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Long-range exciton transport in brightly fluorescent
furan/phenylene co-oligomer crystals

Design of materials combining bright luminescence and

charge transport is one of the strategic challenges in organic
optoelectronics. Extremely light doping of organic crystals

with highly fluorescent molecules enhances the luminescence
provided the exciton diffusion length is long enough to reach
the dopant and have the exciton energy transferred to the
dopant. We present a comprehensive study of singlet exciton
diffusion in a brightly luminescent doped semiconductor crystal.
The high potential of this material is demonstrated by fabricating
solution-processed organic light-emitting transistors.
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The design of light-emitting crystalline organic semiconductors for optoelectronic applications requires
a thorough understanding of the singlet exciton transport process. In this study, we show that
the singlet exciton diffusion length in a promising semiconductor crystal based on furan/phenylene
co-oligomers is 24 nm. To achieve this, we employed the photoluminescence quenching technique using

Received 20th August 2018, a specially synthesized quencher, which is a long furan/phenylene co-oligomer that was facilely implanted

Accepted 15th October 2018 into the host crystal lattice. Extensive Monte-Carlo simulations, exciton—exciton annihilation experiments
and numerical modelling fully supported our findings. We further demonstrated the high potential of the

furan/phenylene co-oligomer crystals for light-emitting applications by fabricating solution-processed
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1. Introduction

Organic highly luminescent semiconductor materials form the
basis for modern organic electroluminescent devices such as
light-emitting diodes and in future, light-emitting transistors
and injection lasers."” The most attractive organic opto-
electronic materials combine high luminescence with efficient
charge transport.®* > Along with the charge transport, exciton
diffusion is an important fundamental process controlling the

“Optical Condensed Matter Physics Group, Zernike Institute for Advanced
Materials, Rijksuniversiteit Groningen, Nijenborgh 4, Groningen 9747 AG,
The Netherlands. E-mail: m.s.pchenitchnikov@rug.nl
b Faculty of Physics & International Laser Center, Lomonosov Moscow State
University, Leninskie Gory 1/62, Moscow 119991, Russia.
E-mail: paras@physics.msu.ru
“N. N. Vorozhtsov Novosibirsk Institute of Organic Chemistry, Lavrentieva 9,
Novosibirsk, 630090, Russia. E-mail: maximkazantsev1988@gmail.com
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t Electronic supplementary information (ESI) available: FP8 synthesis and char-
acterizations; NMR, IR and HRMS spectra of synthesized compounds; optical
spectra of FP8, raw and purified FP5; Forster radius calculations; microscope
images of FP5 single crystals; photothermal deflection spectroscopy data; tran-
sient red-shifts of mean PL energy; thermal analysis; molecular dynamics
simulations of FP8 in FP5 single crystal structure; distributions of the energy
transport length; calculations of the mean distance between the excitons; steady-
state PL spectra in doped crystals; charge transport investigations in doped single
crystals; fabrication of organic light-emitting transistors and their investigations.
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performance of organic light-emitting and photovoltaic devices.
For instance, in bulk heterojunction photovoltaic devices, photo-
generated excitons diffuse to a heterojunction interface in order
to dissociate into free charge carriers, which are electrons
and holes.”® ™ An efficient approach to control and enhance
luminescence in modern organic light-emitting devices—material
doping by highly fluorescent molecules'®*®*—relies on exciton
diffusion to provide energy transport from the host crystal to the
dopant molecule. Higher dopant concentrations generally lead
to the enhancement of host-dopant energy transfer,'*" while
low doping levels are required for retaining high charge carrier
mobility.>*>* Long-range exciton diffusion in minimally doped
organic semiconductors materials paves the way for resolving
these mutually exclusive requirements to achieve widely tunable
fluorescent properties.'”

Heteroaryl-containing co-oligomers®®*® have demonstrated
high potential for use in organic optoelectronics because they
exhibit a unique combination of efficient charge transport and
high fluorescence efficiency. Particularly, a furan/phenylene
co-oligomer, 1,4-bis(5-phenylfuran-2-yl)benzene (hereafter FP5),
was recently demonstrated to possess higher solubility, larger
charge carrier mobility and higher fluorescence efficiency com-
pared with those of its thiophene analogue.”® Furthermore,
organic light-emitting transistors (OLETSs) based on single crystal
vapor-grown from furan-incorporated thiophene/phenylene
oligomers have recently been reported.’ All these studies have
placed the exciton transport in FP5 single crystals into the
research spotlight as an important mediator between a photon

This journal is © The Royal Society of Chemistry 2019


http://orcid.org/0000-0002-3655-2806
http://orcid.org/0000-0002-2869-1777
http://orcid.org/0000-0002-4871-0605
http://orcid.org/0000-0003-3643-5391
http://orcid.org/0000-0002-9156-0657
http://crossmark.crossref.org/dialog/?doi=10.1039/c8tc04151b&domain=pdf&date_stamp=2018-11-05
http://rsc.li/materials-c
http://dx.doi.org/10.1039/c8tc04151b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC007001

Published on 22 October 2018. Downloaded on 2/12/2019 8:20:55 AM.

Paper

absorbed by the host crystal and a photon emitted by the
embedded dopants.

In this study, we determined the exciton diffusion length
in furan/phenylene co-oligomer FP5 single crystals by time-
resolved volume photoluminescence (PL) quenching. As a
quencher, we synthesized a novel highly fluorescent molecule,
5,5’-bis(4-(5-phenylfuran-2-yl)phenyl)-2,2'-bifuran (FP8), which
easily embedded into the host crystal lattice and provided
efficient host-quencher Forster energy transfer. Experimental
PL transients and the spectral red shift at different quencher
concentrations were successfully modelled by Monte Carlo
(MC) simulations, from which the exciton diffusion length of
24 £+ 4 nm was obtained. This value agrees well with the results
obtained from exciton-exciton annihilation experiments. A high
potential of doped FP5 single crystals for use in optoelectronics
was demonstrated by their efficient charge transport and func-
tionality in solution-processed OLETS.

2. Experimental
2.1. FP5 synthesis and purification

The FP5 raw sample was synthesized as described in ref. 27 and
purified by a single vacuum sublimation stage (for details see
ESL 1 Sections S1-S3). For further purification of the raw FP5
sample, two sequential physical vapor transport (PVT) stages
were used. The raw powder was sublimed at a temperature
of ~310 °C in a stream (~100 sccm) of high purity helium
in a 13 mme-internal diameter glass tube with a temperature
gradient.”® The most distant fraction (presumably the lowest-
weight) from the source material was separated and used for
the second PVT step, which resulted in purified FP5 powder.

2.2. Steady-state optical spectroscopy

UV/Vis spectra of the furan/phenylene co-oligomers in diluted
THF solutions (10> M) were recorded on a Varian Cary 5000
UV-Vis-NIR spectrophotometer using a 1 cm-thick quartz cuvette.
PL spectra were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer in a 1 cm-thick quartz cuvette. The PL QY in
diluted (10~® M) THF solution was measured according to a
standard procedure: a diluted solution (10~ ° M) of perylene in
cyclohexane (PL QY = 0.94) was used as the reference standard.”®
The steady-state PL spectra and QY of the FP5 single crystals were
measured using an integrating sphere (Newport 819C-SL-3.3) opti-
cally coupled to a Raman microscope (InVia, Renishaw) at the
excitation wavelength of 405 nm (see ref. 26 for technical details).

2.3. Crystal growth

For crystal growth, the solvent-antisolvent method was used:*°
the purified FP5 was dissolved (0.8 g L") in toluene solution
of FP8, with the molar ratio of added FP8 corresponding to
the target values of 0-0.1% with respect to FP5. The obtained
solution was placed in a closed vessel containing isopropanol
for 3 days. To grow the purest reference host crystal from the
purified FP5 powder, the PVT method (using helium stream of
~4 sccm and temperature of 225 °C at atmospheric pressure)

This journal is © The Royal Society of Chemistry 2019
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with a pre-evacuation of the tube down to 5 x 10> Torr was used
to minimize the occurrence of possible oxidation processes.

2.4. Time-resolved photoluminescence

Spectroscopic studies were performed on the individually grown
crystals, as described in Section 2.3. Time-resolved PL was
recorded using a streak camera (C5680, Hamamatsu) combined
with a polychromator. The excitation pulses were generated by
the doubled output of a Ti:sapphire laser (Coherent Mira); the
central wavelength was set at 375 nm to achieve efficient PL
excitation of the FP5 single crystal (Fig. S9, ESI, details available
in ref. 31). Time-resolved PL spectra of the crystals at room
temperature were collected using an inverted microscope (Zeiss
Axiovert 100) with a 10x, NA = 0.25 objective. The laser beam
was defocused to a diameter of ~15 pm at the crystal surface to
avoid possible photon bleaching and exciton annihilation in the
samples (for details, see ESI,¥ Section S18). In all cases, the
apparatus response was ~20 ps (Gaussian sd width).

2.5. Monte-Carlo simulations

Monte-Carlo (MC) simulations were performed as a random
walk of excitons in a 3D cubic crystal grid with a subsequent
Forster resonant energy transfer (FRET) to the quenchers; the
details are reported in ref. 21. The exciton-exciton annihilation
process is modelled as follows: if the distance between two
excitons becomes shorter than the exciton annihilation radius,
one of the excitons immediately disappears (annihilates).

2.6. OLET

Organic light-emitting transistor (OLET) samples in the top-
contact bottom gate architecture were prepared on n-doped
Si/SiO, substrates used as gate electrodes/dielectrics. Ultrathin
crystals grown on the substrate (as described in ref. 32) from
raw FP5 powder dissolved in ortho-dichlorobenzene (DCB)
were used as the OLET active layer. As reference active layers,
vacuum-deposited thin films and PVT single crystals grown
from purified FP5 were used. Asymmetric Ca/Au contacts were
thermally evaporated on the top of the active layer through a
shadow mask. Further details of OLET preparation and char-
acterization are given in ESI,} Section S25.

3. Results and discussion
3.1. Choice of quenching technique and quencher molecule

PL quenching-based techniques are among the most common
spectroscopic methods for obtaining exciton diffusion length.'>?*3*
In these techniques, molecular quenchers are added to the material
at different concentrations and the resulting dependence of either
time-resolved PL or PL QY (or both) on the average inter-quencher
distance allows for the determination of the exciton diffusion
length. For the volume PL quenching, a prospective quencher
should: (i) be readily embedded into the host crystal with minimal
distortions of the crystal structure, and (ii) provide efficient
quenching of the host excitons via processes such as FRET.
Efficient PL from the quencher is a convenient addition as it

J. Mater. Chem. C, 2019, 7, 60-68 | 61
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Fig. 1 (a) Molecular structure of FP5 and FP8. (b) FP5 (host) PL spectrum
(red) and FP8 (quencher) extinction spectrum (blue) in THF solutions.
The grey area represents the product of the PL spectrum of the host

and absorption spectrum of the quencher required for FRET estimations
(ESI, 1 Section S4).

allows the matching of the accelerating decay of host PL with
the delayed quencher PL.2%?* Earlier we speculated® that such
a prosperous quencher, FP§ (structure shown in Fig. 1a), would
be a self-dopant of FP5, i.e., a by-product emerging in minute
amounts at the last step of the FP5 synthesis (Suzuki cross-
coupling reaction, ESL{ Sections S1-S3). FP8—longer than FP5
linear m-conjugated molecule—should have a red-shifted absorption
spectrum, which is beneficial for efficient FRET from FP5 to FP8.
Moreover, as FP8 and FP5 have similar molecular structures with
alternating furan and phenylene rings, FP8 might co-crystallize
with FP5, resulting in homogeneously doped FP5 single crystals
so that the quencher is dispersed in the host crystal at the
molecular level. For these reasons, we decided to focus our
attention to FP8 as a promising quencher of FP5 PL.

3.2. Optical properties of host and quencher molecules

FP8 was synthesized in a separate experiment by a combination
of an oxidative homocoupling reaction followed by borylation
and Suzuki cross-coupling (for the detailed synthesis proce-
dures see ESI,T Sections S1-S3).

To reveal the potential of FP8 as a suitable quencher, we
recorded optical absorption of FP8 and the PL spectra of FP5 in
diluted solutions (Fig. 1b). Substantial spectral overlap of
the two spectra provides a good indication that FRET might
potentially occur between the host excitons in FP5 single crystal
and FP8 quenchers. From the spectral overlap of FP5 and FP8
in diluted solution, the Forster radius in the crystal was
estimated as 4.9 + 0.5 nm (ESI,T Section S4).

62 | J Mater. Chem. C, 2019, 7, 60-68
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3.3. Doping of the host single crystals

Raw FP5 material was self-doped with FP8 at a concentration of
~0.2%, as measured by PL spectroscopy. To obtain this value,
the raw FP5 powder was dissolved in CH,Cl, (10~* M), and the
PL spectrum of the solution was recorded under excitation at
460 nm (ESLt Section S5). The concentration of FP8 was then
directly obtained from its molar extinction, UV and PL spectra
measured in CH,Cl, (107° M).

The residual FP8 concentration in the purified FP5 powder
(Experimental, Section 2.1) was estimated to be lower than
0.002% (i.e., 20 ppm). This value was obtained from the
minimum intensity of the FP8 PL that could still be clearly
distinguished from the background FP5 PL (ESI,} Section S5).

We used the purified FP5 powder to grow doped FP5
single crystals by adding FP8 in the prescribed molar ratio
(Experimental, Section 2.3). The microscopic images of the
individual FP5 single crystals studied are shown in ESLf
Section S6. As the lowest controlled quencher concentration
was dictated by the presence of minute (<0.002%) self-dopant
content (presumably FP8), the lowest concentration of inten-
tional doping with FP8 was set as 0.01%.

To evaluate whether the FP8 concentration in the crystals
corresponds to the intended value (i.e. the one in the parent
solution), we used photothermal deflection spectroscopy (PDS)
(ESL{ Section S7). The doping level directly measured in the
individual crystals depended linearly on the intended FP8
concentration (Fig. S12, ESL inset). The one-to-one correspon-
dence between the doping levels in the doped source material
and the crystals solution-grown from this material, is in line
with the previous report on molecularly self-doped thiophene/
phenylene co-oligomer single crystals.”" The PDS data also show
that the self-doping level in the purified crystals (ie., the
solution-grown crystals from the purified FP5) was below the
PDS detection sensitivity (~0.01%). Time-resolved PL spectro-
scopy combined with MC simulations (ESI,T Section S8) revealed
that the purified crystals are self-doped with FP8 in a concen-
tration of ~0.002% (assuming only FP8 as the self-dopant),
which is in accordance with the PL data.

For accurate determination of the exciton diffusion length in
the FP5 single crystal we needed a reference crystal that is purer
than the purified crystals. This was achieved by growing FP5
single crystals from the purified FP5 powder by the PVT method,
as described in the Experimental Section 2.3, and referred
below as a PVT crystal. An estimate based on time-resolved
PL data and MC simulations yielded the self-doping level of
<10 ppm (ESL, Section S8).

To demonstrate smooth embedding of FP8 molecules into the
FP5 host matrix, X-ray measurements were performed on the
single crystals solution-grown from the purified FP5 and 0.1%
doped FP5. The crystal lattice parameters of both crystals appeared
to be identical; the parameters also corroborate the previously
published data on FP5 single crystal structure.>® Moreover,
differential scanning calorimetry demonstrated a single phase
in both purified and in 0.1% doped FP5 (ESL Section S9).
Finally, molecular dynamics simulations (ESIL{ Section S10)

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8tc04151b

Published on 22 October 2018. Downloaded on 2/12/2019 8:20:55 AM.

Paper
Wavelength (nm)
a) 600 _ 550 500 450
- PVT crystal
s L
5
xe)
3
=
n
c
]
£
-
o
1 1 1 1 | 1

20 22 24 26 238 3.0
Energy (eV)

Wavelength (nm
500g ( )4

b) 6% 550 50
- 0.1% doped
__10p
g’ L
_E- 0.8+
5 f
z 0.6
w -
(=
9 04r \
e |
— {
n 0.2+ Lk
2 L
0.0 :%;#_J___u___\ ______ |___|__'2\¥vm"<|~ i
2.0 22 24 26 2.8 3.0

Energy (eV)

Fig. 2 PL spectra of the PVT (a) and 0.1% doped (b) FP5 single crystals
obtained from time-integrated PL data over the 0—0.05 ns (blue line) and
2-10 ns (red line) time windows. Cyan and orange dashed lines in panels (a
and b) represent a four- and three-Gaussians fit, respectively, to the
experimental spectra.

demonstrated that two head-to-tail host molecules in the FP5
single crystal structure can be substituted by a single FP8

View Article Online
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molecule. This substitution results mainly in small torsional/
bending deformations and adjustments in positions of FP8,
whereas the adjacent host conjugated cores maintain their
original positions. The time- and polarization-resolved PL data
(ESLt Section S11) are fully consistent with these conclusions.
All these data support our idea that the FP8 molecules are
molecularly dispersed in the FP5 single crystal matrix without
any noticeable distortion of the FP5 single crystal structure.
Fig. 2 shows time-resolved PL spectra of the PVT and
0.1%-doped FP5 single crystals at short and long time windows.
The PVT-crystal spectrum almost does not change with time
(Fig. 2a). In contrast, PL of the 0.1%-doped crystals experiences a
considerable spectral shift (Fig. 2b) from a spectrum similar to
that of the PVT crystal after the short time window to an entirely
different spectrum after a long time window. Our working
hypothesis is that the excitation energy is transferred from the
host lattice to the quencher material via FRET. Therefore, we
assigned the short-time PVT PL spectrum to the host and the
long-time 0.1%-doped crystal PL spectrum to the quencher.

3.4. Host PL quenching

Fig. 2 shows that the host and quencher spectra strongly
overlap (especially at the red flank), which indicates that
the PL transients bear both host and quencher contributions.
To factorize their shares, we performed a decomposition of the
PL maps for each doped crystal into a linear combination
of the PVT and quencher spectra at each delay time (ESL¥
Section S13). The reconstructed maps (Fig. S20, ESIT) fully
reproduce the experimental maps, which corroborates our
hypothesis of the host-dopant energy transfer.

Fig. 3 shows the contributions by the host (a) and quencher
(b) PL obtained from the decomposition of the PL maps as
functions of time delay for variously doped FP5 single crystals.
Decay of the host PL accelerates from ~2.9 to ~0.25 ns with
the increase in doping (Fig. 4). Subsequently, the quencher
PL acquires a raising component, whose rise time shortens
from 0.45 to 0.25 ns. Shortening of the decay times of the
host PL transients and the corresponding rise in the quencher

a) . . Hqst PIT . . b) . . Quelncheyr PL . .
g 10 PVTcrystal 1 ¢ 10f .
=] D

£ 4 £ 4

& b &

20.1 20.1

(72} [72])
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| o |
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2 3 4
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2 3
Delay time (ns)

Fig. 3 Experimental (dots) and MC simulated (lines) PL transients for the variously doped FP5 single crystals. The experimental PL transients were
extracted from decomposition of the PL maps into the host (a) and quencher (b) PL reference spectra (cyan and orange dashed lines in Fig. 2a and b,
respectively). Each PL transient is re-scaled by a factor of 4 with respect to the previous one. Dashed lines indicate the 5 x 10~ level with respect to the
corresponding maximum of the PL transient. Quencher concentrations are shown next to the respected transients.
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Fig. 4 Characteristic PL times for variously doped FP5 single crystals. The
decay times (the fastest times in the case of the biexponential behaviour,
ie., for the host PL transient of the 0.1% crystal) of exponential fits
from Fig. 3a are depicted as the blue dots, while the decay and rise times
of bi-exponential fits from Fig. 3b are shown as the green and red dots,
respectively. The vertical bars indicate the uncertainty margins of the
exponential fits. The upper axis shows the mean distance between
quenchers in the host crystal (for details see ESI, T Section S14).

PL transients with doping are fully consistent with the donor-
acceptor energy transfer from the host to quenchers within the
crystals. Furthermore, the crystals with doping higher than 0.01%
demonstrate similar quencher PL decay times of 1.4 £+ 0.2 ns,
which are considerably shorter than that of the PVT crystal
(2.9 + 0.2 ns), and are therefore attributed to the PL lifetime of
the quencher. This result is also in line with the transient red-
shifts of PL mean energy, ie., the energy transfer dynamics
from the host to the quenchers (ESI,} Section S8).

The characteristic times obtained from mono- or bi-exponential
fits of the experimental PL transients are summarized in Fig. 4. The
host PL decay time (blue dots) shortens with the increase in
quencher concentration, which is consistent with the cross-over
regime from unquenched (lifetime of 2.9 + 0.2 ns) to strongly
quenched host PL. At high doping levels, the host PL decay time
(blue dots) approaches the quencher PL rise times (red dots) because
PL quenching begins to fully determine the host excitation lifetime.
The quencher PL decay (green dots) levels off with the increase in
doping level, which reflects the dominance of the quencher PL.

3.5. Exciton diffusion length

The host and quencher PL transients obtained from Monte
Carlo (MC) simulations are shown in Fig. 3 as solid lines. The
simulated and experimental PL transients are in excellent
agreement (for the MC parameters, see ESI,f Section S14).
The exciton diffusion length amounts to L, = 24 £ 4 nm, as
directly calculated from the distributions of exciton diffusion
lengths (ESI,¥ Section S15). This value corresponds to the
exciton diffusion coefficient of D = Lp*/t = 2.5 x 107° em? s 7,

where 7 = 2.9 ns is the exciton lifetime. It should be noted
that a commonly-used relationship, Lp = ly\/T/thop ="

64 | J Mater. Chem. C, 2019, 7, 60-68
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(where I, = 0.77 nm is the unit cell size in the model, and tp,, =
1.5 ps is the exciton hopping time), yields the exciton diffusion
length of ~35 nm, i.e., it overestimates the diffusion length by
a factor of 1.5.%° Diffusion lengths for the doped crystals
calculated from the host exciton lifetime (Fig. 4) were also
systematically overestimated (ESLf Section S16). To mitigate
this problem, the exciton lifetimes should be taken at the
~0.62 level rather than at the conventional e ' = 0.37 level.

Singlet exciton diffusion amongst molecules or polymer
conjugated segments is controlled by either dipole-dipole or
Dexter energy transfers.>>* Typically, Ly, is longer for systems
with well-ordered tight molecular packing with low energetic
disorder.**?” For single crystals, a large spread of Ly, ranging
from 2.5 to 60 nm for singlet excitons were reported, ®*”73°
with the maximum value reported for anthracene. (for the list
of the singlet exciton diffusion lengths in organic crystals see
ESL T Section S17). It should be noted that ultrafast singlet-to-
triplet conversion in anthracene'®*** challenges the designation
of this value solely due to singlet exciton diffusion. Therefore,
the exciton diffusion length in the FP5 single crystal lies at the
longest end of the distribution of exciton diffusion lengths for
organic semiconductor single crystals and competes with those
reported for well-studied single crystals such as naphthalene,
anthracene, and tetracene. One particular argument for
explaining the long exciton diffusion length in an FP5 single
crystal is its intrinsically high torsional rigidity, which results in
a significantly lower reorganization energy for exciton transfer
as compared with that of its thiophene analogue.****

3.6. Exciton-exciton annihilation

A complementary method to study exciton diffusion is exciton-
exciton annihilation."*>*® This technique is based on creating
a high exciton density such that the probability of two
diffusing excitons of colliding after some time is not negligible.
If such an event occurs, a double-excited electronic state is
formed that quickly relaxes back to the single-exciton state. As a
result, one exciton is lost for PL (typically via non-radiative
channels) and therefore, PL decay accelerates. The exciton
annihilation approach does not require any PL quenchers.
However, it necessitates the exact knowledge of the exciton
density (i.e. the light power, excitation profile, and material
absorption), which becomes the main source of (systematic)
uncertainty in such experiments.

Experimental PL transients in FP5 single crystals for the
excitation flux varying in the range of 0.5-50 uJ cm 2 (for the
excitation flux estimation see ESI,T Section S18) are shown in
Fig. 5a. With an increase in the excitation flux, the PL transient
decay times increase, which is ascribed to exciton-exciton
annihilation. The share of annihilated excitons is shown in
Fig. 5b as a function of initial mean exciton-exciton distance.
The share is calculated as a maximal PL yield (ie., the
time integral over the PL transient) without annihilation
(i.e. at 0.5 pJ cm ™2 flux) minus the PL yield at a given intensity,
with the difference normalized to the maximal PL yield. At the
strongest excitation flux, the share of annihilated excitons
becomes as high as ~20%.
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Fig. 5 Experimental PL transients (a) and the share of annihilated excitons (b) under various excitation fluxes in the PVT crystal. The lines in panel
(a) resulted from a global fit to eqn (1). The details of calculation of the exciton density and the mean distance between the excitons are given in ESI,
Section S19. The thin lines in panel b show the results of the Monte-Carlo simulations. The shaded area in (b) shows the Lp uncertainty region.

It is not straightforward to calculate the exciton diffusion
length directly from Fig. 5b as exciton-exciton annihilation,
being a bimolecular process, depends nonlinearly on the
exciton population. Therefore, the experimental PL transients
at different excitation intensities shown in Fig. 5a were globally
fit to the solution of the kinetic rate equation:***’

n(t) =e )1 + ngyr(1 — e 1Y), 1)

where n(t) is the time-dependent exciton concentration,
ne is the initial exciton concentration (ESL{ Section S$19),
7 = 4n-R,-Lp*/t is the singlet annihilation rate, and R, is the
annihilation radius. The annihilation rate was found to be
y=1.6 x 10~° em® s, which is a factor of three lower than the
singlet annihilation rate in tetracene crystals (5 x 10~° cm® s~ ')*®
and a factor of six lower than that in anthracene crystals
(107® em?® s7").* For the value of the annihilation radius, we
followed ref. 48 where the singlet annihilation radius was taken
as an average exciton hopping distance, i.e., R, = 0.77 nm for
the FP5 single crystal. More accurate values could potentially
be obtained from y®-based spectroscopy.’® Thus, the exciton
diffusion length was calculated as 23 4+ 5 nm, which matched
very well with the value derived from the volume PL quenching
technique.

Alternatively, the diffusion length can be readily obtained
from MC simulations in which the exciton-exciton annihilation
was incorporated (see ESILt Section 520). According the diffusion
length distribution (ESI,T Fig. S26), the average diffusion length
was obtained as Ly, = 23 &+ 5 nm, which was consistent with the
value obtained using the analytical approach.

3.7. Doped crystals: PL, charge transport, and OLET

Fig. 6a shows a plot of the exciton diffusion length, Ly, as a
function of doping level. Long exciton diffusion in a FP5 single
crystal provides efficient energy transport from the host crystal
to the quenchers. For example, more than half of the host
excitons transfer their energy to the quenchers even at a minute

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Exciton diffusion length as derived from MC simulations (black)
and OFET charge mobility (olive), (b) PL QY (black) and PL mean wave-
length position (red) in variously doped FP5 single crystals (for steady-state
PL spectra, see ESI,i Section S22).

doping of 0.01%, and more than 90% of the host excitons are
transferred at a doping level of 0.1% (ESI,} Section S21). Fig. 6b
demonstrates that the PL QY of FP5 single crystals increases
from ~50% to ~75% with doping. The exciton energy trapped
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by FP8 is efficiently reemitted due to the high PL QY of FP8.
This allows designing of a material with tunable and bright PL
of over ~40 nm (Fig. 6b).

An important issue is whether the molecular(self) doping
affects the charge mobility as it is of the utmost importance for
light-emitting devices, such as OLET. Fig. 6a demonstrates the
effect of doping on the charge mobility of FP5 single crystals
studied for organic field-effect transistors (OFETs, for details,
see ESI,T Section $23). With an increase in the doping level up
to 0.1%, the hole mobility decreases by a factor of ~ 3, while the
modulus of the threshold voltage in the solution-grown crystals
decreases by a factor of two with doping. In OFETs, the thresh-
old voltage is influenced by the density of deep traps, whereas
according to the multiple trap and release model, the shallow
traps control the charge mobility.>* Self-doped solution-grown
FP5 single crystals were previously reported to have molecularly
flat surfaces.”® Thus, taking into account that the energy of the
FP8 highest molecular orbital (HOMO) is higher than that of
the FP5 host (ESI,T Section S24), we attribute the deterioration
of the charge transport properties of the doped crystals to
the dopant-induced deep and shallow traps in the transistor
channel, as previously reported for molecular self-doped
thiophene/phenylene co-oligomer single crystals.”* The differ-
ence in the bandgaps of the host and dopant clearly explains the
correlation between the decrease in both the charge mobility and
the exciton diffusion length with doping (Fig. 6a). Importantly,
as shown in Fig. 6b, the PL QY reaches a maximum at a doping
of 0.025%, for which the detrimental effects of doping on charge
transport is still considered to be insignificant. Such a moderate
effect of doping on the charge transport is in line with that
described for previously reported thiophene/phenylene co-oligomer
single crystals.”!

Although furan-containing oligomers appear promising
for electroluminescent applications, reports on OLET devices
based on these oligomers are rare, possibly because of the
known hurdles for achieving effective electron transport in
furan-containing oligomers.”" Oniwa et al. fabricated an OLET
based on single crystals vapor-grown from a furan-incorporated
thiophene/phenylene co-oligomer.® Herein, we demonstrated
the first OLET fabricated using a solution-processed active layer
based on a furan-containing oligomer. As reference devices, we
fabricated OLET samples with the active layers grown from the
vapor phase, namely, vacuum-deposited thin films and PVT
single-crystals.

Fig. 7a shows an image of a functioning OLET based on self-
doped FP5 single crystals (0.2% doping level), which were
grown from a solution of the raw FP5 material directly onto
the substrate. The OLET demonstrates unipolar hole transport
with light emission observed close to the electron-injecting
electrode (Ca, for details, see ESIL,T Section S25). OLET devices
based on self-doped and purified crystals showed a similar
performance, which was presumably limited by the contact
effects. The reference devices also showed light emission near
the electron-injecting electrode and unipolar hole transport
(ESL T Section S25), with slightly better OLET performance than
that of the solution-grown active layers.
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Fig. 7 (a) Image of a functioning OLET device based on self-doped
solution-grown FP5 single crystals. The image is an overlay of two separate
images captured with the backlight (black-and-white) and in the dark
(blue) during measuring transfer characteristics (for the separate images,
see Fig. S32—-S34, ESIT). Light emission (blue colour) originates from the
crystals (marked by the red ovals) that are located between the electrodes
(vertical stripes). The cones extending from the left and the right are the
probes. (b) Microscopy images of the crystals captured in the differential
interference contrast mode are shown in panel (b).

4. Conclusions

In conclusion, we measured the singlet exciton diffusion length
in 1,4-bis(5-phenylfuran-2-yl)benzene (FP5) single crystals and
demonstrated the potential of FP5 in light-emitting applications.
We identified a suitable quencher molecule, furan-phenylene 5,5’-
bis(4-(5-phenylfuran-2-yl)phenyl)-2,2-bifuran (FP8), synthesized it
separately and demonstrated its facile embedding into the FP5
structure. High-quality FP5 single crystals doped with FP8 up to
0.1% were grown. Using ultrafast PL spectroscopy combined with
Monte Carlo simulations, we determined the singlet exciton diffu-
sion length in FP5 single crystal to be as high as 24 & 4 nm, which
is among the highest values for organic semiconductor crystals.
This result was independently verified through exciton-exciton
annihilation experiments. Remarkably, the long exciton diffusion
length allowed the harvesting of majority of the excitons on
dopants at doping levels of 10 s of ppm, thus enabling the
minimization of the detrimental effect of the dopants on charge
transport. Finally, we fabricated solution-processed organic light-
emitting transistors based on FP5 single crystals molecularly
doped with FP8. All these findings clearly demonstrate the
high potential of molecular crystals based on furan-containing
oligomers for organic photonics and optoelectronics.
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