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Abstract

The dynamics of singlet fission in poly(9,9'-di-n-octylfluorene) (PFO) films was studied by transient
absorption spectroscopy. Under a high excitation intensity, triplet excitons were rapidly interconverted
from singlet excitons on a picosecond time stage. From the excitation intensity dependence of the
generation yield, the rapid triplet exciton formation is attributed to the singlet fission from a higher
singlet excited state S, formed by the singlet-singlet annihilation (singlet fusion followed by singlet
fission). The singlet fission from the S, state was about two times more efficient in amorphous PFO
films than in ordered p-PFO films, in which the conjugated main chains are planarly extended and
aligned. On the other hand, about a half of triplet pairs were deactivated in the amorphous PFO film
through the triplet-triplet annihilation with a time constant of 1.7 ns, while no triplet pair decay was
observed in the g-PFO film. As a result, the overall triplet generation yield was comparable in these
films. The decrease in the fission efficiency in the -PFO is discussed in terms of the presence of
another relaxation pathway from the Sy state. The efficiency of triplet pair dissociation is discussed in

terms of the triplet exciton diffusion.
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1. Introduction

Singlet fission is an interconversion process in which one singlet excited state delocalized over
neighboring two chromophore units is converted into two triplet excited states.' Because of the
potential to improve the efficiency in organic photovoltaics (OPVs) by multiple exciton generation from
one photon,* 29 the singlet fission has attracted increasing attention recently. Since the first report of
singlet fission in anthracene crystals,*! a lot of experimental and theoretical studies have been published
for various molecular crystals such as larger polyacenes (tetracene, pentacene).>3'21% In contrast,
singlet fission in conjugated polymers has been reported only for limited materials,>*?°" and hence is
not fully understood.

The efficiency of singlet fission is dependent on the sample morphology. In small molecular systems,
singlet fission is generally more efficient in molecular crystals rather than in less ordered films. For
example, the singlet fission efficiency in pentacene is nearly 100% for single crystals but is as low as
2% for vapor deposited polycrystalline films.?2 In contrast, different morphology dependences have
been reported for conjugated polymers. For example, efficient singlet fission from a higher singlet
excited state has been reported for amorphous films of regiorandom P3HT (RRa-P3HT) while no triplet
exciton formation is observed for crystalline films of regioregular P3HT (RR-P3HT).?” This is in sharp
contrast with the singlet fission in small molecules. The absence of singlet fission in RR-P3HT
crystalline films is attributed to preference polaron pair formation because of the large interchain
interaction in n-stacked crystalline domains. On the other hand, both singlet fission and polaron pair
formation have been reported for ladder-type poly(p-phenylene) (MeLPPP) films,?4?>%0 which exhibit
highly ordered intrachain structures due to the planar main chain but do not form crystalline domains.
Further studies are still needed to understand such characteristic morphology dependence of singlet
fission in conjugated polymer films in more depth.

Herein, we study the singlet fission in poly(9,9'-di-n-octylfluorene) (PFO, chemical structure is shown
in the inset of Figure 1) films by transient absorption spectroscopy. Focusing on the morphology

dependence of the fission efficiency, we study the singlet fission in disordered amorphous PFO films



and in ordered PFO films with f phase. In the f phase, conjugated main chains are found to be planarly
extended and aligned:*'° this is different morphology from crystalline phase in RR-P3HT or highly
ordered intrachain structures in MeLPPP films. We perform spectroscopic analysis of triplet exciton
formation and decay dynamics in amorphous and f-PFO films. As will be discussed later, singlet
fission is observed in both amorphous and p-PFO films. The overall triplet generation yield is
comparable in these films. Interestingly, however, the formation and decay dynamics of triplet excitons
generated via singlet fission are significantly dependent on the film morphology. On the basis of
transient absorption analyses, we discuss the origin of the difference in the triplet formation and decay

dynamics in the two different PFO films.

2. Results

2.1. Absorption and Photoluminescence Spectra. As shown in Figure 1a, the PFO film prepared
from chloroform exhibited a featureless absorption band at around 390 nm, which is characteristic of
amorphous PFO films. In contrast, the PFO film prepared from chloroform with a 1,8-diiodooctane
(DIO) additive showed a large absorption at around 400 nm and an additional sharp absorption at
around 440 nm.®2 The sharp absorption at 440 nm is ascribed to the p-phase absorption in the film as
reported previously.®® Hereafter, this film is abbreviated as the g-PFO film. The p-phase absorption
band is more pronounced with increasing concentration of the DIO additive. In this study, the s-phase
volume fraction was fixed to about 35% to balance high g-phase fraction and film smoothness. Figure
1b shows the fluorescence spectra of amorphous and S-PFO films. The amorphous PFO film exhibited
a fluorescence band at 420 nm, which is attributable to the fluorescence band of amorphous phase.®*® On
the other hand, the 5-PFO film showed a sharp 0—0 emission band at 440 nm with almost no Stokes shift,
which is attributed to the -phase emission.®® Interestingly, no amorphous phase emission was observed
at all for the p-PFO film even though the amorphous phase was selectively excited at 360 nm,
suggesting rapid energy transfer from amorphous phase to 5 phase as reported previously.*3" Figure 1c

shows the delayed photoluminescence spectra measured at 77 K by using a mechanical chopper. As



shown in the figure, two emission bands were observed at 420 and 600 nm for the amorphous PFO film
and 440 and 600 nm for the 5-PFO film. The emission bands at shorter wavelengths are the same as the
fluorescence bands as shown in Figure 1b and thus ascribed to the delayed fluorescence probably
because of triplet—triplet annihilation (TTA).3® The emission bands at longer wavelengths are ascribed
to the phosphorescence band of PFO films.>> From the fluorescence and phosphorescence spectra, the
energy levels of the lowest singlet and triplet excited states were estimated to be 2.93 and 2.11 eV for

the amorphous PFO, and 2.81 and 2.09 eV for the $-PFO films, respectively.

2.2. Transient Absorption Spectra.

Amorphous PFO: Figure 2a shows the transient absorption spectra of the amorphous PFO film
measured from O ps to 3 ns after the laser excitation at 400 nm with high excitation intensity (~60 pJ
cm™?). Immediately after the laser excitation, a large absorption band was observed at 800 nm and two
small absorption shoulders were observed at around 600 and 1000 nm. The transient spectrum at 0 ps is
in good agreement with that observed under a low excitation intensity. Thus, all the absorption bands
are ascribed to singlet excitons as reported previously.>% These absorption bands decayed rapidly in
the picosecond time domain. At 3 ns, the small absorption shoulders disappeared but an absorption
band was observed at around 800 nm, suggesting that the band at 800 nm is different from singlet
excitons. This absorption band was still observed at around 800 nm even in the microsecond time
domain but decayed faster under an O atmosphere. Therefore, the absorption band at 800 nm observed
after nanoseconds is ascribed to triplet excitons in amorphous PFO films as reported previously.3+383°
No other long-lived transients were observed under this experimental condition.

S-PFO: Figure 2b shows the transient absorption spectra of the p-PFO film measured from O ps to 3
ns after the laser excitation at 400 nm with high excitation intensity (~60 pJ cm™2). Immediately after

the laser excitation, a large absorption band was observed at 800 nm, which is the same as that of the



amorphous PFO film, suggesting that singlet excitons are generated preferentially at amorphous phase
in the S-PFO film by the 400-nm excitation. At 1 ps, this band was rapidly red-shifted to 850 nm with
shoulders at 600 and 1000 nm, which is ascribed to singlet excitons in S phase, suggesting energy
transfer from amorphous phase to S phase (details are described in the Supporting Information).
Therefore, it can be safely said that singlet excitons in amorphous phase are negligible after a few
picoseconds. At 3 ns, two sharp absorption bands were observed at around 650 and at 850 nm but no
shoulder was observed, suggesting that the band at 850 nm is no longer assigned to singlet excitons in
the S phase. These two bands were still observed even in the microsecond time domain. The band at
850 nm decayed faster under an O, atmosphere. Therefore, the long-lived absorption bands at around
650 and 850 nm are assigned to polaron and triplet excitons in -PFO films, respectively, as reported

previously.340

2.3. Transient Absorption Decays.

Amorphous PFO: In order to observe the dynamics of singlet excitons selectively, we measured the
transient absorption decay at 1050 nm. As shown in Figure 3, the transient signals of the singlet exciton
decayed faster under higher excitation intensities. The decay curve was fitted with the sum of three
exponential functions: AOD(t) = A1 exp(—t/t1) + Az exp(—t/z2) + As exp(—t/z3). The fitting parameters
are summarized in Table 1. Here, the longest lifetime 73 was fixed to a fluorescence lifetime of 410 ps
that was evaluated by time-correlated single-photon-counting (TCSPC) method. The other two
lifetimes shortened with increasing excitation intensity. The averaged lifetime of 71 and =2 is attributed
to an effective deactivation time of singlet excitons through singlet-singlet annihilation (SSA). Upon
photoexcitaion under ~60 uJ cm™2, the averaged lifetime was estimated to be 11 ps.

In order to extract the formation dynamics of triplet excitons, we subtracted the decay fraction of

singlet excitons from the transient absorption decay at 780 nm as shown in Figure 4a. In this



normalization procedure, we assumed no triplet generation at O ps because the transient absorption
spectrum at 0 ps is in good agreement with that observed under a low excitation intensity as mentioned
above. Although there is some uncertainty in the triplet population at 0 ps, the uncertainty is small
enough that the triplet formation dynamics can be safely discussed.** The triplet formation dynamics
can be fitted with the sum of two exponential functions and a constant fraction with the same time
constants of 71 and 7> mentioned above. This agreement in the rise and decay dynamics of singlet and
triplet excitons suggests that triplet excitons are rapidly interconverted from singlet excitons with an
averaged time constant of 11 ps as will be discussed later. No contribution of z3 in the triplet formation
dynamics indicates that the triplet formation through the intersystem crossing (ISC) is negligible
because of the ISC rate constant as slow as 10° — 10’ s in polyfluorene films.*>* The solid line in
Figure 4b shows the transient absorption decays of triplet excitons in amorphous PFO films on a time
scale of nanoseconds. The transient signals at 780 nm are safely ascribed to triplet excitons because no
singlet excitons are survived in this time domain. The decay of the triplet exciton band was fitted with
the sum of an exponential function and a constant fraction: AOD(t) = A exp(—t/z) + B with a lifetime of
1.7 ns (A : B = 50 : 50), which was independent of the excitation intensity (see the Supporting
Information). The lifetime of 1.7 ns is too short to be assigned to “free” triplet excitons, which decays
with a lifetime of ~3.2 us (see the Supporting Information) as will be discussed later. The triplet
absorption signals at 100 ps increased nonlinearly with increasing excitation intensity: the intensity
dependence was fitted with a power-law equation of AOD oc | ™ with a slope of m = 2 (see the
Supporting Information). This finding indicates that a bimolecular reaction such as SSA is involved in

the triplet exciton formation as will be discussed later.



S-PFO Film: The dynamics of singlet excitons in  phase can be observed at 1050 nm selectively. As
in the case of the amorphous PFO film, the  phase singlet exciton band also decayed faster under
higher excitation intensities (in Figure 3, only the decay curve for an excitation intensity of ~60 uJ cm™
is shown by the broken line). The decay curve was fitted with the sum of three exponential functions:
AOD(t) = A1 exp(—t/r1) + Az exp(—t/r2) + As exp(—t/z3). The longest lifetime 3 was again fixed to a
fluorescence lifetime of 390 ps that was evaluated by the TCSPC method. The averaged lifetime of the
other two lifetimes was estimated to be 8 ps under ~60 pJ cm™2, suggesting that the SSA proceeds more
efficiently in the S-PFO film than in the amorphous PFO film.*

The formation dynamics of triplet excitons can be deduced by the same procedure as mentioned above.
The deduced formation dynamics of triplet excitons was again fitted with the sum of two exponential
functions and a constant fraction with the same time constants of 71 and . as fitted to the singlet decay
(see the Supporting Information). The coincidence in the rise and decay dynamics of singlet and triplet
excitons suggests that triplet excitons are interconverted from singlet excitons as will be discussed later.
The broken line in Figure 4b shows the transient absorption decay of triplet excitons in -PFO films on
a time scale of nanoseconds. No decay of triplet excitons was observed for the #-PFO film in contrast to

the distinct decay observed for the amorphous PFO film as will be discussed later.

3. Discussion
3.1. Triplet Exciton Formation. First we discuss the formation mechanism of triplet excitons in the

amorphous PFO film. Under an excitation intensity of ~60 pJ cm™2

, as mentioned above, triplet
excitons are rapidly interconverted from singlet excitons with a time constant of 11 ps. Such a rapid
triplet exciton formation would require strong spin mixing between singlet and triplet excitons. Triplet
excitons are typically generated through ISC on a time scale of nano- to microseconds, because the ISC

is spin-forbidden. Indeed, the ISC rate constant in polyfluorenes has been reported as slow as 10° — 107

s because of the weak spin—orbit coupling.**® Therefore, ultrafast triplet exciton formation observed



in this study cannot be ascribed to usual ISC. Some reports suggested that the increase in triplet
excitons generation yield in solid state than in solution is attributed to the charge recombination into
triplet excitons.®** However, this is not the case because hyperfine interaction (HFI) with nuclear
magnetic moments, which plays an important role in the interconversion mechanism in organic radicals,
is also too weak to explain such a rapid spin flip in picoseconds. A HFI value of ~5 mT reported for
PFO*® corresponds to an interconversion time of several nanoseconds, which is two orders of magnitude
slower than the triplet formation time we observed. In other words, polaron pairs still conserve singlet
spin state within a few picoseconds, and hence singlet state would be preferentially regenerated by the
recombination of polaron pairs in this time domain. Therefore, singlet fission is a most probable
scheme to rationalize such a rapid triplet formation. The overall reaction from singlet to triplet exciton
in singlet fission is spin-conserving and spin-allowed, and therefore can proceed on a time scale of
femto- to picoseconds.?3

We next discuss the energetics for the rapid triplet exciton formation due to singlet fission. For
efficient singlet fission, the singlet excited state energy should be higher than twice the triplet excited
state energy E(S) > 2E(T). As mentioned before, the energy levels of the lowest singlet and triplet
excited states were estimated to be 2.93 and 2.11 eV, respectively. In other words, the singlet fission
from the lowest singlet excited state is highly endothermic and hence is thermodynamically unfavorable.
Furthermore, the lowest singlet excited state under high excitation intensities is strongly quenched
through the SSA. If the annihilation deactivates merely singlet excitons and is not related to the
formation of triplet excitons, the formation yield of triplet excitons should be suppressed with increasing
excitation intensity. However, triplet excitons are more efficiently formed at higher excitation
intensities as mentioned above, suggesting that triplet excitons are efficiently generated from a higher
singlet excited state S, formed by the SSA (singlet fusion). This singlet fusion followed by the singlet
fission is thermodynamically favorable because E(Sn) > 2E(T), which has been reported for several
materials previously.?”#~4® \We therefore conclude that the rapid triplet exciton formation is attributed

to the singlet fusion followed by the singlet fission into triplet excitons as shown in Scheme 1.



3.2. Triplet Exciton Deactivation. For amorphous PFO films, as shown in Figure 4b, about 50% of
triplet excitons are deactivated with a lifetime of 1.7 ns. This lifetime is too short to be assigned to “free”
triplet excitons because the lifetime of “free” triplet excitons is as long as 3.2 us. A simple scheme for

the singlet fusion followed by the singlet fission is given by Eq. 1*-2

k_y k_1
— —

Sa+So__ (TT) _Ti+T, (1)
ks kq

where (TT) is an intermediate pair state (triplet pair state). In this state, triplet excitons are assumed to
be close enough to collide with each other whose spin functions are coupled into a pure singlet state.
The reverse reaction of singlet fission is equivalent to the TTA, and thus is also spin-allowed for the
same reason. Therefore, this rapid decay is attributed to the back reaction of triplet excitons into two
singlet states through the TTA.11227:4350-52 The deactivation time of triplet excitons was independent of
the excitation intensity (Supporting Information), suggesting that two triplet excitons generated by
singlet fission are still close to each other in this time domain and hence can be considered as a pair state.
In other words, 50% of the triplet pair states deactivates geminately through the intensity-independent
TTA. The rest of triplet excitons (~50%) remain constantly. The constant component is ascribed to
dissociated free triplet excitons, which would survive for even as long as microseconds. Here we
assumed that spectroscopic properties of the triplet pair state such as the transient absorption spectra and
the molar absorption coefficient are identical to those of free triplet excitons because the interaction
between a pair of two triplet excitons is considered to be very weak.!® In contrast, no triplet decay is
observed for S-PFO films, suggesting that all the triplet pairs are dissociated into free triplet excitons.

Such morphology dependence of the triplet formation in PFO films will be discussed below in details.

3.3. Morphology Dependence of Singlet Fission Efficiency. First, we discuss singlet fusion
followed by the triplet pair formation: S; + S1 — Sn + So — (TT). As shown in Figure 3, the higher

singlet excited state S, is formed more efficiently in the f-PFO than in the amorphous PFO film. On the
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other hand, as shown in Figure 4b, the triplet pair formation is about two times more efficient in the
amorphous PFO than in the p-PFO film, indicating that the singlet fission from the S, state is more
efficient in the amorphous PFO rather than in the ordered p-PFO film, which is in sharp contrast to the
singlet fission in small molecules: singlet fission is typically more efficient in molecular crystals than in
less ordered films.222° The decrease in the fission efficiency in the -PFO film is attributable to the
presence of another relaxation pathway from the S, state. As shown in Figure 2b, polarons are
additionally generated in the p-PFO film. Assuming that the molar absorption coefficients of triplet
exciton and polaron are in the same order of 5 — 6 x 10* Mt cm™ as reported previously,3*° the
formation rate of triplet pairs is estimated to be almost the same as that of polarons in the g-PFO film.
This is in good agreement with about two times lower triplet pair formation yield in the -PFO film than
in the amorphous PFO film. Therefore, the decrease in the triplet pair formation efficiency in ordered -
PFO films is attributed to the comparably efficient polaron formation (Scheme 1). This finding is
consistent with our previous study on triplet formation in amorphous RRa-P3HT and crystalline RR-
P3HT films: triplet excitons are efficiently generated through singlet fission in RRa-P3HT while no
triplet excitons are generated in RR-P3HT films but instead polaron pairs are preferentially generated.?’
The efficient charge generation in f-PFO and RR-P3HT is probably attributed to the larger interchain
interaction in ordered phases.

We next move onto the triplet pair dissociation into two free triplet excitons, (TT) — T1 + T1. As
shown in Figure 4b, about a half of triplet pairs are deactivated in the amorphous PFO film through the
TTA with a time constant of 1.7 ns, while no triplet pair decay is observed in the g-PFO film. In other
words, the triplet pair dissociation is more efficient in the S-PFO than in the amorphous PFO film,
although the triplet pair formation is two times more efficient in the amorphous PFO than in the -PFO
film as mentioned above. As a result, the overall triplet generation yield is comparable in these films.
In the triplet pair dissociation, the triplet exciton diffusion plays a key role as reported previously.%-5?
In an extreme case, the triplet excitons are easily deactivated through the TTA in a covalently linked

tetracene dimer although the efficient triplet dissociation is observed in tetracene single crystals.>12
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Owing to the planner conformation in the -PFO film, the triplet exciton diffusion coefficient would be
larger in the B-PFO film than in amorphous PFO films because of the larger intrachain and interchain
electronic couplings in the -PFO film, which is beneficial for the Dexter energy transfer.243% We
therefore conclude that the efficient triplet pair dissociation in S-PFO is due to the larger triplet exciton
diffusion coefficient. In summary, the triplet pair formation efficiency is more efficient in amorphous
PFO than in ordered f-PFO films because of a competitive relaxation pathway of the efficient charge
generation in S-PFO film. On the other hand, the triplet pair dissociation is more efficient in -PFO
than in amorphous PFO films because of larger triplet exciton diffusion coefficient in ordered phases.

As a result, the overall triplet generation yield is comparable in amorphous and -PFO films.

3.4. Material Design for Efficient Singlet Fission in Conjugated Polymers. Most of the singlet
fission mechanisms reported for conjugated polymers is the singlet fission not from the lowest singlet
excited state but from a hot singlet excited state.??’ This is in contrast to the singlet fission in
molecular crystals such as tetracene and pentacene,>>22% which occurs from the lowest singlet excited
state efficiently. This is probably due to the small energy gap between the lowest singlet excited state
(S1 state) and the lowest triplet excited state (T1 state) AEst in conjugated polymers with delocalized =
system more than in small molecules. In such a case, the energy level of the S; state is lower than twice
that of the Ty state: the singlet fission from the S; state is thermodynamically unfavorable and hence
inefficient. As described above, the singlet fission from a higher singlet excited state is in competition
with polaron generation. This is probably because higher singlet excited states generally are more
mixed with charge transfer states. Indeed, efficient polaron formations from higher singlet excited
states have been reported for many conjugated polymers.127:30:38.3955-57 \je therefore propose that the
singlet fission from the S, state would be an alternative for conjugated polymers. For example, some
low-bandgap polymers have the S; band at around 800 nm (1.55 eV) and the S, band at around 400 nm
(3.1 eV). The T state is roughly estimated to be ~1 eV assuming that AEst is 0.5 eV. Thus, the singlet

fission from the S; state is thermodynamically possible (E(S2) > 2E(T1)). Considering the high triplet
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exciton diffusion required for efficient dissociation into two triplets, low-bandgap crystalline polymers

would be suitable for efficient singlet fission in conjugated polymers.

4. Conclusions

We have studied the singlet fission dynamics in PFO films by transient absorption spectroscopy.
Under an excitation intensity of ~60 pJ cm™2, triplet excitons are rapidly interconverted from singlet
excitons with a time constant of 11 ps in amorphous PFO and 8 ps in #-PFO films, which is too fast to
be assigned to ISC from singlet to triplet excitons or the recombination from singlet polaron pairs to
triplet excitons. Therefore, singlet fission is a most probable scheme to rationalize such a rapid triplet
exciton formation. From the excitation intensity dependence of the triplet exciton formation efficiency,
we conclude that the rapid triplet exciton formation in PFO films is attributed to singlet fission from a
higher singlet excited state S, formed by the SSA (singlet fusion). The triplet pair formation efficiency
is about two times more efficient in amorphous PFO than in ordered S-PFO films because of a
competitive relaxation pathway of the efficient charge generation in -PFO films. On the other hand,
the triplet pair dissociation is more efficient in S-PFO than in amorphous PFO films because of larger
triplet exciton diffusion coefficient in ordered phase. As a result, the overall triplet generation yield is
comparable in these films. For efficient singlet fission in conjugated polymers, we propose that low-

bandgap crystalline polymers would be suitable for efficient singlet fission in conjugated polymers.

5. Experimental Section

Sample Preparation. PFO was purchased from American Dye Source, Inc. and used without further
purification. Amorphous PFO films were prepared by spincoating from chloroform solution and g-PFO
films were prepared by spincoating from chloroform solution with an additive of 1,8-diiodooctane
(D10) (2% by volume). For transient absorption measurements, a sapphire substrate was used to
prevent waveguiding and amplified spontaneous emission,*®% while the other experiments have done

with a quartz substrate. The film thickness was about 100 nm.
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Measurements. UV-visible absorption and photoluminescence spectra of PFO films were measured
with a UV-visible spectrophotometer (Hitachi, U-3500) and a fluorescence spectrophotometer (Hitachi,
F-4500) equipped with a red-sensitive photomultiplier (Hamamatsu, R928F), respectively.
Phosphorescence spectra were collected in a time domain longer than 2 ms after the excitation by using
a mechanical chopper incorporated in the fluorescence spectrophotometer (Hitachi, F-4500).
Photoluminescence decay was measured by the time-correlated single-photon-counting (TCSPC)
method (Horiba Jobin Yvon, FluoroCube). The excitation wavelength was 375 nm. The total
instrument response function is an FWHM of ca. 280 ps. A weak excitation power (~nJ cm2) was used
in the measurement to prevent singlet-singlet annihilation.

Transient absorption data were collected with a pump and probe femtosecond transient spectroscopy
system. This system consists of a transient absorption spectrometer (Ultrafast Systems, Helios) and a
regenerative amplified Ti:sapphire laser (Spectra-Physics, Hurricane). The amplified Ti:sapphire laser
provided 800 nm fundamental pulses at a repetition rate of 1 kHz with an energy of 0.9 mJ and a pulse
width of 100 fs (FWHM), which were split into two optical beams with a beam splitter to generate
pump and probe pulses. One fundamental beam was converted into pump pulses at 400 nm with a
second harmonic generator (Spectra-Physics, TP-F). The other fundamental beam was converted into
white light pulses employed as probe pulses in the wavelength region from 400 to 1700 nm. The pump
pulses were modulated mechanically with a repetition rate of 500 Hz. The temporal evolution of the
probe intensity was recorded with a CMOS linear sensor (Ultrafast Systems, SPEC-VIS) for the visible
measurement and with an InGaAs linear diode array sensor (Ultrafast Systems, SPEC-NIR) for the near-
IR measurement. The transient absorption spectra and decays were collected over the time range from
=5 ps to 6 ns. Typically, 1500 laser shots were averaged at each delay time to obtain a detectable
absorbance change as small as ~107*. In order to cancel out the orientation effects on the dynamics, the
polarization direction of the linearly polarized probe pulse was set at a magic angle of 54.7 ° with
respect to that of the pump pulse. The sample films were sealed in a quartz cuvette purged with No.

Note that the transient absorption spectra and dynamics were highly reproducible even after the several
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times measurements. In other words, the laser irradiation had negligible effects on the sample

degradation at least under this experimental condition.
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FIGURE CAPTIONS

Figure 1. (a) Absorption, (b) fluorescence, and (c) phosphorescence spectra of amorphous PFO

(broken) and S-PFO (solid) films. The photoluminescence spectra were measured with the 360 nm

excitation. The phosphorescence spectra were measured at 77 K by using a mechanical chopper. The

inset in panel (a) shows the chemical structure of PFO.
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Figure 2. Transient absorption spectra of (a) amorphous PFO and (b) #-PFO films excited at 400 nm
(~60 pJ cm2) measured at 0, 1, 10, 100, 1000, and 3000 ps after the laser excitation from top to bottom.

The insets show the normalized transient absorption spectra measured at 0 and 3000 ps.

Figure 3. Transient absorption decays of PFO films measured at 1050 nm (solid lines: amorphous PFO
films and broken line: -PFO films). The excitation intensity was varied over 7, 14, 20, 40, 60 and 60
uJ cm~2 from top to bottom. The gray lines represent the fitting curves with the sum of three
exponential functions: AOD(t) = A1 exp(—t/z1) + Az exp(—t/r2) + As exp(—t/z3) where 73 is fixed to a

fluorescence lifetime of 410 ps (solid lines) and 390 ps (broken line) evaluated by the TCSPC method.

Figure 4. (a) Normalized transient absorption decays of amorphous PFO films excited at 400 nm (~60
nd cm~2) measured at 780 nm (circles) and 1050 nm (singlet exciton, triangles). The transient signals at
780 and 1050 nm were normalized at O ps. The square symbols are obtained by subtracting the
normalized transient absorption signal at 1050 nm from that at 780 nm, which represent the time
evolution of triplet excitons. The solid line represents the fitting curve with the sum of two exponential
functions and a constant fraction with the same time constants of z1 and 7 in Figure 3. The inset shows
the initial part of the decays on a shorter time scale of 0 — 25 ps in semi-logarithmic scale. (b) Transient
absorption decays of amorphous (solid line, measured at 780 nm) and f-PFO (broken line, measured at

850 nm) films on a time scale of nanoseconds under a fluence of 60 uJ cm2.

SCHEME TITLES

Scheme 1. Energy Diagrams for Singlet Fission in PFO Films.
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TABLES

Table 1. Fitting Parameters for Transient Absorption Decays of PFO Films.
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Key: (a) photon absorption, (b) vibrational relaxation, (c) singlet-singlet annihilation (SSA, singlet
fusion), (d) radiative and non-radiative deactivations, (e) singlet fission, (f) back recombination of triplet
pairs through triplet-triplet annihilation (TTA, triplet fusion), (g) triplet pair dissociation, (h)
intersystem crossing (kisc), (i) monomolecular triplet deactivation, (j) polaron formation, (k) polaron

recombination.

Scheme 1
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Table 1

Sample /Ir:ltjr;r'l% Arzave/ % w1206/ ps A/ % 3/ ps
7 77 43 23 410
14 86 29 14 410
Amglr:pcr)\ous 20 87 24 13 410
40 90 17 10 410
60 03 11 7 410
B-PFO 60 95 8 5 390

Transient absorption decays at 1050 nm were fitted with the sum of three exponential functions: AOD(t)
= A1 exp(—t/r1) + A2 exp(—t/r2) + As exp(—t/z3). The longest lifetime 73 was fixed to a fluorescence
lifetime of 410 ps for amorphous PFO and 390 ps for p-PFO films evaluated by the TCSPC method for
all excitation intensities. The fraction Ai2-ave and the lifetime z1.2-ave represent the total fraction of A;
and A, and the averaged lifetime of 71 and 72, respectively.
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