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ABSTRACT: In the photoluminescence spectra of thin films made of singlet fission (SF)
materials emission features that are red-shifted from the free exciton emission are of particular
interest. They can be fingerprints of the correlated triplet-pair state and as such offer insights into
the mechanisms of the multistep SF process. However, excimer formation or trap-state population
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can also cause such features and a clear disentanglement of the various contributions can be

O
challenging. Here, we use blends of anthradithiophene (ADT) and weakly interacting organic %+50 z } k S
semiconductors to control the polarizability of the molecular environment and, thus, to
distinguish between excimer emission and emission from the correlated triplet-pair state. Using
time-resolved photoluminescence spectroscopy measurements, we clarify the relation between
excimer formation and SF in ADT and find that excimer formation constitutes a parallel relaxation

channel for the exciton and neither mediates nor hinders SF.

Bl INTRODUCTION

In the optimization of organic optoelectronic devices, a crucial
part is understanding the mechanism and contribution of loss
channels. To obtain deeper insight into the involved processes,
photoluminescence (PL) spectroscopy is a well suited method,
as it not only allows the detection of nonradiative channels via
quenching but also is sensitive to specific radiative channels
such as the population of trap states or excimer formation,
both of which can be readily identified by spectroscopic
signatures red-shifted from the exciton emission."”” Similar
signatures are of particular importance for a specific class of
organic semiconductors, namely singlet fission (SF) materials,
as they can give insights into the details of this multistep,
technologically relevant,” process. SF describes the spin-
allowed fission of a singlet exciton into two triplet excitons
via an electronically coupled triplet-pair state ('(TT)) of
singlet character’ and has been successfully studied inter
alia>™” via PL spectroscopy to elucidate the nature of the
triplet-pair state intermediate and the related pathways of
triplet-pair formation and triplet separation.®™ "¢

However, one complication that arises in the investigation of
SF materials by PL spectroscopy is the fact that the
intermediate !(TT) state is a dark state'” that becomes only
emissive via Herzberg—Teller coupling.”'>'*~*" The resulting
red shift of the corresponding emission compared to the
energy of the'(TT) state leads to an overlap of its spectral
signature with other contributions at low photon energies such
as excimers™'"'#!1#21720 op trap-state emission.”" "> This
poses the experimental challenge to disentangle the various
contributions leading to emission features at low photon
energies (in the following referred to as red-shifted
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luminescence features (RSL)) and to clarify whether the
related states mediate SE'”'>'%*1*772% or constitute a loss
channel,' ' *!92223253973% Thig question directly relates to an
ongoing debate in the literature, which concerns the role of
excimer formation in the SF process.l1’12’14’21_26’31’34 Excimers
as a competing channel for SF have been observed
experimentally in tetracene (TET)'"'**** and antradithio-
phene (ADT) derivatives,”>** but have also been proposed as
an intermediate state for SE.'%*73%7

The challenges preventing a general elucidation of the
nature of the many possible states which can cause RSL (Xgg; )
in thin films of SF materials arise from the above-mentioned
ambiguity in the assignment of spectral signatures'”'*'®>%3*
and the lack of a tunable parameter that affects the energetic
position of trap state emission, '(TT) state emission, and
excimer emission differently. Here, we address this open
question in ADT, a chromophore whose derivatives have been
reported to exhibit both SF and pronounced RSL.*’ ADT is
codeposited with two spacer compounds to continuously
change the intermolecular interactions, the number of nearest
neighbors, and the polarizability of the local molecular
environment. The spacer molecules TET and 6-phenacene
(6PH) are chosen to have singlet energies greater than that of
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ADT, making energy transfer from ADT to the spacers
unlikely. The resulting changes in the dynamics of the different
decay channels are probed by time-resolved PL spectroscopy
(TRPL). Comparing the photoluminescence behavior of ADT
in blends with spacer molecules of high and low polar-
izability,” TET and 6PH (see Figure la), respectively, with
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Figure 1. (a) Chemical structure of the investigated molecules. For
ADT, the two isomers present in our samples are shown, see
Supporting Information for details. (b) Out-of-plane lattice spacing
and (c,d) in-plane unit cell parameters (c) a and (d) b, determined by
X-ray diffraction. The faded data points indicate the unit cell
parameters determined for the second polymorph of ADT or TET
(see Supporting Information for details). Note that the in-plane unit
cell parameters do not differ significantly between the two
polymorphs of TET.

ADT in solution, allows us, first, to confirm the occurrence of
SF in ADT and, second, to distinguish between spectral
contributions of the '(TT) state, trap states and excimers. We
identify the latter as a parallel pathway to SF in ADT, allowing
for a refinement of current models on the role of Xyg debated

. . 13,14
in the literature.
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B METHODS

Anthradithiophene (ADT, Sigma-Aldrich, 97% purity, the
material contains a mixture of two different isomers, anti-ADT
and syn-ADT (chemical structures are displayed in Figure 1a);
see Supporting Information for details), Tetracene (TET,
Sigma-Aldrich, 99.99% purity), and [6]-phenacene (6PH,
Lambson Japan Co. Ltd., 99% purity) were used as received.
The samples were prepared by codeposition (organic
molecular beam deposition) in a high vacuum chamber with
a base pressure of 10™® mbar. The molecules were resistively
heated in individual Knudsen-cells, and the deposition rate for
each molecule was controlled by a separate quartz crystal
microbalance (QCM), calibrated using X-ray reflectivity
(XRR) measurements. All films have a nominal thickness of
80 nm and were deposited with a total growth rate of 6 A/min
on native silicon and quartz glass substrates, which were kept at
room temperature during growth. The mixing ratio of each film
was calculated in molar % of ADT. XRR measurements were
performed on a Ge XRD 3003TT instrument, and grazing
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments, on a Xeuss 2.0 (Xenocs) in-house instrument with a
Pilatus 300k detector, both using Cu K, radiation (4 = 1.541
A). Absorption spectra were recorded with a PerkinElmer
Lambda 950 UV—vis—NIR spectrometer. The steady-state PL
measurements were conducted with a pulsed laser diode LDH-
P-C-470 (Pico-Quant, Germany) of 470 nm wavelength, a
time-averaged power of 0.05 W, and a repetition rate of 40
MHz. Using a Plan-NEOFLUAR 65x/NA 0.75 air-objective
(Carl Zeiss AG, Germany), the laser pulses were focused on a
spot with a 30 ym diameter on the sample, yielding a fluence of
1.77 X 107* pJ/cm?®. As the detecting unit, an Acton SP300
spectrometer with a PIXIS 100 camera (both Princeton
Instruments, USA) was used.

Time-resolved photoluminescence measurements were
taken with a Hamamatsu C4334 Streakscope having a time
resolution of 20 ps and a spectral resolution of 2.5 nm. The
800 nm output of an 80 MHz Coherent Vitesse Ti:sapphire
oscillator was frequency doubled to generate the 400 nm
excitation pulse. A Pockels cell controlled by a ConOptics
pulse-picking system was used to adjust the repetition rate of
the oscillator to 100 kHz. A 450 nm long wave-pass filter was
placed before the streak camera to minimize the contribution
of laser light scatter to the signal. All measurements were
performed in a vacuum cryostat (107 Torr) fitted with optical
windows, and pulse fluences remained below 1.2 yJ/cm’.

B RESULTS AND DISCUSSION

The commercially available ADT used in our work contains
two isomers (anti-ADT and syn-ADT; see Figure la for
chemical structures). However, this does not significantly
impact our results as both isomers show similar structural and
optical properties as derived from X-ray diffraction experi-
ments”” and DFT calculations (see Table S1 in the Supporting
Information). Consequently, we do not expect differences in
the steric compatibility, the mixing behavior, or the
intermolecular interactions of the two ADT isomers with the
spacer molecules (TET and 6PH) studied here. Also, most
previous studies on optical and electronic properties of ADT
and its derivatives use a mixture of both isomers as well.">**~**
In the following we will thus refer to the isomerically mixed
material as ADT. The structural properties of the two mixed
systems (ADT:TET blends and ADT:6PH blends) are
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Figure 2. (a,b) Quasi-steady-state PL spectra of ADT:6PH (a) and ADT:TET blends (b) with different mixing ratios. The photon energy of the
excitation was 2.54 V. (c,d) Energetic shift of the RSL, the RSL at late times and the exciton peak position in ADT:6PH (c) and ADT:TET (d)
blends compared to the respective positions for neat ADT. The red and blue lines are guide to the eye for the peak shift of the exciton (blue) and
the RSL (red), respectively. (e) Energetic shift of the RSL against the shift of the free exciton emission for ADT:6PH and ADT:TET.

summarized in Figure 1b—d. For both a continuous change in
the out-of-plane lattice spacing is observed, suggesting
statistical intermixing45 (see Figures S1—S3 in the Supporting
Information for details), but there are clear differences in the
dependence of the in-plane unit cell parameters a and b on the
ADT concentration. While these parameters continuously
increase with decreasing ADT concentration in blends with
6PH, they remain constant in blends of ADT with TET. This
is consistent with statistical intermixing and with the fact that
the neat ADT and TET films have comparable in-plane unit
cell sizes, while it is clearly larger for neat 6PH (Figure lc,d).
Since the in-plane unit cell parameters describe the plane in
which the molecular interactions are strongest,46 any changes
in these parameters might affect the related intermolecular
electronic coupling'’~*” and, consequently, the photophysics.
However, by comparing two mixed systems with different
trends, we can estimate the impact of such structural changes
on the PL spectra and the underlying excited state dynamics.

The steady-state PL spectra of the different samples are
shown in Figure 2. The PL spectrum of neat ADT is
dominated by two transitions, one at 2.21 eV, which we assign
to emission of the free exciton based on the spectral shape and
the small Stokes shift of 70 meV (S; < S, in absorption at 2.28
eV; see Figure S4 in the Supporting Information). The second
emission peak occurs at 1.95 eV, red-shifted by AE = 260 meV
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compared to the first emission peak. This spacing is too large
for a vibronic progression of the free exciton, which we would
expect around AE 150 meV based on the vibronic
progression of the absorption spectrum (see Figure S4 in the
Supporting Information), and we thus assign it to the before-
mentioned RSL that has been observed also for other SF
Compounds.lo’l 1,13,14,16,20,30

Now considering the PL spectra of the blends, a first
interesting result is the independence of the spectral shape on
the codeposited compound and the dominant ADT con-
tribution as can be seen in Figure 2a,b. The blends with 5%
ADT are the exception, with a PL spectrum that resembles the
solution spectrum of ADT (Supporting Information, Figure
S7b) for blends with the high band gap spacer molecule 6PH,
and is dominated by TET emission in the case of ADT:TET
blends (see Supporting Information for details). In the
following, we will restrict the discussion to blends with ADT
concentrations above 5%. Comparing the positions of the two
main features in neat ADT with their positions in the PL
spectra of the blends (see Figure 2c—d), we observe a
continuous shift to higher photon energies with decreasing
ADT concentration in all cases, which can be explained by
changes in the polarizability of the local molecular environ-
ment in the blends compared to the neat film. The absolute
value of the shift follows the optical band gap of the spacer
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molecules and the related polarizability,*® since the observed
shift is larger in blends of ADT with the high band gap (low
polarizability) spacer molecule 6PH compared to the low band
gap (higher polarizability) spacer molecule TET. Further
comparing the shift of the free exciton emission and the RSL
for all blends, we find that the shift is more pronounced for the
latter (see trendlines in Figure 2c,d), implying that Xgpg is
more sensitive to changes in the polarizability of the
environment than the free exciton. This increased sensitivity
can be rationalized by a stronger charge transfer (CT) state
admixture,**>° which has been observed for excimers>"*' and
gives us first insight into the nature of Xgg. An additional
noteworthy finding is the decrease of the intensity of the RSL
relative to the free exciton emission with decreasing ADT
concentration. For processes which strongly depend on
interactions between neighboring molecules, like excimer
formation or triplet-pair state formation, such an intensity
decrease results from the replacement of nearest ADT
neighbors by TET as well as 6PH.”> Importantly, as the
probability for a given number of ADT neighbors follows a
binomial distribution®® and is thus independent of the
molecule (TET or 6PH) replacing ADT, this intensity
decrease is identical in ADT blends with TET or 6PH. To
summarize these first results, the coexistence of the RSL with
emission of the free exciton makes these ADT based blends an
ideal model system to investigate the origin of the RSL and its
impact on SF using TRPL measurements.

Time traces extracted at the energetic position of the free
exciton emission and the RSL are shown in Figure 3 and have
been analyzed by fitting to a biexponential decay (see Figure
4a,b and Table S2 in the Supporting Information for decay
rates and Supporting Information for details). In thin films the
free exciton emission decays generally faster than the RSL and,
in addition, exhibits a higher sensitivity to changes in the ADT
concentration. The rates of the free exciton decay decrease
linearly with decreasing ADT concentration independent of
the spacer molecule (see Figure 4a,b). This, in combination
with an increased decay rate of the free exciton emission of a
neat ADT thin film compared to ADT in solution (see Figure
3a) gives insight into the photophysics of ADT. In solution,
ADT exhibits a decay rate of 0.57 ns™!, while in the
polycrystalline solid state a new, much more rapid decay
process with a rate of about 42 ns™' appears. Furthermore, the
linear dependence of this decay rate on the ADT concentration
in blends demonstrates that two nearest neighbors are involved
in this rapid decay and that the increase in lateral spacing with
decreasing ADT concentration plays a minor role. On these
time scales, SF is the most probable candidate for this system,
also because SF has alreadzr been reported to occur in a variety
of ADT derivatives."**>*° Importantly, we can not only
conclude that SF is the main decay path of the free exciton, but
our results for ADT blends also allow us to elucidate its
microscopic mechanism. The linear dependence of the SF rate
on the chromophore concentration has been observed before
for TET and referred to as the replacement effect,’>’
indicating that SF occurs via incoherent population transfer
from S; to '(TT). The deviation from this linear dependence
found for TET blends with low ADT fractions can be
explained by the similar band gaps of ADT and TET, which
makes an excitation of solely ADT impossible and can also
enable an energy transfer from ADT to TET. Hence the
excited state dynamics of TET have to be considered for these
blends as well, which is done in the Supporting Information.
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Figure 3. (a) Time traces of the singlet exciton emission of ADT in
CHClI, solution and in a neat ADT film. (b,c) Time traces of the free
exciton emission in (b) ADT:TET and (c) ADT:6PH blends with
different ADT concentrations, (d) time traces of the RSL in
ADT:6PH blends with different ADT concentrations. ADT
concentrations of the blends are given in molar % in the legend.
The intensity is scaled logarithmically.

Since SF is mediated by states comparable to Xgg in ADT
derivates,"”*” the dynamics of the RSL also give insight into
the SF mechanism. The temporal evolution of the RSL
intensity (see Figure 3d and Figure SS in the Supporting
Information) allows us to conclude that Xy is formed on a
time scale faster than the instrument response (<10 ps) and,
furthermore, that population transfer from the exciton to Xgg,
can be excluded as the major decay channel for the free exciton
due to the lack of an increase in RSL intensity on the time scale
of the free exciton emission decay. Lastly, the intensity decay
of the RSL follows a similar trend with changing ADT
concentration as that observed for the free exciton (see Table
S2 in the Supporting Information for numeric values),
although less pronounced.

In order to shed further light on the decay dynamics, PL
spectra of the different ADT:6PH blends have been extracted
by integrating the intensity over two time windows. For the
first, short time window, a time interval between 0 and 2 ns
was chosen in which both the exciton emission and the RSL
are observed for blends with ADT concentrations above 5%.
The starting time for the second, longer time window was
chosen individually for each blend such that the decay of the
exciton emission was almost complete. A noteworthy result of
the comparison of the spectra in these two time windows is the
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Figure 4. (a,b) Evolution of the SF rate and RSL decay rate of ADT:6PH (a) and ADT:TET (b) blends. For SF based on incoherent population
transfer a linear behavior with changing ADT concentration is expected according to the replacement effect (r.e.) as sketched in the graphs. Note
that the decay rate for 5% ADT in (a) might be dominated by the decay of excitons on isolated ADT molecules and that the decay rate for 100%
ADT in (a,b) is close to the instrument resolution, which is 10 ps. (c,d) Time-integrated PL spectra of ADT:6PH blends in the time range (c) 0 to
2 ns and (d) >4 ns (100%, 75% ADT), >8 ns (50% ADT), >40 ns (25%, 5% ADT). Excitation at 400 nm, data noise filtered and vertically offset for

clarity. (e,f) Sketches of possible decay mechanisms.

shift of the RSL to lower energies with increasing time
(compare Figure 4c and Figure 4d). This points toward the
existence of energetically low-lying sites such as grain
boundaries where Xgpg is long—livedSl’54 and which are
populated via exciton diffusion, dominating the spectrum at
late times. Importantly, the simultaneous observation of
exciton emission and RSL at short times indicates that Xpg
can also be formed within crystalline domains of the
polycrystalline mixed films, i.e., is not unique to defect sites.
However, the low-lying defect sites provide an additional decay
channel via exciton diffusion, leading to the observed red shift
of the RSL. This interpretation is supported by Figure 2c,
where the change in peak positions of the RSL in the late time
window with changing ADT concentration is also shown. We
find the same trend as in the steady state PL data, suggesting
that Xpg exhibits the same sensitivity on changes in the
polarizability of the local molecular environment, independent
of the time window, and, thus, also a high CT admixture,
indicating that it is the same state in both time windows.
Based on these results and in particular considering the
different response of the two decay channels (exciton vs RSL)
to changes in the polarizability, we can now discuss the nature
of Xgpg and its role in the SF of ADT. The most important
result is its dependence on the polarizability of the local
molecular environment, for which we use the change in the
energy of the free exciton emission as a measure. When Figure
2c and d are compared, clearly, both the free exciton emission

6690

and the RSL follow similar trends with decreasing ADT
concentration and changes in the band gap of the codeposited
compound. As discussed before, the main reason for the shift
in energy of the exciton emission is a change in the
polarizability of the local molecular environment, and the
same reasoning has also been applied to the shift in RSL
energy. However, plotting both shifts against each other gives
interesting insight into the above-mentioned CT state
admixture to Xgg.?" It allows us now to elucidate the
nature of Xpg; and, in particular, to distinguish between an
excimer and the triplet-pair state ('(TT)) as possible origins.
The former is expected to be highly sensitive to changes in
polarizability due to a large CT admixture.” Consequently, the
corresponding shift in the energetic position of the excimer
emission with changing mixing ratio (and, thus, changing
polarizability of the local molecular environment) should be
larger than that of the free exciton emission and the slope in
Figure 2e becomes >1. For the second case, in order to
understand the sensitivity of the '(TT) state to changes in the
polarizability, the exact nature of this state has to be discussed
first. The '(TT) state consists of not only two triplets but also
a small admixture of other states, for example of the CT
state,”>° making the sensitivity of the '(TT) state to changes
in the polarizability slightly higher than that of uncorrelated
triplets.”’ However, the admixture of these states can be
considered small for several reasons. From a theoretical
standpoint, calculations on pentacene®”*® and tetracene
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only showed a small admixture of these states to the '(TT)
state and since SF is occurring via the coherent mechanism in
pentacene,52 while, in contrast, we showed that in ADT the
incoherent SF mechanism is driving SF, it can be expected that
the admixture of these states is even smaller in ADT than in
pentacene.”’ Additionally, from an experimental viewpoint, a
large admixture of such states to '(TT) would make the '(TT)
state visible in absorption and photoluminescence spectrosco-
py without the need for Herzberg—Teller coupling,55 which,
however, contrasts with our results. Also, a large admixture
would result in a high binding energy between the two triplets
in the '(TT) state, which would result in clear differences of
the excited state absorption fingerprints between '(TT) and
uncorrelated triplets. However, previous studies on comparable
singlet fission chromophores revealed that it is generally very
challenging to find spectroscopic differences between these
two.'” For such states like '(TT), which have a dominant
triplet pair contribution and only a small CT state admixture,
the energetic position of the corresponding emission is
expected to be more stable upon changes in the polarizability
of the local molecular environment due to a stronger
localization of the corresponding excitation. Hence, if Xpg
was of '(TT) nature, a slope <1 would be expected in Figure
2e. Clearly, the slope in Figure 2e is larger than 1,
unambiguously demonstrating that Xg, the state related to
this RSL, has a large CT state admixture and, thus, is of
excimeric rather than of '(TT) character.

Now, after Xgg; was identified as an excimer, the remaining
question is whether it mediates SF or is a loss channel. We can
rule out the excimer as the mediating species based on the lack
of a concomitant increase of excimer luminescence on the time
scale of the exciton decay (see Figure 3c,d). Instead, two
scenarios for the interrelation of excimer formation and SF are
proposed (see Figure 4e,f). In the first scenario photoexcitation
leads to a nonrelaxed S; state, from where either ultrafast
exciton relaxation to the free exciton band, followed by SF, or
excimer formation can occur (Figure 4¢). The second scenario
assumes that excimer formation is facilitated at trap sites such
as grain boundaries, while for the other sites SF is the
dominant decay channel (Figure 4f). Since pronounced
excimer emission is also observed in single crystals (see
Supporting Information, Figure S7), despite the lack of grain
boundaries and presumably a lower density of trap sites, the
scenario in Figure 4e is favored. Importantly, neither the
formation nor the decay of this excimer directly affects the SF
process, suggesting neither a direct competition between SF
and excimer formation nor a mediation of SF by the excimer
state in ADT, but instead the coexistence of two parallel
channels at room temperature.

B CONCLUSIONS

In conclusion, ADT blends with weakly interacting spacer
molecules are a promising approach to clarify the origin of RSL
features in PL spectra of SF materials. They allow us to clearly
distinguish contributions from excimer and triplet-pair state
emission based on their different response to changes in the
polarizability of the local molecular environment and, thus,
shed light on a current debate about the role of emissive states
in molecular systems that undergo SF. Generally, this approach
can be used to clarify the nature of RSL states in a variety of
chromophores.
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