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Femtosecond fluorescence up-conversion and transient absorption pump-probe setups are applied to
study the relaxation dynamics of the lower and upper excited singlet electronic states in easy-to-make
rubrene films. Upon 250 nm (4.96 eV) excitation, singlet fission was observed directly from S, state
bypassing S; state within 30 fs i.e. breaking the classical Kasha rule. From the transient absorption
measurements, polaron formation was also detected on the same time scale. Both singlet fission and

Received 23rd b ber 2020 polaron formation are accelerated from upper excited states compared with S; state. Our work shows

eceived 23rd December ) . . . - . . .
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case of excitation to upper lying electronic states. This can strongly expand the applications of rubrene
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1. Introduction

Singlet fission is a spin-allowed process in which a singlet
excited state molecule shares its energy with an adjacent ground
state molecule to generate two triplet excited state molecules.
Singlet fission has attracted a great deal of interest for its
potential to increase photovoltaic efficiency above the Shockley—
Queisser limit,>* and has been observed in crystals,** films,”*
dimers,”"® nanoparticles'™* and concentrated solutions."
Singlet fission is very fast in solid tetracene and pentacene;
triplet yield is reached 200%.'*'® Rubrene as a derivative of
tetracene, due to its high carrier mobility"”™ and long exciton
diffusion length,**** has received extensive attention in recent
years. Singlet fission has already been confirmed in rubrene
crystal.>*™** In our previous publications,***” we studied rubrene
crystal by femtosecond pump-probe spectroscopy; triplet states
are formed within 2-20 ps via singlet fission from lowest excited
singlet state under 500 nm excitation and within 200 fs from
upper excited singlet states under 250 nm excitation. In ref. 28,
by combining spectroscopic measurements and theoretical
modeling, formation of correlated triplet pairs was confirmed in
rubrene crystal within 20 fs. Miyata et al. reported that SF takes
place through both the coherent and the incoherent pathways.
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with optimized excited state properties for organic photovoltaic applications.

Coherent phonons of singlet and triplet exciton states were
observed in a rubrene single crystal at 35 K.>**° Apart from
single crystal, triplet states are also studied in amorphous
rubrene film, which originate from not only singlet fission but
also polarons.** In ref. 32, it is reported that both singlet fission
and triplet fusion (TF) can happen in amorphous rubrene;
singlet fission undertakes a charge transfer state mediated
channel and competes well with TF. In rubrene film, suppres-
sion of singlet fission at low temperatures was reported.**-*
Earlier, it was also demonstrated in rubrene crystal.”” Zhang's
group reported the competition between singlet fission, fluo-
rescence and dissociation in rubrene doped amorphous films.**
They have also demonstrated that transition rate of singlet fission
exponentially decreased with increasing distance between rubrene
molecules.”” Finton et al. presented the time-resolved fluorescence
results of various film samples.®® They have not observed
quenching of fluorescence in fully amorphous samples, which
indicates absence of singlet fission in this rubrene film. In the
samples which contain some degree of crystallinity, fluorescence is
strongly quenched, which is a sign for singlet fission.

It should be mentioned that the time-resolved spectroscopic
data on dynamics of polaron and triplet formation are rather
scarce and restricted to time-resolved fluorescence. Moreover,
all pump-probe measurements involving upper excited singlet
electronic states in rubrene film is still missing. In the present
work, we draw the detailed picture of the relaxation pathways
from the upper excited states in easy-to-make rubrene film. This
may lead to advantageous applications in photovoltaics. Our
approach is, by using molecular systems and crystals which
have strong absorption in blue/UV, to produce triplet states via
singlet fission directly from higher lying electronic states
bypassing relaxed S; state. Thus it will necessarily lead to
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increase of efficiency of photon-to-electron conversion. Har-
nessing the entire UV/blue/Vis spectrum of the Sun for
producing free charge careers via singlet fission may have far-
reaching advantages and enormous industrial benefits.

There are few possible detection methods: magnetic field
effect to recognize SF qualitatively;*>** time-resolved fluorescence
to identify the quenching of singlet state,"~** time-resolved reso-
nance Raman and time-resolved two-photon photoemission
spectroscopy to distinguish various intermediate states,***® 2D, 3D
spectroscopy*”* and ultrafast pump-probe method to track the
decay of singlet state and the formation of triplet state and,
possibly, also identifying intermediate states.

In this work, we used time-resolved fluorescence and pump-
probe transient absorption techniques with time resolution of 30
fs, in order to study various photoreactions after excitation of
upper excited electronic states of rubrene film, i.e. singlet exciton
fission, triplet-triplet annihilation, polaron formation (Scheme 1).

2. Materials and methods
2.1 Sample preparation

Rubrene was thermally evaporated in Vacuum Evaporation
Pump device with a pressure below 10~* Pa [QHV-Z350C, Pana
Instruments]. Before installing in the chamber, the quartz
substrates were cleaned by ethanol in ultrasonic bath for 10
minutes and stood in ethanol for 12 hours. After that, the quartz
substrates were treated with plasma in an O;-filled environment
for 8 minutes in order to remove organic impurities and
contaminants. X-ray diffraction (XRD) measurements were
performed to characterize crystal structure of our films, using
data acquisition mode 1D. Besides, the surface of our films was
investigated by use of scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM images were measured
under 5 kV accelerating voltage and 10 A current. AFM was
conducted on Tecnai F30 operated at 300 kV, in non-contact
mode with the scan rate of 1.0 Hz.

2.2 Experimental

The steady state absorption spectra were obtained by using UV-
Visible spectrophotometer (Cary 100, Agilent) and fluorescence
spectra are recorded by spectrofluorometer (Flurorolog-3,
HORIBA Jobin Yvon). In both cases the wavelength resolution
was 1 nm.

Time-resolved up-conversion measurements were carried
out by a fluorescence spectrometer (TRFLS, Newport) with 100 fs
resolution in combination with a mode-locked Ti-sapphire laser

&5 eV

Singlet fission
O O Polarons
T-T Qo0
Triplet-triplet O O Intermolecular vibrational
annihilation S;/Sx energy transfer

Scheme 1 Various photophysical processes in rubrene.
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(Mai Tai DeepSee, Spectra-Physics). Briefly, the femtosecond
laser system generated light pulses at 800 nm of duration 150 fs
at a repetition rate 80 MHz, average power of 2.9 W. The
frequency of the laser pulse was doubled with a BBO crystal and
served for excitation (pump), gate pulse was split from the
pump beam with beam splitter. The emitted fluorescence was
focused into a BBO crystal together with the gate beam (800 nm)
to create the up-converted signal at the sum-frequency genera-
tion (SFG). The fluorescence decay curve is obtained by varying
the optical path of the delay stage for the gate beam. Fluores-
cence lifetimes in the range 10 ps to 100 ns were measured by
time-correlated single photon counting (TCSPC) technique
(PicoHarp 300, PicoQuant). By use of deconvolution/fit program
(FluFit, PicoQuant) the time resolution was reached down to 10
ps. The second harmonic of a Titanium-sapphire laser (Mai
Thai DeepSee, Spectra-Physics) at 400 nm (150 fs, 80 MHz) was
used as the excitation source.

The transient absorption (TA) spectra were measured by
optical femtosecond pump-probe spectroscopy. The output of
a mode-locked Ti-sapphire amplified laser system (Spitfire Ace,
Spectra-Physics) with wavelength 800 nm, pulse-width 35 fs,
repetition rate 1 kHz, average power 4 W was split into two
beams (10 : 1). Pump beam in the range of 240-2400 nm is
acquired by use of Optical Parametric Amplifier (TOPAS, Light
Conversion). 10% of 800 nm laser pulse was focused in a 3 mm
thickness rotated CaF, plate to produce a white light continuum
(WLC), which was used as a probe beam ranging between 350
and 850 nm. Home-built pump-probe setup was used for
obtaining transient absorption spectra and kinetics. The rela-
tive polarizations between pump and probe beam were
arranged to the magic angle (54.7°) to avoid rotational depo-
larization effects (except for A,ump = 250 nm). The experimental
data were fitted to a multiexponential decay function convo-
luted with the instrument response function B(t — t,) centered
at ty:

/

o n
AA(t) = [ (AAO +) A, exp (—[—)>B(t — 1 —1y)df
Jo P li
Here AA(t) is the difference absorption at time ¢, A4; is the
amplitude of the component with lifetime 7; and A4, is the
offset due to long-living species. The instrument response
function was modeled by a Gaussian with a variable Full Width
Half Maximum (FWHM). Deconvolution fit process allows
obtaining three times higher resolution than the pulse width of
the laser, i.e. 20-30 fs.*>>*

Global fit of time-resolved experimental results was done by
Glotaran software.” The decay associated spectra (DAS) allow
separating several overlapping emission spectra in parallel
model, whereas the evolution associated spectra (EAS) shows
the global fit results in a sequential model.

3. Results and discussion

3.1 Characterization of rubrene film

Our film was fully characterized by use of XRD, SEM and AFM
techniques (Fig. S11). In the XRD spectrum (Fig. Slat), there

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exists a peak at 27° repeating the reference rubrene crystal,
similar to previous observations.*® It is indicative of certain
amount of crystallinity of orthorhombic form in our films.
Besides, the SEM image exhibits clear polycrystalline
morphology of 10-20 micrometer size. The AFM picture (inset
of Fig. S1b¥) gives a proof of smooth and uniform film surface.
Note that the beam size during pump-probe and time-resolved
fluorescence is about 100 pm, ie. fully covering both amor-
phous and crystalline regions.

3.2 Steady state and time-resolved PL characterizations

Steady-state absorption, fluorescence and excitation spectra of
rubrene in hexane and film are presented in Fig. 1a and b,
respectively. We use absorptance (1 — T, where T is trans-
mittance) as a linear scale of absorption instead of absorbance.
Absorption spectrum of rubrene solution shows four maxima at
522, 487, 457 and 431 nm, ascribed to the S, — S; band** with
a vibronic progression of Aw = 1300 cm™ ', which corresponds
well to literature data.?® The fluorescence spectrum exhibits two
maxima, at 551 and 589 nm, with vibronic progression Aw =
1170 cm™'. Absorption and excitation spectra match well, in
agreement with Kasha rule.

Absorption spectrum of rubrene film also shows four
maxima, at 528, 494, 464 and 434 nm with vibronic progression
Aw = 1300 cm ™', which are red shifted by 7 nm compared with
solution. The fluorescence spectrum shows two maxima, at 566
and 604 nm, indicative of a vibronic progression with Aw =
1110 cm™ Y it is also red shifted relative to solution (15 nm),
which is due to excitonic states originated from intermolecular
interactions®*** and reabsorption.>* The other reason for red
shift is higher polarizability and the broadening of spectra as
a result of static disorder.*

TCSPC map of rubrene solution at Ao, = 400 nm (Fig. S2aft)
corresponds well with the steady state fluorescence spectrum.
The kinetics at different emission wavelengths (Fig. S2bt)
shows mono-exponential decay with ¢ = 10 ns.

Fig. 2 presents the TCSPC measurements of rubrene film
under 400 nm excitation. We have observed a strong fluores-
cence quenching which indicates presence of a new non-
radiative relaxation channel. Lifetimes are emission wavelength
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Fig. 1 Steady-state absorption, fluorescence, and excitation spectra
of rubrene in hexane (a) (Aex = 500 NM, Ay = 570 Nm) and film (b) (Aey
=480 nM, Aem = 600 NM).
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dependent and kinetics at all probe wavelengths are well fitted
by 3 components (Table S17): t; = 68-380 ps (4; = 0.78-0.21), 1,
= 580-1400 ps (4, = 0.17-0.49) and 13 = 3700-5000 ps (4; =
0.04-0.30). The initial decay 7, which we assign to prompt
fluorescence, is followed by a long component t3. This decay
feature is typical for singlet fission followed by triplet-triplet
annihilation (TTA), which has previously been observed in
rubrene® and tetracene crystals.** We therefore suggest that in
our case as well the observed delayed fluorescence is a result of
singlet fission and further TTA. 7, most probably originates
from oxidized rubrene.*****” Other reason can be existence of
rubrene molecules with poor packing geometry where SF does
not occur efficiently.

In order to obtain precise fluorescence lifetimes, the up-
conversion measurements with 100 fs resolution were per-
formed. Up-conversion fluorescence with higher time resolu-
tion (Fig. S37) leads to an additional shorter time component of
7, = 1.4-9.6 ps (Table S1t), which is due to direct fission from
higher vibrational states and 7, = 30-300 ps corresponds to the
thermally activated singlet fission.”

From transient fluorescence results, we identify that singlet
fission takes place in rubrene film. Further proof was obtained
by combining the fluorescence data with the transient absorp-
tion measurements described below.

3.3 Femtosecond transient absorption spectra

In order to make proper assignments of the TA spectral bands,
the pump-probe measurements were first performed in solu-
tion. Femtosecond transient absorption spectra under different
excitation wavelengths are shown in Fig. 3. At A, = 480 nm,
a strong ESA at 430 nm appears promptly after photoexcitation
and decays within 8.0 ns (Fig. 3b), is due to singlet-singlet
absorption (S; — Sy).>® The negative part at 520-550 nm, which
corresponds to maximum of steady state absorption, is due to
ground state bleaching (GSB). The amplitude of GSB is small,
similar to rubrene crystal***® and film.** There are several
reasons for the absence of GSB. One reason is an unfavorable
orientation of the S, — S; transition dipole in crystal.>® Other
reason is that the photoinduced absorption band between 2.4
and 2.6 eV overlaps substantially with the GSB in film.** The

10000

———450 nm ——— 460 nm —— 480 nm
——520 nm
S8 600 nm

500 nm
540 nm —— 560 nm —— 580 nm
620 nm 640 nm 660 nm

680 nm 700 nm|

Fluorescence

Time (ns)

Fig.2 TCSPC kinetics of rubrene film at different probe wavelengths,
Aex = 400 nm. Pump fluence: 3.49 x 1078 J cm™2.
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Fig. 3 Femtosecond transient absorption spectra for rubrene in
hexane at (a) Aex = 480 nm, pump fluence: 7.60 x 10~*J cm~2 and (c)
Jex = 250 nm, pump fluence: 1.27 x 107> J cm~2. (b and d) Transient
kinetics at different wavelengths.

third reason is that the excited state absorption is much
stronger than the GSB,* i.e. the molar extinction coefficient of
the singlet-singlet absorption S; — Sy is significantly larger
than that of S, — S;, ¢ = 9550-12 000 M~ * cm 1.5 Because of
small quantum yield of intersystem crossing (® < 0.01),*° we did
not observe formation of triplet states (no triplet-triplet
absorption TA band at about 500 nm).

Further, we have excited rubrene in hexane with A, =
250 nm, thus populating higher vibrational levels of S, state;
transient absorption spectra are shown in Fig. 3c. The peak at
432 nm, i.e. ESA due to S; — Sy transition, decays within 7.5 ns
(S; lifetime). The kinetics (Fig. 3d) shows a rise time of 0.39 ps,
which is due to S, — S; internal conversion. Relatively long S,
lifetime is due to large S;-S, energy gap (~2 eV), which is sup-
ported by DFT and TD-DFT calculations (ESI, Pages S8-5137).
Strong ESA band at 800-850 nm appears promptly after excita-
tion; it is assigned to radical cation and anion.*"** These radi-
cals form only at 250 nm (4.96 eV) excitation, and not at 480 nm
(2.58 eV) or 340 nm (3.65 eV) which is indicative of an energy
threshold for their formation. The ionization energy threshold
is 6.4 eV in gas,*” 4.95 eV for rubrene crystal and 5.3 eV for
amorphous film.** The lifetime of the cation/anion is 0.50 ps
(Fig. 3d). Similar results were obtained after excitation of the
lower vibrational levels of S, (Ax = 340 nm, Fig. S47).

Global fit of spectra under A¢, = 250 nm (Fig. S51) results in
two time components: 7; = 0.90 ps with maximum at 445 nm
and 1, = 7.9 ns with maximum at 433 nm. Time component of
7.9 ns corresponds to S; — Sy absorption, in agreement with
fluorescence lifetime. The short component, 0.9 ps, is assigned
to S, — Sy transition; decay of S, state is accompanied with the
rise of S; population with the same time component.

The pump-probe measurements were carried out in rubrene
film under different excitation wavelengths. For transient
absorption spectra under A, = 480 nm (Fig. S6t), we only
observed one positive band at 439 nm. Similar to rubrene
solution, we assign 439 nm band to singlet-singlet absorption.
We do not observe triplet transient, indicating the absence of
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singlet fission. However, in rubrene crystal, singlet fission
proceeds at even longer excitation wavelengths, e.g. Aex =
500 nm.*® The explanation is that in film, although molecules
packed tightly, short-range molecular order matching the
molecular arrangement in orthorhombic rubrene crystals is not
favoured. Overall films are of low degree of crystallinity.
Therefore, in rubrene film singlet fission undergoes under
higher excitation photon energies 3-5 eV (400-250 nm, see
below).

Under 400 nm excitation, the transient absorption spectra
(Fig. 4a) present one small peak at 439 nm and another strong
one at 489 nm. The 439 nm peak is assigned to singlet-singlet
absorption, i.e. at the same position as with A.x = 480 nm. The
band at 489 nm has a long decay time (over 100 ns, A = 0.41). We
assign it to triplet absorption according to previous publications
on the rubrene solution, film and crystal: 472 and 505 nm in
solution,* 504 nm in film,* 510 nm in crystal.*****” Existence of
decay times 29 ps (A = 0.34) and 2.4 ns (4 = 0.25) in triplet ESA
kinetics is due to overlap with singlet-singlet absorption band (439
nm). We suggest that triplet formation is due to singlet fission.

Similar results were obtained under 340 nm excitation
(Fig. S7t). However, there is only triplet-triplet absorption peak
locating at 490 nm, which is the result of singlet fission. The
singlet-singlet TA band is much weaker and therefore is fully
covered by strong triplet TA band. Moreover, both bands are
strongly overlapping with polaron band (see below), overall
causing some distortion.

The transient absorption spectra of rubrene film under
250 nm excitation are presented in Fig. 5a. At 441 nm (singlet-

20
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Fig. 4 (a) Femtosecond transient absorption spectra for rubrene film
at Aex = 400 nm and (b) transient kinetics at 439 and 489 nm, pump
fluence: 1.27 x 1072 Jcm 2.
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singlet absorption), we observed an ultrashort decay time of
0.26 ps (Table S21). The shortening is due to direct singlet
fission from S, state, i.e. S, — 2T, which agrees well with 0.2 ps
fission from Sy states in rubrene crystal.>® No risetime was
observed for the triplet transient, i.e. singlet fission proceeds
within 30 fs (time resolution of our setup). Singlet fission
competes well with ultrafast internal conversion S, — S;. As
was indicated above, this is due to relatively long S, lifetime as
a result of large S,-S, energy gap: (~2 eV). We can also rule out
participation of upper triplet states in population of T; via
intersystem crossing Sy — Ty and further internal conversion
Ty — Ty because Ty (n = 2) lifetimes of organic molecules are in
pico- or nanosecond time scale [ref. 66 and references therein].
Polarons are observed at 706 nm which appears immediately
after excitation, i.e. they are generated within instrument reso-
lution 30 fs. Compared with 0.11 ps upon 340 nm excitation,
polaron formation is faster under higher excitation photon
energy. The ultrafast formation of polarons has also been
observed in other molecules, e.g. the relaxation time of free
exciton to form an exciton polaron is determined as 50 + 23 fs
in MEH-PPV® and 60-100 fs in the polymer PHTDMABQ.*

In film, we did not observe isosbestic point in the 400-
550 nm region as in rubrene crystal,>® which is indicative of
more than one process contributing to the transient absorption.
Here, under 250 nm excitation, the ESA band is broader, which
indicates polarons absorb at 400-550 nm, i.e. strongly over-
lapping with triplet states. The decay times 220 ps (i = 340
nm) and 140 ps (Ax = 250 nm) at 490 nm are assigned to
polarons lifetime, which recombine due to a secondary

15
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Fig. 5
at dex = 250 nm, pump fluence: 1.27 x 107° J cm
kinetics at different wavelengths.

(a) Femtosecond transient absorption spectra for rubrene film
~2_(b) Transient
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Scheme 2 Energy levels, excitation and relaxation in the rubrene film.

recombination processes via diffussion.® At “minus delays” (i.e.
delay times of 1 ms) we observed TA signal in the range of 400-
550 nm (Fig. S8t), indicating the polarons lifetime is longer
than 1 ms. In our case, polarons absorb in the whole range of
400-800 nm. Singlet fission competes with polaron generation
in our films with certain degree of crystallinity. Note that
polarons are also formed in fully amorphous films.”*7

Our sample contains both amorphous and polycrystalline
morphology. The beam size during pump-probe and time-
resolved fluorescence is about 100 um, which can fully cover
both amorphous and crystalline regions. Considering all above,
we conclude that rubrene films with low degree of crystallinity
could display efficient singlet fission, which can strongly
expand the applications of rubrene in organic electronics.

The overall relaxation processes after excitation with various
photon energies are presented in Scheme 2. Population of the
lowest singlet state results in the generation of polarons,
moreover singlet fission is fully suppressed. Excitation of upper
electronic states leads to 3 times faster polaron formation and
to ultrafast singlet fission.

4. Conclusions

We have studied the excited state dynamics of easy-to-make
rubrene film by femtosecond pump-probe and fluorescence
spectroscopy under various excitation conditions. Upon excita-
tion at 250 nm, an ultrafast (30 fs) singlet fission directly from
higher excited singlet states was observed. Moreover, an ultra-
fast polaron formation was also detected at this excitation
conditions. Both SF and polaron formation are accelerated after
excitation of upper states compared with S; excitation. TD-DFT
calculations support our observations.

Our film which contains both amorphous and poly-
crystalline morphology could display efficient singlet fission.
The present results highlight potential of simple-fabricated and
commercially attractive rubrene film in organic photovoltaic
applications. Moreover, our work gives new insight into the
dynamics of excited states in rubrene film, which will contribute
in understanding of singlet fission in various organic crystals
and films.
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