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Dibenzopentacene is a close analogue of pentacene, but it has attracted much less attention than its
acene cousin, and its solid-state photophysics remains nearly unknown. In this work we present the first
study of dibenzopentacene single crystals using photoluminescence spectroscopy, combining steady-
state and time-resolved measurements at different temperatures and in different magnetic fields.
A complex evolution of excitation was found between 5 and 300 K, with in total five co-existing and
interconverting emissive states. Free excitons dominate the PL spectra below 20 K, but then convert to
self-trapped excitons (STEs) at higher temperatures. The interconversion between free exciton and STE
states has been found to be thermally activated, and the barriers were determined from the temperature
dependence of emission lifetimes. A 20-fold decrease of the PL intensity between 120 K and room
temperature is ascribed to the singlet fission, which is confirmed by magneto-PL measurements.

Received 3rd May 2023, However, the large driving force expected for exothermic singlet fission in dibenzopentacene appears to

Accepted 21st August 2023 be not fully consistent with its overall photoluminescence behavior, especially at low temperatures. This
work highlights that the relationship between photoluminescence and singlet fission for systems with a

large energy difference between S; and T; + Ty, in which the reversibility of SF is hard to expect, is still

DOI: 10.1039/d3tc01548c

rsc.li/materials-c not well understood.

Introduction

A delocalized n-system of small-molecular organic semiconductors
not only determines their intramolecular energy states, but also
leads to a considerable intermolecular overlap. Although compar-
ably weak, these intermolecular interactions add a new dimension
to the electronic structure of organic semiconductors and create a
plethora of electronic properties, sensitive to subtle variations of
molecular arrangements in solids and therefore tunable by crystal
engineering."” Organic semiconductors thus provide an inexhaus-
tible playground at the crossroad of the electron transfer, electron
transport and photoexcitation, which already resulted in several
wide-spread applications and is the prospective background for
more to come.>*
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An electronic excitation upon photon absorption is one of
the most fundamental properties of these materials. For an
organic molecule isolated from the neighbors in solution or
inert matrix, a photoexcitation is usually followed by the
fluorescence from the singlet excited state (S;) or intersystem
crossing to triplet state (T;) with subsequent phosphorescence.
The radiative processes compete with non-radiative deactivation,
in which excess electronic energy is dissipated to vibrational
degrees of freedom. In the solid state, possible photoexcitation
pathways are expanded by exciton self-trapping, inter-exciton
interactions, including multiexcitonic states, and exciton diffu-
sion, all made possible by intermolecular interactions.>®
Although these processes have been studied for many decades,
their new aspects still continue to appear. Singlet fission (SF) is
one such process, for which dramatic progress in the under-
standing of the underlying mechanisms has been achieved
during the last decade.”™ In SF, a singlet exciton (S;) ini-
tially produced by a photoexcitation then transforms into two
triplet excitons (T, + T;), and a revival of interest in SF is in part
caused by a carrier multiplication (two excitons for one

This journal is © The Royal Society of Chemistry 2023
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absorbed photon), which is of high interest for photovoltaic
applications.”**™°

SF materials require the S; energy to be close to or higher
than the doubled triplet exciton energy 2 x T;. This require-
ment can be realized in many organic molecules,>** but the
lion’s share of SF studies is still dedicated to only a few systems,
such as tetracene, pentacene, and their derivatives, which were
drosophila flies in SF research for decades.”* 2 An increase of
the lengths in acenes quickly leads to a fast decrease of the S;
and T; energies and makes SF more exothermic, but also
reduces their stability. There have been several studies of SF in
hexacene,”” ' but we are not aware of any SF reports in
heptacene. Branching of the PAH core has a less obvious effect
on the S; and T, energies and can give both more or less stable
n-systems depending on the position of additional rings.
Singlet fission studies were reported for two PAH derivatives
with the pentacene core variously fused with benzene rings,
heptazethrene®> and tetrabenzopentacene.® Pentacene is
known for its mildly exothermic SF,>* a slightly exothermic SF
was also found in heptazethrene,*” but tetrabenzopentacene
appeared more similar to tetracene with mildly endothermic
SF.*? 1,2;8,9-dibenzopentacene (DBP hereafter, Fig. 1a), which

Fig.1 (a) The molecular structure of 1,2;8,9-dibenzopentacene (DBP)
in single crystals (SC); the side view demonstrates deviation from the
planarity. (b) Packing of DBP molecules in the crystal viewed along the
crystallographic direction c; green arrows show orientation of the excita-
tion laser in PL measurements along the b direction perpendicular to the
ac plane. (c) Packing of DBP molecules in the ac plane viewed along the
b direction; molecules in the upper and lower layers are shown in thermal
ellipsoid and spacefill styles, respectively. In the upper layer, six nearest
neighbors are shown for the molecule colored in red; coloring of the
neighbors distinguishes three types of intermolecular contacts with the
red molecule.
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also has a pentacene core with two fused benzenes, but in a
different position than in heptazethrene, managed to avoid
attention despite its availability as an unsubstituted PAH and
enhanced photo and air stability in comparison to pentacene.

Recently we succeeded in the single-crystal growth of DBP,
its optical characterization, and the study of exciton band
structure by electron energy loss spectroscopy (EELS).>* Pre-
liminary attempts of photoluminescence (PL) measurements of
DBP crystals showed strong variation with temperature, which
pointed towards SF and required a deeper study of this
phenomenon. In parallel, Manna et al reported a room-
temperature photophysics study of polycrystalline DBP film
by time-resolved-PL and transient photoabsorption, which pro-
vided the first evidence of SF in solid DBP.>® To obtain a deeper
understanding of photoexcitation dynamics in DBP and its
possible relationship with singlet fission, in this work we
performed a comprehensive study of the photoluminescence
of its single-crystals combining temperature dependence,
magnetic field dependence, steady-state and time resolved
measurements.

Experimental details

The growth of DBP single crystals by vapor transport and DBP
crystal structure analysis were described in ref. 34. The as-
grown crystals had a smooth surface and were used in further
measurements without cutting. Photoluminescence measure-
ments of DBP crystals were performed using a home-made
microscope and photoexcitation with Omicron PhoxX diode
lasers at 405 and 488 nm. The laser power was kept below
5 mW mm > at the crystal surface, which was found to be
sufficiently low to avoid photodegradation of the sample during
the whole duration of the experiments. CW-PL spectra were
recorded using a Kymera 328i spectrograph (Andor) and
Newton 920 CCD camera (Andor) for detection in the visible
range (the useful range to 950 nm in our setup) calibrated
versus an Avalight-Hal lamp (Avantes) for sensitivity correction
over the wavelength of the optical pathway and detector, and
with an AvaLight-Cal Ar lamp (Avantes) for wavelengths.
Additional measurements in the NIR range (41 = 900-1700 nm)
were performed with an Andor iDus 1.7 pm InGaAs camera. PL
polarization was measured by inserting a rotatable U-AN360
analyzer (Olympus) in the detector path.

Variable-temperature measurements were performed with
an Oxford Instruments MO2 magnetooptical cryostat equipped
with a superconducting magnet. Crystals of DBP were glued to
the copper holder of the cryostat with STYCAST 2850FT epoxy to
ensure good thermal contact. The temperature in the cryostat
was varied in the 5-300 K range, and the magnetic field was
ramped up to 4 Tesla. In the studies of magnetic field depen-
dence, the spectra were typically acquired at each 10 mT during
the field sweeps up to 4 T with the rate of 100 mT min~", and
the typical acquisition time for a single spectrum was 1 s.
Additional field-dependence measurements at room tempera-
ture were performed using the optical EPR cavity ER 41040R
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(Bruker Germany) and an electromagnet of the Bruker EPR
spectrometer system. The crystal was placed in a thin flat EPR
cell, which was rotated around the main cell axis inside the
cavity, allowing us to change the angle between the field
direction and ac plane of the crystal. The excitation laser and
emitted light were transferred to/from the sample through the
aperture in the EPR cavity using a Y-shaped lightguide.

Luminescence lifetimes were measured using the time-
correlated single-photon counting (TCSPC) method. A 405 nm
Omicron QuixX diode laser provided a pulse-width of <100 ps.
The emitted light from the sample was passed through a single-
grating scanning monochromator Sciencetech 9030 to the
photomultiplier PMA 192 (PicoQuant) and acquired by a TCSPC
system based on the TimeHarp 260 counter/timer (PicoQuant).
Time-resolved spectra were obtained by stepping the mono-
chromator in 10 nm steps with the 16 nm bandwidth.
In temperature-dependent PL decay studies at selected wave-
lengths, the monochromator bandwidth was set to 16 nm. The
setup allows lifetime measurements down to 0.3-0.4 ns,
whereas multiexponential analysis becomes complicated below
1-2 ns.

Results and discussion
Molecular and crystal structure of DBP

The molecular and crystal structure of DBP is described in
Fig. 1. Although the isolated molecule should be planar, it
shows a noticeable distortion from planarity in the crystal
(Fig. 1a).** The unit cell contains four symmetry-equivalent
DBP molecules (space group P2,2,2, Fig. 1b). The molecules
are packed in layers parallel to the ac plane with a herringbone
arrangement in each layer so that each DBP molecule has 6
close neighbors and three types of DBP- - -DBP intermolecular
contacts in the layer (Fig. 1c). This kind of intermolecular
arrangement is typical for many organic semiconductors, such
as the closely-related pentacene. The layers are stacked along
the b axis, which is also parallel to the long axis of the molecule.
The crystals grow as thin flat plates parallel to the ac plane. In
the photoluminescence (PL) measurements described below,
DBP crystals were lying flat on the holder and studied with a
microscope in back-scattering geometry so that the excitation
beam and collected light were oriented along the b direction
perpendicular to the ac plane (Fig. 1b). The crystal structure
shown in Fig. 1 was determined at 100 K.** Electron diffraction
measurements at different temperatures between 20 and 300 K
did not show noticeable changes in diffraction pattern (Fig. S1,
ESIT), and we conclude that the crystal structure remains the
same in the whole temperature range studied in this work and
DBP did not undergo a phase transition.

Absorption and emission spectra, general remarks

In toluene, dichlorobenzene or tetrahydrofuran solution, the
lowest-energy absorption of DBP assigned to S, — S; excitation
occurs at around 2.34 eV and is followed by 2-3 vibrational
replica at 0.15-0.18 eV.**® Very similar absorption spectra
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Fig. 2 (a) Upper panel: Absorption spectra of DBP powder in KBr pellet at
room temperature, and DBP single-crystal (SC) in two polarizations at 77 K.
Lower panel: photoluminescence (PL) spectra of DBP single-crystal at
different temperatures, and the inset shows the overlay of absorption (77 K)
and PL (5 K) spectra of the single-crystal for the lowest-energy transition.
(b) Variable-temperature PL spectra of the DBP crystal presented as the
(2, T) map; temperature intervals with different composition of emissive
states are indicated with dashed white lines, and the main emissive states
in each interval are given in larger font. Note the 5-fold change of the
intensity scale above 170 K.

with S, — S, transition at 2.34 eV were also obtained for DBP
diluted in a polystyrene matrix in ref. 36 and in this work
(Fig. S2, ESIt). In crystalline DBP, intermolecular interactions
shift the S, - S; excitation to lower energy by 0.25 ev.**
Furthermore, the DBP single crystal shows strongly polarized
absorption with well-resolved Davydov splitting (Fig. 2a). The
more intense Davydov component with the maximum at 2.09 eV is
polarized parallel to the a direction, whereas the second Davydov
component is shifted to higher energy by 0.11 eV and polarized
parallel to c. The powder absorption spectrum in the energy range
of the S, — S; transition measured at room temperature is
considerably broadened but does not exhibit new transitions
which might be ascribed to polarization parallel to b (Fig. 2a).
Fluorescence studies of DBP in solution were reported by
Canuel et al.,”” Tovstopyat et al.*® and Manna et al.** The S; — S,

This journal is © The Royal Society of Chemistry 2023
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emission has the main peak at 2.33-2.38 eV and quantum yield of
30-50% (the values depend on the solvent polarity). The PL
spectra of DBP diluted in polystyrene (Fig. S2, ESIt) are similar
to those in solutions and have a 0-0 peak of the S; — S, transition
at 2.33 eV followed by two vibronic peaks with a vibrational
increment of 0.18 eV, which is typical for polyaromatic com-
pounds and correspond to C-C stretching modes of the aromatic
core. In the polycrystalline film, studied at room temperature in
ref. 35, the emission peak shifted to lower energy by 0.28 eV, while
the quantum yield decreased by two orders of magnitude in
comparison to isolated molecules in solutions.

Our PL measurements of DBP single crystals revealed that
both PL intensity and the spectral shape are strongly tempera-
ture dependent. Fig. 2a compares the spectra measured at
several representative temperatures, while complete tempera-
ture evolution between 5 K and 300 K is plotted in Fig. 2b. Upon
cooling, the PL intensity increases dramatically, while the
spectra undergo several stepwise changes, indicating that
photoluminescence of the DBP single-crystal is a complex
process with interconversion and co-existence of several emis-
sive states. At the same time, the PL spectra for DBP diluted in
polystyrene showed only minor variations in the whole 5-300 K
range (Fig. S2, ESI{). Thus, changes in the PL spectra of single
crystal are caused by intermolecular interactions and delocali-
zation of excitations in the solid state. Detailed analysis of these
phenomena is presented in the next section.

The measurements of several DBP crystals from the same
growth batch showed some variations in the positions of the PL
peaks and in the ratio of emissive states. Thicker crystals tend
to have PL peaks at longer wavelengths than the thinner ones,
with variations up to 5-7 nm. The strongest differences in the
relative intensities were observed for the lowest-energy peak at
5 K and for the ratio of emission peaks at room temperature.
The former is likely the effect of reabsorption since emission
and absorption spectra overlap considerably as can be seen
in Fig. 2a. Notwithstanding this variability, the overall spectral
patterns and their temperature dependencies remained
unaltered.

Variable-temperature PL measurements

In this section, we focus on variable-temperature PL measure-
ments of DBP single-crystal. To help in identifying overlapping
spectral features of different emissive states, CW spectroscopy
was augmented with time-resolved (TR) measurements. First,
we measured TR-(z, 1) maps at selected temperatures. These
maps, together with the CW spectra, allowed preliminary
identification of the number of emissive states and their main
wavelengths. Then, the temperature dependence of t was
measured at chosen wavelengths with smaller temperature
steps, which were varied depending on the observed PL
kinetics, and decay curves were fitted with 2-3 exponential
decays (Table S1, ESIT). The details of CW and TR spectra in
separate temperature intervals are presented in Fig. 3 (5-120 K)
and Fig. 4 (120-300 K), while Fig. 5 summarizes the tempera-
ture evolution of PL lifetimes and compares the CW and TR
spectra of the identified emissive states. Further details on the

This journal is © The Royal Society of Chemistry 2023
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temperature dependence of PL and time-resolved data are given
in Fig. $3-S7 (ESIt).

5-40 K. At 5 K, the PL spectrum of DBP-SC is dominated by a
sharp line at 596 nm (2.08 eV), followed by a peak at 605 nm
and a group of minor features at 638, 652, 660, and 697 nm
(Fig. 3a). When the temperature increases, the peak at 596 nm
decreases rapidly and already by 30 K shows less than 10% of
its original intensity. At the same time, other spectral com-
ponents grow with temperature, and the integral PL intensity
remains weakly affected (Fig. S3, ESIt). At 40 K, the PL
spectrum has the strongest band at 608 nm (2.05 eV), three
less intense peaks at 637, 665, and 697 nm, and a shoulder
remaining from the 596 nm peak (note a slight temperature
shift and variation of peak positions caused by the intensity
change of unresolved components). Assuming that the peak at
596 nm is caused by emissive state I, which dramatically
decreases its contribution to PL between 10 and 40 K, and
that other emissive states keep their intensity ratio, the PL
spectrum of state I can be obtained by subtracting the 40 K
spectrum from the 5 K spectrum (Fig. 3a). The result shows that
the strong peak at 596 nm, which we identify as the 0-0
transition, is accompanied by a vibronic progression with two
features at 652 nm (0-0 - 0.18 eV) and 716 nm (0-0 - 0.35 eV).

Analysis of the PL decay curves at 5-10 K revealed the
presence of three emissive states with decay times (1) 1; =
4-6 ns with the largest contribution at 600 nm (state I), t;; ~
10 ns at 610 nm (state II), and 7;;; & 14-15 ns at 650 nm (state
11I) (Fig. 5a). The rise time of state II is slightly longer than for
the state I as the signal at 610 nm reaches the maximum at
0.1 ns later than the signal at 600 nm (Fig. S5, ESIt). As state I
has a high relative intensity and the shortest lifetime among
the three, it has an enhanced contribution to the overall PL at
short times after a laser pulse (Fig. S4a, ESIt). Thus, integration
of the TR spectral data obtained at 5 K in the first 2 ns gives the
spectrum in Fig. 5b, which is virtually free from other compo-
nents and is nearly identical to the result of CW spectra
subtraction shown in Fig. 3a.

The fast drop of the intensity of state I with temperature in
the CW spectra is accompanied by a decrease of 7; to sub-ns
values at T > 30 K, reducing to 0.4 ns at 40 K (Fig. 5a).
Concomitant increase of the intensity of states II and III
indicates that state I interconverts into II/III, while the shape
of the temperature dependence of 7; in Arrhenius coordinates
points to the thermally activated mechanism (Fig. S7a, ESIT).
Fitting the linear part gives the activation barrier of 6.5 meV
(52 em™).

40-120 K. Analogous analysis of PL spectra between 40 and
120 K gives spectral characteristics and evolution of states II
and III. State II with the peaks at 608 and 665 nm contributes
60% to the integral PL intensity at 40 K, while state III (637 and
697 nm) gives ~35% (Fig. S3a, ESIt). Upon heating above 40 K,
state II depopulates and cannot be resolved any more when the
temperature reaches 120 K, state III grows steadily and reaches
the maximum intensity at 100-120 K, while state I remains
at the level of ~5% throughout the whole temperature range.
The overall PL intensity at 120 K drops by ca 25% in comparison
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Fig. 3

(a) and (b) VT-PL spectra of DBP in the temperature ranges of 5-40 K (a) and 40-120 K (b); the blue dotted curve in (a) is the spectrum of state |

obtained by a subtraction of the 40 K spectrum from the 5 K spectrum, whereas the red dotted curve in (b) is the spectrum of state Il obtained as the
difference of 70 K and 40 K spectra and rescaling intensity to match that at 40 K; the peaks assigned to pure electronic transitions are marked as “0-0"
followed by the emissive state number. (c)-(e) (4, 1) maps of the PL decay at 5 K (c), 40 K (d), and 140 K (e); note that the laser pulse occurs at t = 4 ns and
the time after the pulse is given in log scale; each map is overlaid by a quasi-CW TR spectrum (dashed curve), obtained by integration of PL decay over

100 ns after the pulse. Note that some of the features observed in the CW

to 40 K. The spectrum of state II obtained as the difference of 40 K
and 70 K spectra (Fig. 3b) has a 0-0 transition at 608 nm (2.04 eV)
and vibronic replica at 667 nm (0-0 - 0.18 eV) and 730 nm
(0-0 - 0.34 eV). Likewise, the 0-0 transition of state IIT at 639 nm
(1.94 eV) is accompanied by vibronic features at 696 nm
(0-0 - 0.16 eV) and 764 nm (0-0 - 0.32 eV). Note that peak
positions move by several nm with heating (Fig. 2b and Fig. S3b,
ESIt). For instance, the 0-0 peak of state I shifts to the red with a
rate of 0.14 meV K" and its position changes from 596 nm at 5 K
to 600 nm at 120 K and further to 608 nm at 300 K.

In the TR spectra at 40 K, the contribution of state I is
detectable only during the first 2 ns (Fig. S4b, ESIt). Lifetimes
of II and III are not different enough to resolve the spectrum of
state II in the short time domain. However, the contribution of
III increases visibly at longer times, which allows us to obtain
the spectrum of II by subtracting 26-146 ns data from 2-21 ns.
The resulting TR spectrum of state II with the intense 0-0 peak
and two vibrational features of decreasing intensity matches
well with the CW spectrum. Above 50 K, the lifetime and PL
intensity of state II decrease quickly, and its spectral features
cannot be identified in the spectra above 120 K. It is hard to
distinguish whether it completely vanishes or merges with state
I, which gradually decreases its energy (Fig. S3b, ESIt). Either
way, based on the temperature dependence of 7;; and integral

12718 | J Mater. Chem. C, 2023, 11, 12714-12729

spectra are smeared in the TR spectra because of the lower resolution.

PL intensity (Fig. S7b, ESIt), the quenching of state II can be
described as a thermally activated conversion into state III with
the barrier of 16 meV (128 cm ™).

At 120-140 K, state III contributes ca 95% of the total PL
intensity, the only other visible contributor in the CW spectra
being state I. The latter has a much shorter lifetime of ~1 ns,
and a clean TR spectrum of state III can be obtained by
discarding the first nanoseconds after the pulse and integrating
between 3 and 36 ns (Fig. 5b). However, analysis of long-time
2D-TR data (>40 ns) shows the presence of yet another
emissive state with PL maximum near 690 nm (Fig. 3e and
Fig. S4c, ESIt). It is close to the first vibronic transition of state
III and cannot be resolved in the CW spectra at 120 K, but
becomes more visible at higher temperatures.

120-200 K. The overall PL intensity of DBP-SC starts to
decrease quickly above 100-120 K and by 200 K drops down
to 15% of the low-temperature level. The intensity of state III
decreases faster than that of state I, and although the former is
still the main emissive state at 200 K, the latter is not much
weaker any more. One can also notice that the intensity of the
first vibronic replica of state III near 700 nm seemingly
decreases slower than that of the 0-0 transition, while its
position shifts gradually to 687 nm (Fig. 4a). In fact, the TR
measurements and intensity evolution at higher temperature

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) VT-PL spectra of DBP in the temperature range of 120-300 K; (b) and (c) (4, T) maps of the PL decay at 200 K (b) and 300 K (c); note that the
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curve), obtained by integration of PL decay over 100 ns after the pulse. Note
spectra because of the lower resolution.

demonstrate that the peak at 687 nm belongs to a different
emissive state.

Simultaneously with the drop of the PL intensity of state III,
its lifetime shortens from 15 ns at 120 K to 2.5 ns at 200 K. At the
same time, the lifetime of state I measured at 610 nm increases to
1.5-2 ns. However, the 2D-TR map measured at 200 K reveals the
components with much longer lifetimes near 690 and 750 nm
(Fig. 4c). Integration over time shows that states I and IIT become
insignificant by 16 ns after the pulse (Fig. S4d, ESIt), and a well-
defined spectrum of the emissive state IV can be obtained by
integration over the 21-46 ns period (Fig. 5b). In addition to the
0-0 transition at 687 nm (1.81 eV), state IV also has a broadened
vibronic peak at 750 nm (AE,;, &~ 0.16 eV). The lifetime of state IV
at 200 K is 19 ns. We can also follow the presence of this long-
living state down to at least 140 K (t1y & 27 ns), but determination
of its lifetime becomes increasingly less reliable at lower tempera-
tures due to an overlap with much brighter state III.

The quenching of state III between 140 and 200 K can be
described as a thermally-activated process with the barrier of

This journal is © The Royal Society of Chemistry 2023

iven in log scale; each map is overlaid by a quasi-CW TR spectrum (dashed
that some of the features observed in the CW spectra are smeared in the TR

63 meV (509 cm ™ '). However, it is not a conversion into another
bright state, as happened with states I and II. Thus, either it can
be a conversion into state IV, in which the main decay channel
is not radiative, or state IV is not involved in this process, and a
new non-radiative channel is open for state III itself.

200-300 K. A decrease of the overall PL intensity continues
up to room temperature, at which it is reduced to only 6% of
the 5 K value. The intensity of states I and III become roughly
equal, and these are the most intense features in the CW
spectra at 300 K. The 0-0 peak of state IV at 687 nm decreased
considerably, while 71y shortened gradually from 19 ns at 200 K
to 8 ns at 300 K (Fig. 5a). But as this lifetime is considerably
longer than those of states I and III (r = 1.4 + 0.7 ns), the
presence of state IV can still clearly be identified in TR
measurements (Fig. 4d and Fig. S4d, ESIt). Besides, the 2D-
TR map indicates that another long-living state with the
strongest emission near 745 nm (1.66 eV) is present at 300 K.
This energy is close to the vibrational replica of state IV, but the
TR spectrum obtained by integration between 21 and 46 ns
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Fig. 5 (a) Temperature dependence of PL decay times of five emissive states in the DBP single crystal determined from the measurements at the
indicated wavelengths; the size of the dots scales as the contribution of a given state to the total PL intensity at this wavelength, and the size in the legend
corresponds to 100%; the gray field denotes the time range <2 ns, in which different contributions cannot be well resolved. (b) Normalized time-
resolved PL spectra of states |-V, obtained at different temperatures by integration over indicated time intervals after the laser pulse; for 40 K, the pale
curve is the original TR spectrum, while a full-colored curve is obtained by subtracting the 26-146 ns spectrum from the 2-21 ns spectrum. (c)
Normalized CW spectra at the same temperatures as in (b); for 5 K and 40 K, both original spectra (pale blue and red) and the spectra after subtraction of
higher-temperature data (dark blue and red) are shown; for 200 K and 300 K, dashed lines are spectra measured for a different crystal, demonstrating

variation of the relative intensities and peak positions from crystal to crystal; below 200 K, the spectra of different crystals are more similar.

shows that the peak at 745 nm has a higher intensity than the
0-0 transition of state IV (Fig. 5b). The lifetime of state V at
300 K is 14 ns, and it may also be present with increasing
lifetimes at lower temperatures (Fig. 5a), but its intensity is too
low for a detailed analysis. We tentatively assign the peak at
745 nm (1.66 eV) to the 0-0 transition of state V.

It is worth noting that by reaching room temperature,
thermal energy becomes high enough in comparison to the
energy difference and thermal barriers between states I-III,
which enables thermal repopulation of higher-energy emissive
states. Essentially, one can imagine a nearly free motion of the
exciton on the section of the potential energy surface encom-
passing these states. This can explain why apparent lifetimes of
state I and III become equal within experimental uncertainty.
A similar argument can be applied to explain why state II
“disappears” at ~120 K. As the barrier between states I and II
becomes low in comparison to thermal energy, these two states
can merge. The gradual shift of the state I 0-0 transition to a lower
energy with temperature may be a part of this process.

Polarization dependence

To obtain more information on the nature of the emissive states
from their polarization, we performed angular-dependent mea-
surements at selected temperatures for two different crystals. Both
exhibited comparable patterns, and Fig. 6 shows two exemplary
dependencies, while more data can be found in the ESIt (Fig. S9).
At all temperatures and all wavelengths, emission is polarized
along the a crystallographic axis. This corresponds to the polariz-
ation of the lowest-energy Davydov component in the absorption
spectra (Fig. 2a). The absence of ¢-polarized emission excludes the
assignment of any of the emissive states to the second Davydov
component.

12720 | J Mater. Chem. C, 2023, 11,12714-12729

At the same time, we found that PL polarization varies
noticeably along the spectrum and with temperature. Fig. 6a
shows angular dependence of the PL spectra measured at 6 K.
The PL intensity is reduced drastically when measured for
polarization along ¢ (90°), but scaling the c¢-polarized spectrum
to match the intensity of the a-polarized one (0°) shows that
state I has more pronounced polarization than states II and III.
The polarization ratio, p = (Iy — Iso)/(Io + Iso), is near 96%, 94%,
and 90% for the 0-0 transitions of states I, II, and III, respec-
tively. Furthermore, p tends to decrease gradually with the
increase of the wavelength. Note that we calibrated our spectro-
meter with unpolarized light to ensure that this wavelength
dependence is not caused by the polarization-dependent sensi-
tivity of the gratings, CCD camera, and other optical compo-
nents. the polarization ratio also decreases with temperature
growth. For instance, at 140 K (Fig. 6b), the p value of state III is
reduced to 78%, however state I still preserves its enhanced
polarization with p; = 93%. At room temperature, polarization
is reduced further with p; = 82%, pi;; = 72%, and p = 60-65% for
states IV and V at longer wavelengths.

Magnetic field dependence of PL

Singlet fission (SF) occurs in the DBP film at room tem-
perature®® and is a plausible reason for a decrease of PL with
temperature that we observe in the DBP single crystal. In a
currently accepted model of SF,***? it is described as a multi-
step process, starting with a conversion of a singlet-exciton
complex (S;S,) into a strongly-bound (correlated) triplet pair
(T,Ty), which then undergoes a transformation into a weakly-
bound triplet-pair (T;- - -T;), eventually followed by dissociation
of the latter into free triplets:

(S1S0) 2 Y(TyTy) 2 (Ty--Ty) 2 Ty + Ty

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Polarization angle dependence of the DBP single-crystal photo-
luminescence intensity: (a) at 6 K, and (b) at 140 K. Dashed blue lines are
spectra measured at 90° and scaled to match the intensity of the spectra
at 0°. In addition to the spectra measured at different angles, each panel
shows a polarization ratio p = (lo — I90)/(lg + l90) at different wavelengths
(dark cyan curves) and dependence of the PL intensity on the angle at an
indicated wavelength (polar plot insets). The schema of the experiment in
(a) shows the DBP crystal (dark red) excited with a 488 nm laser, the PL is
measured in backscattering geometry with PL beam perpendicular to the
ac plane of the crystal, the intensity of the emission is measured through a
rotatable analyzer polarizer inserted before the detector, and 0° corre-
sponds to the polarization plane parallel to a.

In the correlated pair, triplets are localized on neighboring
molecules and the exchange interactions between them are
strong, resulting in well-defined spin states of different multi-
plicity (singlet, triplet, and quintet) with zero-field splitting up
to some tens of meV. As SF is a spin-conserving process, it
produces a singlet '(T,T,) pair. A weakly-bound pair is formed
when two triplets become spatially separated in the result of a
triplet transfer at a distance of 2-3 molecules, while their spin
coherence is still preserved. Spin states of the (T;---T;) pair are
quasi-degenerate, and their spin wavefunction composition can
be changed by a small magnetic field.

Since Merrifield et al. discovered and provided the first
explanation for the magnetic field influence on the delayed
fluorescence in anthracene,*®*!' characteristic variation of PL
intensity with the magnetic field is recognized as an important
feature of triplet-triplet annihilation and SF.*>** Merrifield’s
theory described the weak interaction limit, in which a

This journal is © The Royal Society of Chemistry 2023
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population of the emissive S;S, state, and with it the PL
intensity, changes when singlet contributions in individual
(T;---T4) spin states vary with the magnetic field. Typically,
when the magnetic field is ramped from zero, the PL intensity
of SF materials first decreases to a certain minimum in a small
field of uoH < 0.05 T, then reverses the trend and increases
until poH = 0.2-0.3 T, after which it stabilizes at a plateau. The
exact values depend on kinetic parameters and spin-spin
interaction strengths in triplet pairs.*® Spin state compositions
of strongly correlated pairs are not affected by a small magnetic
field, but can become visible in a high field (>1 T) when the
(T, T,) energy level crosses *(TyT;) or *(T,T;) as a result of the
Zeeman effect.**™® PL intensity as a function of the magnetic
field has negative peaks at such crossing points.

Both weak and strong interaction regimes imply that the
emissive state, either (S;S,) or sometimes (T;T;), is in some
kind of a dynamic equilibrium with *(T;Ty) and (Ty- - -T;).*>*’
This condition appears to be fulfilled for tetracene,*® rubrene,*’
tetrabenzopentacene,® anthradithiophene,*® or diphenyl-hexa-
triene,*>*°? but becomes less obvious for compounds with
exothermic SF. We are not aware of any magneto-PL studies of
hexacene, the compound which has strongly exothermic SF
similar to DBP, although the magnetic field effect was reported
for the photocurrent of a photovoltaic cell based on the
hexacene derivative.”® Even for the archetypical pentacene,
despite numerous studies of its SF, magneto-PL measurements
are not described in the literature.

To determine if the magnetic field has an influence on the
PL of DBP and identify possible SF signatures, we measured PL
spectra during magnetic field sweeps at selected temperatures.
The ratio of the PL intensity in a certain field uoH to the
intensity in zero field, PLy/PL,, was calculated at each wave-
length and is presented in Fig. 7 in the form of (4, poH) maps.
Besides, for each temperature, Fig. 7 shows two PLy/PL, traces,
one at uoH = 3.9 T, where the PLy/PL, values are the highest,
and one at the field with the most pronounced negative effect
on the PL intensity. Further magneto-PL data, including
PLy/PL, traces at different fields and temperatures and field
dependencies of PL intensity are shown in Fig. S10-S13 (ESIT).

At 5 K, the PL map shows a gradual increase of the 600 nm
peak through the whole studied field range of 0-3.9 T. A similar
increase of this peak was found at all other temperatures. Even
when state I has low intensity in the PL spectra (40-250 K), it
still gives the most pronounced positive PLy/PL, feature at a
high field. At 40 K, a new phenomenon can be identified - a
negative field effect (PLy/PL, < 1) is well seen between 0.5 and
1.5 T at 645 and 710 nm, approximately matching the main PL
bands of state III. At 1 T, when this effect is most pronounced,
PLy is decreased by almost 2% relative to the zero field. A more
careful analysis of the intensity evolution with the magnetic field
shows that the PLy/PL, features at 645 and 710 nm first increase
slightly in a small field of 0.05-0.1 T, and then change to more
pronounced negative peaks at higher field (Fig. S10b and S11,
ESIt). This kind of field dependence, which is opposite to the
typical SF field-dependence, may point to a certain contribution of
a triplet-triplet annihilation to the formation of state III.
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Fig. 7 Magnetic field dependence of the PL spectra in the field range of 0-3.9 T presented as (4, uoH) maps of PLy/PLy measured at different
temperatures and with the magnetic field oriented perpendicular to the ac plane. Each map is overlaid with two PL,/PLg spectra with the most positive
(red) and most negative (blue) magnetic field effect at a given temperature, their APL scale (in % of zero-field intensity), and zero-field PL spectrum

(PLo, gray dotted curves).

A negative field effect is also observed at 150-200 K, but this
time at 690 and 760 nm, which corresponds to state IV. Note
that at 150 K this state is still not clearly seen in the CW PL
spectrum, but its signatures in the PLy/PL, spectra are well
developed. Negative peaks in the PLy/PL, curves are super-
imposed over a featureless background, especially strong at 150
K, which obscures the field dependence of these negative peaks
in (4, uoH) maps. Analysis of their height below the background
reveals that they are developed quickly within the first 0.15 T,
and then exhibit a slow but steady growth at higher fields
(Fig. S12b, ESIt). At 3.9 T, when the overall PLy/PL, is >1,
the negative peak at 690 nm is still clearly seen both at
150 and 200 K.

At 250 K, the system starts to demonstrate a new regime of
field dependence. The PL first decreases slightly in a small field
of ~0.03 T, and then tends to grow in a higher field. PLy/PL,
curves are almost featureless below 1 T, except for the afore-
mentioned positive peak at 605 nm observed at all tempera-
tures. Above 1 T, the negative peak at 690 nm develops. Thus, at
250 K PLy/PL, reveals the first signatures of SF in the form
expected for the presence of weakly-coupled (Ty---T;) pairs,
while still showing some negative field effect at 690 nm, similar
to that at 150-200 K.

By 300 K, the transition to the new regime is complete. The
negative peak at 690 nm is absent in the whole 0-4 T range,
while the (Ty---T;)-specific PLy/PL, behavior with a negative
dip of —1.5% at 0.02 T followed by a growth to +4% at 0.2 T
becomes much more pronounced than at 250 K (Fig. 8a, inset).
The fact that this classical SF magneto-PL effect is not state

12722 | J Mater. Chem. C, 2023, 11,12714-12729

specific is quite noteworthy, considering the coexistence of
4 emissive states at room temperature. The low-field variation
of PL at 300 K was studied then in the EPR spectrometer, which
allowed rotating the crystal and thus changing the angle
between the magnetic field and ac plane. Fig. 8a shows that
not only the dip at 0.02-0.04 T is reproduced well in these
measurements, but also an angular dependence of its shape
can be clearly seen.*"*8

To determine if changes in the PL intensity in the magnetic
field are associated with variations of emission lifetimes, PL
decays were measured with particular focus on the wavelengths
and fields corresponding to pronounced features in (4, poH)
maps. No quantum beating®** in decay curves was observed in
the zero field or any other field we applied. These measurements
also did not reveal any discernable difference in normalized decay
curves below room temperature, and only at 300 K a certain
dependence of the decay shape on the magnetic field is visible
(Fig. 8b). At 0.03 T, the PL decay is slightly faster than in the zero
field in line with the decrease of PLy/PLy, while at 0.3 T and higher
fields the PL decay is slower, again in line with the increased
PLy/PL, (see Table Sia for fitted times and weights, ESIT).

To summarize, magneto-PL measurements of DBP single-
crystal demonstrate:

(1) Classical Merrifield’s signatures of singlet fission at
250-300 K, not state-specific;

(2) State-specific negative effect at 645/710 nm (state III) at
40 K, and 690/760 nm (state IV) at 150-250 K;

(3) Positive field effect in large fields at all wavelengths
and all temperatures, and a pronounced positive effect at

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Magnetic field dependence of the relative PL intensity (PLn/PLo) measured at room temperature at 650 nm for different angles of magnetic

field versus the ac plane of the crystal (the curves are plotted with a vertical offset); the inset shows PL./PLy measured at 90° in a broad field range.
(b) Normalized PL decay curves measured at 610 nm at room temperature at different strengths of the magnetic field oriented perpendicular to the ac

plane. The light gray curve is the instrument response function (IRF).

600-605 nm (state I). Given the enhanced polarization of
emission at 600-605 nm, we cannot exclude that this effect
may be caused by the Faraday rotation.>”

None of these phenomena resemble the modulation of
PL expected at the level crossing of “*(T,T,) spin states.*’
The areas of negative field effect in (1, uoH) maps shift to higher
field with higher temperature, while the level crossing should
not be temperature dependent. Note that the magnetic field
range available to us should be sufficient to reach the
(T, T,)-*(T,T;) crossing (uoH = 2J) and the first of the two
(T, T,)->(T,T,) crossings (u,H = 3J), but is maybe not high
enough to reach the second (T, T,)->(T,T,) crossings at uoH =
6/, where J is the exchange coupling between triplets in the
(T,Ty) pair.**>°® Observation of the negative magnetic field
effect specific for state IV is quite interesting as it implies a
particular connection of this state to triplets, although the exact
nature of this connection is not clear at this moment. Note that
conventional intersystem crossing between S; and T; can also
exhibit magnetic field dependence.

Discussion

The richness of the PL spectra of DBP single crystals and
their variation with temperature are quite remarkable but not
completely uncommon for small-molecule organic semi-
conductors.”” From a bird’s-eye view of the photoexcitation
evolution in such systems, we can distinguish at least three
types of emission-generating phenomena, which are relevant
for this work:

(1) The most fundamental one is a free exciton, S;. The
current consensus is that it can be described as a Frenkel
exciton with an admixture of a charge-transfer excitation (Fig. 9,
inset),>®>° which implies a considerable S,-S, interaction and
can be thus designated as S;S,. The weight of the charge
transfer can be correlated with the Davydov splitting in the
absorption spectra, whereas the 0-0 emission peak of a free

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Schematic energy diagram of the excited states in DBP single
crystal. Emissive states |-V found in PL measurements are shown in colors
corresponding to the spectra in Fig. 5, and the transition state levels (TS-I,
TS-Il, TS-1ll) are shown as dashed cyan lines. The triplet state energy
of DBP is not well known; a conservative estimation places it between 0.60
and 0.75 eV, hence 2 x T, and 3 x T, levels are depicted as rectangles
spanning possible energy ranges, and X(T;Ty) and (T- - -T,) levels are shown
at arbitrary energies within the 2 x T; range, while vibrational levels of
YT,T,) are plotted equidistantly with E,, = 160 meV. Also shown is a
schematic description of a singlet exciton complex (S;Se) as a mixture of
Frenkel and charge-transfer excitations and its conversion into a singlet
YT, Ty) pair.

exciton matches the lowest-energy Davydov component with a
small Stokes shift. A spatial extent of the free exciton can vary
from tens of molecules at helium temperatures®”°" to a fairly
localized state at high temperatures and can be assessed for by
the dispersion of the exciton band.®* The radiative relaxation
rate of a free exciton in the solid state is close to that of isolated
molecules (e.g. measured in dilute solutions), but can be
accelerated by delocalization at low-temperature and lead to a
superradiance, a marked increase of emission intensity parti-
cularly for the 0-0 peak.®**

(2) Different intermolecular interactions between excited
molecules (S;) with those in the ground state (S,) can produce
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energy minima in the excited-state potential energy surface,
which have no counterparts in the ground-state surface. Radia-
tive relaxation from these transient S;S, minima produces
fluorescence shifted to the red from the free exciton emission
and often characterized by prolonged emission lifetimes.*®%*~"*
This phenomenon is described as a self-trapped exciton (STE)
or an excimer. The term excimer is usually invoked for a broad
and non-structured emission, whereas more structured emis-
sion is ascribed to self-trapped excitons.

(3) Singlet fission (SF) also has a strong influence on the
luminescence. On the one hand, it is a non-radiative relaxation
process, which can dramatically reduce the PL intensity when
its rate is fast. On the other hand, there is an increasing
number of reports that a coupled triplet pair (T,T,), a key
intermediate on the pathway from S,S, to T, + Ty, can itself be
emissive,?>%*%%7277% although this possibility is debated in
some other works.®”””” Fluorescence of '(T,T,) is forbidden by
symmetry, but it can borrow intensity from the S; — S,
transition by the Herzberg-Teller mechanism, which results
in an emission profile with a reduced intensity of the 0-0
peak'’ and a comparably long radiative lifetime. The *(T,T,)
emission competes with the triplet exciton diffusion, which
first yields a weakly-coupled pair (T;---T,) and eventually free
triplets T; + T;. The triplet diffusion is a thermally-activated
process, and a temperature dependence of its rate is therefore a
crucial factor for SF.*®7*7>7% At low temperature, when diffu-
sion is very slow, the '(T,T,) state can live long enough to relax
radiatively or re-fuse back to S;S,. At temperatures above
150-200 K, the triplet diffusion becomes fast and outperforms
radiative processes, thus suppressing PL. In this regime, the
Merrifield-type magnetic field effect and quantum beating,
both betraying the presence of weakly-coupled (T;- - -T,) pairs,
can become visible in PL.>***7*7° Note that the reverse process,
triplet fusion (triplet-triplet annihilation), proceeds through
formation of (T;---T;) and then '(T,T;) pairs from free triplets,
and can also lead to magnetic field effects, '(T,T,) emission,
and delayed S; fluorescence with long lifetimes.*’

In systems where all these phenomena take place, PL is
strongly temperature dependent. At helium temperatures,
emission is usually dominated by a free exciton, sometimes
amplified by a superradiance. The temperature increase facili-
tates transition to STE/excimer states, which can then compete
with singlet fission. In fact, STE emission is hard to distinguish
from '(T,T;) emission, and the role of STE states in singlet
fission is still debated. In different systems, formation of STE
was discussed as an intermediate on the pathway to *(T;T,),5*%"
as a parallel route competing with singlet fission,*®*>% or
as a trap hindering singlet fission.®”**#*"%7 Either way, singlet
fission usually becomes the main relaxation process at room
temperature, while PL intensity decreases to only a small
fraction of that observed at helium temperature.

Complete interpretation of the photoexcitation mechanism
in DBP crystals will require a multitechnique study involving
transient absorption and time-resolved EPR spectroscopy,
as well as time-resolved PL with much higher time resolution
than available to us, and thus inevitably goes beyond the scope
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of this work. Yet, an analysis of the VT-PL data along the
guidelines outlined above allows us to make the first approach
to this problem.

Free and self-trapped excitons

PL of DBP crystal below 120 K can be explained by assuming
that state I is a free exciton while states II and III are two kinds
of a self-trapped exciton.

The strongest PL intensity of state I with a narrow 0-0 peak
below 10 K is in line with the enhanced intensity of the free
exciton emission in other organic semiconductors at helium
temperatures. At 5-10 K, the PL decay of state I at 600 nm is
described by two lifetimes, 3.8 and 6.1 ns with equal weights,
which are close to the fluorescence lifetime of 5.2-7.4 ns
determined for isolated DBP molecules in different solvents®>>”
or 4.1-4.7 ns measured in polystyrene matrix in this work. The
superradiance effect, if present, is not very pronounced as we
do not observe a decrease of the lifetime upon cooling (Fig. 5a).
Note that the degree of exciton delocalization can be assessed
from the exciton band dispersion measured by EELS at 20 K,
which shows that the value of DBP, 70 meV,** is between that in
pentacene-SC (110 meV)®® and in tetracene-SC (55 meV for the
lowest Davydov component).?® Nonetheless, unlike in DBP
and pentacene, the superradiance effect in tetracene PL is well
documented.®®®" Thus, there appears to be no direct correla-
tion between the exciton bandwidth and superradiance.

Low-temperature lifetimes of states II and III, 9.9-10.1 and
14.5-15.8 ns, are longer than for isolated DBP molecules, which
is typical for self-trapped excitons. A comparable population of
states I-III is present at 5 K, below the temperature at which
interconversion between these states takes place. This means
that internal conversion after photoexcitation populates all
three states at once. The initial populations at 5-10 K are
non-equilibrium, but remain frozen until thermal energy allows
the barriers between these states to be overcome. At 15-40 K,
the free exciton leaves its apparently rather shallow minimum
(the escape barrier is only 52 cm ™) and equally populates both
STE states. Then, at 50-120 K, the higher-energy STE (state II)
converts into the lower-energy STE (state III) over the barrier
of 118 cm . These barriers are in the energy range of low-
frequency modes of the DBP crystal corresponding to inter-
molecular vibrations mixed with non-planar deformations of
DBP molecules. The Raman spectrum of DBP crystal in this
range is quite rich and includes a stand-alone mode at 60 cm ™"
and a group of peaks at 107, 127, 137, and 152 cm ™ * (see ref. 34
and Fig. S8, ESIT). When the thermal energy becomes compar-
able to barriers between STE and free exciton states, popula-
tions of the high-energy state can become significant as a result
of thermal equilibrium, which leads to equalization of lifetimes
at higher temperatures.

The fact that there is more than one STE state should not
be surprising. For instance, o-PTCDA (3,4,9,10-perylene-tetra-
carboxylic-dianhydride) showed two STE and one excimer states
in addition to a free exciton,®®°° while pyrene and perylene are
well known for having several emissive states of STE nature.”"**
STE is characterized by a certain displacement along the

This journal is © The Royal Society of Chemistry 2023
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intermolecular vibrational coordinate leading to an enhanced
interaction between the excited molecule and a neighboring
molecule remaining in the ground electronic state. As each DBP
molecule has three pairs of close neighbors in the crystal
(Fig. 1c), this simplified dimer-like description of STE already
implies a possibility of three (S;S¢)sre pair states. Structural
deformation in the STE states also implies a loosening of
symmetry selection rules and thus explains the lower polariza-
tion degree of STE emission in comparison to the free exciton
emission (Fig. 6), which proceeds under rigorous crystallo-
graphic symmetry. Advanced computational studies such as
those performed for tetracene,”>** pentacene,”* or hexacene,”
will be required to disclose structural details and energetics of
different S;S, pair states, but they exceed the scope of this work.

Exothermic singlet fission in DBP

Interpretation of the PL evolution above 120 K is more ambig-
uous. On the first sight, the changes between 120 and 200 K
can be described as the next step on the energy ladder, in which
state III transforms to state IV over the barrier of 509 cm ™"/
63 meV (Fig. 9). State IV can be another STE with more
pronounced intermolecular displacement and enhanced S;-S,
interaction. The long lifetime of state IV (Fig. 5) is in line with
the STE conjecture. The size of the barrier corresponds to the
internal vibrations of DBP, suggesting that the intramolecular
deformation in this STE should be more pronounced in com-
parison to state II and III. What makes this interpretation
insufficient is the considerable weakening of PL above 120 K.
A strong decrease of the PL intensity during heating implies
a thermally-activated non-radiative process, which does not
produce a new emissive state. Given the clear signatures of
singlet fission in DBP crystal from magneto-PL measurements
and considering the mechanism of SF in other organic com-
pounds, this thermally-activated process might be a disso-
ciation of triplet '(T,T;) pairs and/or a diffusion (hopping) of
already dissociated free triplet excitons. The thermal barrier of
63 meV is in the energy range of a triplet pair binding energy
(20-200 meV)."* When temperature increases, SF becomes the
main relaxation mechanism, while the lifetimes of all emissive
states decrease accordingly. Indeed, the recent room-temperature
PL and transient absorption study of DBP polycrystalline film by
Manna et al. revealed a fast decay of the S; state into the '(T;T;)
pair with the time constant of 5-7 ps, followed by formation of
free triplets on a time scale of 135 ps with the triplet yield of
196%.>* The PL spectrum in ref. 35 has the main peak at 600 nm
and corresponds well to the free exciton emission in single
crystals. Different to ref. 35, the room temperature S, lifetime in
our worKk is still about 1 ns, but our time resolution does not allow
detection of a fast process with a time constant of a few ps. Ref. 35
also reported a minor PL component with a lifetime of 8-11 ns
and 0.3 eV lower energy, which matches the parameters of our
state IV. State IV in this scheme appears to be a trap, which is
populated in parallel to SF. Furthermore, given the temperature
range of its rise and decay as well as specific magnetic field effect,
state IV might be even considered to be the '(T,T;) pair. However,
the energy of state IV is too high and its lifetime is too long at

This journal is © The Royal Society of Chemistry 2023
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room temperature, hence the interpretation of state IV as STE
appears more plausible.

The energy difference between the correlated triplet pair
'(T,T;) and the free exciton is a crucial parameter of SF.
Unfortunately, nothing is known about the *(T,T;) energy in
DBP. The '(T,T;) energy is usually close to that of two separated
triplet excitons, 2 x Ty, but the T, energy for DBP is also not
known precisely. An upper bound of 0.8 eV in solution was
given by a triplet sensitization study in ref. 35, while TD-DFT
calculations in the same work gave the value of 0.64 eV for an
isolated molecule. In the solid state, T; energy is likely to be
lower than for an isolated molecule by ~0.05 eV. If we assume
the range of 0.60-0.75 €V as a conservative estimation of the
T; energy in crystalline DBP, the 2 x T; energy is expected to
be 1.2-1.5 eV (Fig. 9). Thus, SF in crystalline DBP is highly
exothermic with —AEgp = —{2E(T,) — E(S1So)} > 0.5 €V. For the
vast majority of molecular SF materials, either endothermic or
exothermic, |AEsy| < 0.2 eV, and only hexacene has a compar-
ably large —AEgp of 0.5-0.6 eV.>*?° In fact, for both DBP and
hexacene, the singlet exciton energy is already close to 3 x T;.

Although SF in hexacene is not yet studied as thoroughly as
in pentacene and tetracene, the corpus of publications®”>"%>~%8
grows steadily and forms useful reference points for DBP.
Busby et al. analyzed if SF in hexacene can proceed with the
formation of three triplet excitons from one singlet.*® Their
modelling showed that the probability of this process is very
low but can become considerable if the charge-transfer con-
tribution to the singlet exciton is increased. An indirect mea-
sure of the charge-transfer contribution is the Davydov
splitting,*® which amounts to 0.15-0.18 eV in hexacene?*3%%°
and 0.11 eV in DBP (Fig. 2a).>* Thus, formation of three triplets
from one singlet exciton in DBP appears less probable than in
hexacene and will not be considered further. Busby et al. also
showed that the large exothermicity has a negative influence
on the SF kinetics because the driving force is considerably
larger than phonon energies.*® This requires a multiphonon
relaxation and leads to a slower SF rate in hexacene (tsp = 0.5 ps
at room temperature)®**?! than in pentacene (tgz & 0.1 ps),”*
which also has exothermic SF but with the driving force within
the one-phonon energy range. Time-resolved two-photon
photoemission (TR-2PPE) study of hexacene by Monahan
et al.*® revealed that the formation of '(T;T;) from S, proceeds
via two parallel mechanisms: coherent, which is faster than
50 fs, and incoherent with the time constant of 180 fs. '(T,Ty)
then decays to independent triplets on time scales of 270 fs and
700 fs for two crystallographic directions. Similarly fast and
anisotropic (T;T;) dissociation was reported by Sun et al.?®
Variable-temperature transient-absorption study by Qian et al.
showed that the rates of '(T;T;) formation and dissociation in
hexacene are both temperature independent in the 77-300 K
range.”” Thus, there appears to be no thermally-activated triplet
migration, which the authors explained by the large SF driving
force. To summarize, both (S,S,) — *(T,T,) and *(T,T;) — Ty +
T, steps in hexacene are temperature-independent and occur
on sub-ps timescale at all studied temperatures above 77 K.
None of these studies reported PL of solid hexacene, but kinetic
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parameters of its singlet fission suggest that the radiative decay
of S; should be negligible.

Comparing SF in hexacene to what is known so far about
DBP, we conclude that while the rate of the (S;S,) — *(T,T,)
transition is similarly affected by the large AEgp value in DBP*®
and in hexacene,’® the overall mechanism is considerably
different. In fact, it is hard to reconcile our VT-PL results with
the notion of strongly exothermic SF proceeding on a picose-
cond timescale. The bright emission from states I-III below
120 K indicates that SF does not occur or at least not very
efficiently at that temperature. Consider the evolution of photo-
excitation below 120 K, when the main radiative relaxation
occurs on a timescale of 5-15 ns. The parallel formation of
(T, T,) on a timescale of a few ps should have quenched the PL,
unless '(T;T;) has a long lifetime allowing it to repopulate the
emissive states. However, the large AEsr in DBP implies that
the triplet pair is first formed in the highly vibrationally-excited
state denoted as '(T;Ty)* in Fig. 9. Once vibrational relaxation
of '(T,Ty)* starts by emitting phonons into the lattice, emissive
states I-1II cannot be repopulated anymore because of the large
energy difference with '(T,T,). Bright emission of DBP with ns
lifetime would then only be possible if vibrational relaxation of
(T, T1)* were also nanosecond-long, which is very unlikely,
although not completely unimaginable. Phonon relaxation in
low-temperature molecular crystals usually occurs on a time-
scale of 1-10 ps, however in some cases it can extend to the
100 ps-1 ns range and be delayed by phonon bottlenecks.'*'
Whether vibrational relaxation of '(T,Ty)* is fast or slow, the
(T4 T,) state formed as a result should have a long lifetime at
low temperatures, when triplet diffusion is negligible. *(T;T;)
emission can be then expected in the near-infrared, at 4 >
830 nm (1.5 eV). We performed NIR-PL measurements at
different temperatures but did not detect any discernable
NIR-PL features except for a tail of the visible-range emission
(Fig. S14, ESTY). Thus, either '(T;T;) of DBP is not emissive and
decays only non-radiatively, or it is not formed at all at low T.
Note that the T; phosphorescence of DBP was not found either,
but this may be caused by the limited NIR detection range of
our spectrometer (4 < 1650 nm).

Another way how strong PL below 120 K might be compa-
tible with the fast exothermic singlet fission is if (S;So) —
(T, T,)* occurs efficiently only in a special favorable arrange-
ment of S; and S, molecules, i.e. via a certain (S;So)sre inter-
mediate, which is not accessible at low temperature. Then the
barrier of 63 meV determined from the temperature depen-
dence of 7y could correspond to the conversion of state III into
this STE-intermediate. Neither state IV nor state V can be such
an intermediate because their lifetimes are too long, whereas
the fast transformation of the STE-intermediate into triplets
should strongly shorten its lifetime and presumably make it
dark in PL. In fact, the role and nature of the IV and V states is
not very clear from this study. They may be STEs with deeper
energy, and V might also be an excimer state (note that we
cannot clearly establish its vibronic structure). But their for-
mation with a delay of 1-1.5 ns (Fig. S5, ESI{) indicates that
they may be formed as a result of some follow-up process, for
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which a triplet fusion would be a plausible candidate. The
lower energy makes them more accessible for the reversed-SF
process than for free exciton or states II and III. Besides, as
states IV and V have long lifetimes and seem to be decoupled
from the kinetics of states I-III, they can also correspond to
defects in the crystals, particularly surface traps.

The large AEgr value in DBP also makes interpretation of the
magnetic field effect on PL problematic, if we recall that
Merrifield theory implies a dynamic equilibrium between
(S1So) and (Ty---T;). The energy difference between (S;S,) and
two triplets in DBP is just too large in comparison to thermal
energy even at 300 K, and SF should be irreversible.

To conclude, DBP presents an interesting case of the
complex photoexcitation evolution, which on the other hand
seems to be in line with the behavior of small molecule organic
semiconductors, but on the hand is hard to fit into the behavior
expected from the SF system with a large driving force.

Conclusions

Recent development of the single-crystal growth of dibenzo-
pentacene opened the possibility to study the fundamental
electronic properties of this close relative of pentacene in the
well-defined structural environment.*® In this work, we pre-
sented the first study of the photoluminescence of dibenzopen-
tacene single-crystals. Variable-temperature measurements in
the 5-300 K range revealed the presence of at least five emissive
states. The free exciton emission dominates the spectra below
20 K, but gives way to states with progressively lower energy
when the temperature increases, which is interpreted as the
population of self-trapped excitons with different degrees of
intermolecular reorganization. The combination of steady-state
and time-resolved measurements allowed us to identify spectro-
scopic patterns of each state, and the temperature dependence
of emission lifetimes was utilized to determine thermal barriers
of interconversion. The fast drop of the emission intensity upon
rising temperature above 120 K points to the setting in of a
singlet fission. The latter is further confirmed by the modula-
tion of the PL intensity in the magnetic field, consistent with
the Merrifield formulation of the magnetic field effect for
systems with equilibrium between singlet excitons and triplet
pairs. The large energy difference between singlet states and
triplet pairs implies that the singlet fission in dibenzopenta-
cene is strongly exothermic. However, this large exothermicity
is not fully consistent with the temperature and magnetic field
dependence of the photoluminescence, which may be a general
problem for materials with exothermic single fission. In parti-
cular, it is not clear how vibrational relaxation of hot triplet
pairs competes with re-fusion into singlets, dissociation into
triplets, or deactivation. These puzzles cannot be solved using
only photoluminescence data and will require an input from
other techniques to track dark and triplet states and fast
processes at different temperatures. We hope that our results
will motivate such studies of dibenzopentacene in the near
future.

This journal is © The Royal Society of Chemistry 2023
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