the extent
the band due to induced emission. Therefore, in the calcula-
tion of the overlap with the fluorescence spectrum (see
below), a correction for the stimulated emission component
that affects this band had to be taken into account.

The important point is that a faster decay of these bands is
clearly observed in the high-excitation-power experiments (see
Figures 2C and D). By global kinetic analysis of these decay
traces (section across the wavelength axis—Figure 2D) in addi-
tion to the component found in SPT, three extra decay-time
components were found: a component of (0.5–2) ps attributed
to intramolecular vibrational redistribution (IVR),[12] a 4.2 ps
component attributed to a vibrational relaxation (VR) pro-
cess[12, 18] and another decay-time constant of 130 ps found
only in the high-excitation-power experiments. Upon changing
the excitation power from 60 mW to 400 mW, the spectral am-
plitude shape of both the 4.2 ps and 2.8 ns components re-
mains unaltered. When plotting the amplitude of the 130 ps
component versus wavelength, the resulting shape exhibits a
negative value in the 500–570 nm region and a positive value
in the red part of the spectrum at 620–730 nm (data not
shown). Hence, the amplitude of this component resembles
the spectral position of the ground-state depletion band and
stimulated emission at short wavelengths and of the excited-
state absorption band at long wavelengths. On the basis of
the comparison with the kinetics of PI-(pPh)1 and the power

Figure 2. Three-dimensional plot of the femtosecond transient absorption spectra of PI-(pPh)2-PI in MCH recorded with excitation powers of 60 mW (A) and
400 mW (C), and the time-resolved monochromatic transient absorption traces recorded in a 50 ps time window and the corresponding fits for the two excita-
tion powers 60 mW (B) and 400 mW (D); DOD is the change in optical density.
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dependence described above, this 130 ps decay component
can only be attributed to an exciton–exciton annihilation
within the end-capped PI subsystems.
The exciton–exciton annihilation can be evaluated within

the framework of the Fçrster theory for energy transfer. Inside
this framework, the annihilation rate constant kann, annihilation
efficiency hann and the critical distance R0 can be calculated
from three parameters obtained experimentally, namely, from
the spectral overlap J between the donor emission (corre-
sponding to the PI S1–S0 transition) and acceptor absorption
spectrum (corresponding to the PI S1–Sn transition), the decay
rate constant of the donor kD=t

d

�1 and the fluorescence
quantum yield of the donor FD, and from two parameters de-
termined by molecular mechanic calculations: the donor–ac-
ceptor centre-to-centre distance R and the relative orientation
of the two dipoles expressed by the orientation factor k2.[11]

These parameters are calculated and displayed in Table 2. Here,

the orientation factor is assumed to have the maximum value
(k2=4), as the dipoles are collinear. The value of the overlap
integral has been calculated previously by Fron et al. , who also
explain why the result of the calculation can be used for the
system in question.[11]

Our measured intramolecular annihilation rate constant of
7.7E109 s�1, corresponding to the inverse of the decay time of
130 ps, is more than an order of magnitude larger than the
value derived from the modelling as Fçrster-type transfer. Im-
portantly, the investigated process suggests that exciton–exci-
ton interaction takes place over a distance as short as 3.4 nm,
which corresponds to a dipole–dipole interaction with a con-
siderably smaller separation distance than the physical chro-
mophore–chromophore spacing (5.4 nm). Taking into account
the substantial increase of the extinction coefficient from
38300m�1 cm�1 to 52000m�1 cm�1 with respect to C1P1 sug-
gests an enhanced transition dipole moment as a result of ex-
tended conjugation between the collinear PI (the S0–S1 transi-
tion dipole is oriented along the long molecular axis) and pPh
moieties that could change the observed value of the annihila-
tion rate constant. As a consequence, the transition dipole can
no longer be considered as a point dipole on the PI subsystem
but is extended over the ACHTUNGTRENNUNG(pPh)2 backbone, which leads to a re-
duced dipole–dipole distance when both end-capped chromo-
phores are excited (see the Supporting Information for de-
tails).[11] Breakdown of the Fçrster approximations for dipole–
dipole interaction especially for collinear systems can also ex-
plain the faster annihilation rate observed here.[19–23] Although
there is perhaps little experimental evidence available in the
case of singlet–singlet annihilation, it cannot, in principle, be

excluded that overlap-dependent mechanisms,[24–26] such as
Dexter transfer,[27] play a role in the bridged systems.

Time-Resolved Experiments on PI-(pPh)1-PI

The SPT experiments on PI-(pPh)1-PI in MCH show that the
fluorescence decays with a time constant of 2.8 ns (3.5E
108 s�1) over the complete spectral emission region, which is,
within experimental error, identical to the fluorescence decay
time of PI-(pPh)2-PI in MCH.
When globally analysing traces of the transient absorption

recorded with 60 mW excitation power at different wavelengths
as a sum of exponentials, two components in addition to a
nanosecond component were retrieved: an ultrafast compo-
nent of (0.5–2) ps and a (4.2–5) ps component. The value of
the decay time and the spectral shape suggest an attribution
of the later component to vibrational relaxation. Figures 3A
and B display comparisons of transient absorption decay traces
recorded with two excitation powers (60 and 400 mW). No dif-
ference in the decay of the negative and positive signal parts
is observed when the traces are compared in a 420 ps time
window (Figure 3A). However, a clear difference in traces is de-
tected in the first few picoseconds after excitation (Figure 3B).
Upon increasing the excitation power, the only component of
which the spectral features change significantly is the ultrafast
(0.5–2) ps one (see the spectral amplitude shape in Figures 3C
and D). This effect can be explained by the fact that IVR and
another kinetic component which has a similar time constant
and is strongly excitation-power dependent are unresolved in
the global analysis, thus giving a single apparent short time
constant with these features. At high excitation power, its
spectral shape resembles that of the component with a 400 ps
decay time found for PI-(pPh)1 in a polar solvent (benzonitrile,
BZN, Figure 4B), which was attributed to the decay of the
charge-transfer state. Both spectra are characterised by a
strong negative signal at the ground-state depletion band and
a positive signal in the spectral region where both the radical
anion and cation of PI and pPh absorb (540–700 nm). This
clearly indicates that here, too, a charge-transfer state is
formed, which has a higher excited state (presumable S2) as a
precursor and decays to the S1, because the amplitude features
negative values in the spectral region of the S1–Sn excited state
absorption band. When we compare the amplitudes of the fast
and slow components for PI-(pPh)1-PI, we clearly observe a
negative amplitude for the fast component between 700 and
730 nm where the S1–Sn absorption band is situated (Figure 3).
This finding suggests that the S1–Sn absorption grows in on
the same time scale as the CT state decays. It is obvious that
the charge transfer proceeds from a state that is energetically
higher than S1 and is already occupied to a small extent at
60 mW excitation power. For PI-(pPh)1, where the S1 state is
only formed by direct excitation, no such growth of the S1–Sn

absorption was observed (Figure 4A).
The occurrence of this short-living CT state is directly related

to the probability of having both chromophores excited within
the same excitation pulse, since it evidently appears only in
the bichromophoric compounds at high excitation power. In

Table 2. Calculated physical separation between the PI chromophores
and Fçrster distance, overlap integrals, rate constants and annihilation ef-
ficiencies for PI-(pPh)2-PI.

R [nm] R0 [nm] J(u)E10�14 [cm�6 mol�1] kannE10
8 [s�1] hann [%]

5.4 4.9 2.3 2.30 39
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nonpolar solvents like MCH, the CT state is lying energetically
above the S1 state (the change in free energy for charge sepa-
ration DGcs>0) and cannot be populated by one 495 nm

photon excitation. It can only be populated from a higher ex-
cited state. As experimentally demonstrated (see above), a
consecutive excitation of one of the chromophores cannot effi-

Figure 3. Time-resolved monochromatic transient absorption traces of PI-(pPh)1-PI in MCH recorded with 60 mW (black) and 400 mW (red) excitation power in
420 ps (A) and 50 ps (B) time windows. Wavelength dependence of the partial amplitudes of the (0.5–2) ps (black) and 2.8 ns (green) decay times obtained
with 60 mW (C) and 400 mW (D) excitation power.

Figure 4.
A) Wavelength-dependent amplitude of the (0.5–2) ps decay time (+ ) found for PI-(pPh)1 in MCH (200 mW excitation power). B) Wavelength-dependent ampli-
tude of the 400 ps decay time (~) found for PI-(pPh)1 in BZN.

1390 www.chemphyschem.org ? 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2007, 8, 1386 – 1393

F. C. De Schryver et al.

www.chemphyschem.org


ciently lead to a higher excited state, because the S1–Sn ab-
sorption band is shifted by 5340 cm�1 to the red part of the
spectrum. The additional energy to reach this CT state must be
obtained from the second excited chromophore via an ultra-
fast and efficient energy-transfer process. The conditions for
such annihilation are favourable in terms of dipole distance,
orientation and spectral overlap (see below). As a conse-
quence, the donor S1 state (2.4 eV) is quenched, and the chro-
mophore acting as energy donor reverts to the ground state.
The energy-accepting chromophore is promoted into a higher
singlet excited state Sn (4.09 eV), which then rapidly collapses
into the singlet state with extensive CT character via internal
conversion. Figure 5 shows the suggested energy level dia-

gram and the kinetic pathway related to annihilation. The con-
version time of the Sn state into the CT state is beyond the
time resolution of our setup. This conversion is quantitative,
which is reflected in the high amplitude of the anion and
cation component, which are comparable to those formed in
BZN. The annihilation as well as the CT state formation occur
within an ultrashort timescale and are not resolved in the pico-
second and subpicosecond time scale of these experiments.
This ultrafast charge transfer suggests that the reaction is
nearly barrierless. Direct excitation of the pPh moiety (400 nm
excitation wavelength) does not lead to a charge-transfer state
because of a very rapid competitive energy transfer that
occurs towards the ground state of the PI unit (see the Sup-
porting Information for details).
This CT state in MCH is formed in a different way than the

one observed in polar solvents. In the present case, an electron
is transfered from a HOMO of the ACHTUNGTRENNUNG(pPh)1 to a deep-lying orbital
of the PI, which leads to a radical anion of PI and a radical
cation of ACHTUNGTRENNUNG(pPh)1. Because all processes are much faster than
the planarisation of the molecule, both chromophores are ex-
pected to overlap weakly during the sequence of annihilation,
charge transfer and reverse transfer.
Such an ultrafast exciton–exciton annihilation process is op-

erational in the case of the short separated chromophore
system PI-(pPh)1-PI : as both excited S1 states are delocalised
over the pPh moiety, their wavefunctions will overlap signifi-

cantly, thus allowing, in addition, for a Dexter-type transfer.
This effect could explain why the observed transfer is at least
1000 times faster than predicted (rate constant 3.3E109 s�1)
under the assumption of a Fçrster-type transfer within a
3.4 nm distance between the centres of both transition dipoles
and the observed emission and transient S1–Sn absorption
spectra. However, the case of interaction between collinear di-
poles at a separation distance comparable to the chromophore
size or shorter can no longer be treated under Fçrster approxi-
mations. Several studies have found a rate for energy transfer
for these conditions that is faster than the one predicted by
the dipole–dipole interaction theory.[19–22] Also, for energy
transfer of Zn porphyrins linked covalently to H2 porphyrins,
the observed value of the rate constant exceeded that calculat-
ed on the basis of the Fçrster equation.[23]

A kinetic pathway similar to that outlined in Figure 5 could
be expected to occur for PI-(pPh)2-PI for the deactivation of
the energetically promoted excited chromophore. As indicated
by the transient absorption data, during the relatively slow
time course of the annihilation process (130 ps) the ultrafast
process occurs at the same time, which results in difficult de-
tection of the charged intermediate. Furthermore, the efficien-
cy of the annihilation is substantially smaller (39% according
to the Fçrster theory for those molecules that did absorb two
photons), as revealed by the amplitude of the 130 ps compo-
nent (20%). Thus, the charge transfer process does not signifi-
cantly alter the population of the S1 state that is monitored in
the transient absorption. Thus, this process cannot be ob-
served.

Conclusions

The femtosecond transient absorption experiments presented
here clearly demonstrate that exciton–exciton annihilation
occurs upon high-power excitation in both molecular systems
investigated. These results are in line with previous studies and
show that energy transfer becomes faster and more efficient
as exciton coupling increases. This process leads to one chro-
mophore being in a higher excited state, which then rapidly
relaxes to S1 via a charge-transfer state. The PI radical anion is
formed in a low-polarity environment and decays with a time
constant of about 1 ps. We have designed an experiment in-
volving an annihilation process that suggests an elegant way
to explore reactions in the upper excited states, like in this
case of an ultrafast charge transfer initiated above the lowest
singlet excited state. This approach could open the possibility
of further studies of the higher-excited-states properties of
chromophores.

Experimental Section

Materials and Steady-State Measurements: The synthesis and emis-
sive properties of the two rigid pentaphenylene cores ACHTUNGTRENNUNG(pPh)1 and
ACHTUNGTRENNUNG(pPh)2 end-capped with two perylene monoimide chromphores
(PI) and the compound PI-(pPh)1 (used as a reference) have been
published previously.[28] The electron donor/acceptor capacity of
the pPh and PI moieties are considered by the value of the oxida-

Figure 5. Energy level diagram for PI-(pPh)1-PI and PI-(pPh)2-PI and the sug-
gested kinetic pathways; IC= internal conversion; fl= fluorescence.
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tion/reduction potentials (Eox=1.31 V/Ered=�0.875 V vs. Ag/AgCl
with a ferrocene/ferrocenium internal standard in acetonitrile solu-
tion containing 0.1m tetrabutylammonium perchlorate).[29]

The steady-state absorption spectra have been recorded on a
Lambda 40 spectrophotometer (Perkin–Elmer) and the fluores-
cence emission spectra on a Fluorolog I fluorimeter (SPEX). To
study the kinetic processes in a solvent of low polarity, PI-(pPh)1-PI
and PI-(pPh)2-PI were investigated in methylcyclohexane (MCH).[30]

The solvent provided by Aldrich was spectroscopic grade 99% and
used as received. For the fluorescence experiments, the optical
density of all solutions was kept below 0.1 at the absorption maxi-
mum in a 1 cm cuvette. The excitation wavelength was set to
495 nm. The fluorescence quantum yields of both compounds
were determined using Rhodamine B in ethanol as a reference (for
lex=495 nm).[31]

Time-Resolved Experiments: The picosecond time-resolved meas-
urements of PI-(pPh)1-PI and PI-(pPh)2-PI were performed in MCH.
All measurements were carried out in 1 cm optical path length
cuvettes at an optical density around 0.1 at the excitation wave-
length of 483 nm, which is close to the absorption maximum. The
fluorescence decay times have been determined by the single-
photon-timing (SPT) technique, which has been described in detail
previously,[32] and the decays recorded were analysed globally
using a time-resolved fluorescence analysis (TRFA) software.[33]

The femtosecond time-resolved measurements were performed
with an amplified femtosecond double optical parametric amplifier
(OPA) laser system, which has also been described previously.[34]

The entire system provides pulses with a duration of 300 fs (full-
width-at-half-maximum cross-correlation between pump and
probe) and covers a wavelength range between 400 nm and
750 nm. Having established that more than one photon can be ab-
sorbed by the same molecule during the same pulse (absorption
cross-section at 495 nm sA=1.98E10�16 cm2), the femtosecond
transient absorption experiments were performed at three excita-
tion powers to reveal possible multichromophoric processes (60,
120, and 400 mW; the highest value was still below saturation).
Deoxygenation of the samples was carried out by consecutive
freeze–pump–thaw cycles. The sample was in a quartz cuvette
with an optical path length of 1 mm and was probed by pulses po-
larised under the magic angle (54.70) relative to the pump-light po-
larisation plane. The compounds were dissolved in MCH at a con-
centration that yielded an absorbance of around 0.4 per mm at the
excitation wavelength of 580 nm. To improve the signal-to-noise
ratio, every measurement was averaged over 15 times at each of
the 512 delay positions. After each experiment, the integrity of the
samples was checked by recording the steady-state absorption
and emission spectra and comparing them with those obtained
before the experiments. No spectral changes suggesting photode-
gradation were observed. To obtain all different kinetic compo-
nents, all monochromatic transient absorption traces were globally
analysed over two time windows of 50 and 420 ps. The nanosec-
ond decay times of the components found in SPT experiments
were kept fixed during the fit procedure.
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