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Red-to-Near-Infrared Electroluminescence and Low-Threshold
Amplified Spontaneous Emission from Solution-Processable
Fluorescent Diketopyrrolopyrrole Derivatives

Anthony D’ Aléo,* Virginie Placide, Hao Ye, Matteo Fornasarig, Danillo Valverde,
Eunyoung Choi, Gabriel Canard, Jeong Weon Wu, Yoann Olivier,* Chihaya Adachi,*

and Jean-Charles Ribierre*

A detailed investigation of the photophysical, electroluminescence,
and amplified spontaneous emission (ASE) properties of two
solution-processable fluorescent diketopyrrolopyrrole derivatives
is reported. Photophysical measurements are carried out in solution
and blend films containing a 4,4’-bis(N-carbazolyl)-1,10-biphenyl
(CBP) or a poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzol[2,1,3]
thiadiazol-4,8-diyl)] host, to gain important insights into the excited
state behavior of these dyes. Quantum chemical calculations are
also carried out to support the experimental findings. An optimi-
zation of the doping concentration in the CBP blends is necessary
to reduce the strong aggregation. This optimization led for
both near-infrared-emitting dyes to a substantial increase of the

1. Introduction

Intensive research effort has recently focused on low-energy
bandgap materials for applications in organic solar cells,"
organic field-effect transistors (OFET),"® and organic light-
emitting diodes (OLEDs).""' In particular, a wide variety of
light-emitting compounds have been developed to achieve effi-
cient far-red and near-infrared (NIR) OLEDs, including fluorescent
small molecules and conjugated polymers,”>~'® phosphorescent

photoluminescence quantum yield, which can reach values as high
as 60%. It is also found that the blend films show excellent ASE
properties with a threshold as low as 3.5-4.5uJcm2 for peak
wavelengths of 739 and 727 nm. In addition, the electrolumines-
cence properties of the two organic laser dyes are examined in
organic light-emitting diodes (OLEDs). The best OLED device
shows a maximum external quantum efficiency value of around
2%. Overall, this study demonstrates the excellent potential of
diketopyrrolopyrrole derivatives for high-performance near-
infrared organic semiconductor lasers and provides useful informa-
tion for the design of new efficient near-infrared emitters for
optoelectronic applications.

heavy metal complexes,®*2? and lanthanides complexes.?*?¥
Although the photoluminescence quantum yield (PLQY) of these
organic light-emitting materials is generally lower in the NIR
region than for emitters in the visible, which is related to the
so-called energy-gap law,® phosphorescent platinum com-
plexes have been used in highly efficient NIR OLEDs with external
quantum efficiency (EQE) exceeding 20%.2%->* Another approach
to producing OLEDs with 100% internal quantum efficiency is
based on the use of thermally activated delayed fluorescence
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(TADF) emitters.® Curcuminoid borondifluoride®'34 and multi-
resonance emitters®™ are two families of dyes showing TADF
properties that have been used in high-efficiency NIR OLEDs.
Considering the potential applications of far-red/NIR OLEDs
and organic semiconductor lasers in bioimaging, photodynamic
therapy, sensors, information-secured displays, and optical tele-
communication, further studies are still required to design and
develop a next generation of more efficient NIR emitters for
organic electroluminescent and/or lasing devices.

Among the variety of low bandgap materials developed for
organic optoelectronics, there has been a growing interest in
diketopyrrolopyrrole (DPP) derivatives, due to several advantages
such as their strong optical absorption, easy and scalable synthe-
sis, remarkable chemical and thermal stability, as well as the
excellent PL properties of some of these dyes in the 700-800 nm
spectral region when the DPP is conjugated with thiophene
units.>5-3® Noticeably, these materials have been studied in solar
cells, sensors, ambipolar field-effect transistors, and OLEDs.'**~*"!
Few reports have also suggested that DPP derivatives could be of
interest for organic semiconductor lasers.*®*” Despite these
promising works, it should be, however, mentioned that most
DPPs tend to strongly aggregate in solid-state due to n—x inter-
molecular interactions, which leads to a significant aggregation-
caused quenching of their emission in thin films and has seriously
limited their potential use in organic light-emitting devices so
far.® In the present study, we have investigated the photophys-
ical, electroluminescence (EL), and amplified spontaneous emis-
sion (ASE) properties of two donor-acceptor-donor (D-A-D) DPP
derivatives where the thiophene units are capped by donor
groups. The chemical structure of these two dyes is displayed
in Figure 1.

The compound with the triphenylamine (TPA) moieties at
both extremities of the DPP core (TPA-DPP-TPA) has already
been synthesized and investigated in the context of organic solar
cells®*° and photodynamic therapy.®" This dye was also used in
a more fundamental study aiming at improving the understand-
ing of the structure-radical-property relationship of organic
semiconductors.”? Regarding the dye-containing carbazole
(Cz) groups at both ends of the DPP core (Cz-DPP-Cz), the intro-
duction of carbazole moieties into the molecular structure was
motivated by its potential impact on the charge transport, photo-
physical properties, and the possibility of improving our under-
standing of the structure—properties relationships of this class of
NIR-emitting laser dyes since such carbazole groups are less

CgHy7

CeHq3

H/CGHH

CgHqz

TPA-DPP-TPA

Figure 1. Chemical structures of the two investigated dyes.
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donating than TPA units. The results obtained with these two
compounds provide clear evidence that advanced DPP deriva-
tives with high PLQY in doped thin films and low ASE threshold
are promising candidates for high-efficiency far-red/NIR solution-
processed OLEDs and organic semiconductor lasers.

2. Results and Discussion

The synthesis of TPA-DPP-TPA and Cz-DPP-Cz (Figure S1,
Supporting Information) and the characterization of their
chemical properties are described in Figure S2-S5, Supporting
Information. Starting from the commercially available 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,
4-c]pyrrole-1,4-dione, Suzuki-Miyaura cross-coupling was per-
formed using 4-(diphenylamino)phenylboronic acid and 9-phenyl-
carbazole-3-boronic acid to yield, respectively, TPA-DPP-TPA and
Cz-DPP-Cz. The cyclic voltammetry of the two dyes is displayed
in Figure S6, Supporting Information. The dyes present one-
electron oxidation and reduction waves that can be associated
with the donor units, including TPA, carbazole, and thiophene units,
and the acceptor DPP core, respectively. The reduction potentials
were measured to be identical at —1.67 Vand —1.68 V (vs ferrocene/
ferrocenium) indicating that the same DPP unit plays the role as
acceptor. The first oxidation potentials were measured to be
0.20V for TPA-DPP-TPA and 024V for Cz-DPP-Cz, respec-
tively (vs ferrocene/ferrocenium) implying that TPA-thiophene is
a better donor than the carbazole-thiophene. The highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies were then calculated using the oxidation
and reduction potentials following the equation reported else-
where.'? This leads to HOMO and LUMO energies of —5.33 and
—3.46 eV for TPA-DPP-TPA, respectively, which is in good agree-
ment with the previously published data®™® In the case of
Cz-DPP-Cz, the HOMO and LUMO energies were found to be
—5.37 and —3.45 eV, respectively.

The photophysical properties of TPA-DPP-TPA and Cz-DPP-Cz
were examined at concentrations in the order of 1 x 107® M in sol-
vents of different polarities. Their UV/vis absorption spectra, which
are displayed in Figure S7a and S8a, Supporting Information,
exhibit an intense structured band between 500 and 700 nm.
The maximum absorption wavelengths of those dyes, which are
listed in Table S1 and S2, Supporting Information, do not signifi-
cantly shift with the polarity of the solvents. For the two
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compounds, the low-energy absorption bands with a maximum
€ value of around 82,000 M~'cm™' are assigned to a strongly
allowed n—m* transition.”® Such a high molar absorption coefficient
is important to obtain high-gain materials. Furthermore, the fluo-
rescence data of the two DPP derivatives in solution are summa-
rized in Table ST and S2, Supporting Information. As shown in
Figure S7b and S8b, Supporting Information, their emissions lie
in the far-red/NIR region. The steady-state PL spectra of TPA-
DPP-TPA measured in the different solvents are more shifted
toward a longer wavelength than those of Cz-DPP-Cz. This can be
explained by the fact that TPA is a stronger donor than the phenyl-
carbazole moiety as evidenced above. Interestingly, the steady-
state PL spectra of both dyes are not strongly affected by the
solvent polarity. For instance, the maximum emission wavelength
of TPA-DPP-TPA only varies from 652 nm in cyclohexane to 674 nm
in acetonitrile while no clear trend can be observed in the case of
Cz-DPP-Cz. Looking at Figure S7 and S8, Supporting Information,
the observed behavior of the UV/vis absorption and fluorescence
spectra as a function of the polarity of the solvents provides evi-
dence that the ground state (Sy) and the first singlet excited state
(S,) of the two DPP derivatives are n—n* in nature. This statement is
fully supported by the very small Stokes shift (See Figure S7 and S8,
Table ST and S2 and the Lippert-Mataga plot in Figure S9,
Supporting Information) and the structuration of the steady-state
PL spectra. PLQY and PL decays of the two dyes were then mea-
sured in the different solvents. As summarized in Table ST and S2,
Supporting Information, the PLQY does not significantly depend
on the solvent polarity with values for TPA-DPP-TPA and
Cz-DPP-Cz in the range 56-62% and 61-70%, respectively. The
higher PLQY is measured for the Cz-DPP-Cz solution, which is
in line with the energy-gap law since the emission is less redshifted
compared to the ones of TPA-DPP-TPA. Furthermore, the mea-
sured PL decays of the two dyes in the solvents of different polari-
ties were found to be monoexponential (Tables S1 and S2,
Supporting Information) and do not show any delayed fluores-
cence in solution despite their D-A-D molecular architecture simi-
lar to the NIR curcuminoid derivatives recently used as emitters in
highly efficient TADF OLEDs.*" In accordance with the PLQY val-
ues, the PL lifetimes do not significantly vary with the polarity of
the solvents and yields values around 2.3-2.6 ns and 2.6-2.9 ns for
TPA-DPP-TPA and Cz-DPP-Cz, respectively. It is worth noting that
the fluorescence radiative decay rates of TPA-DPP-TPA and
Cz-DPP-Cz, calculated from the PLQY and PL lifetime values,
are in the order of 2.5 x 108s™". Such rates are in line with the
strongly allowed transition resulting in fast fluorescence decays
and the large oscillator strength well above 1 computed for the
two compounds (Table S3, Supporting Information). Considering
the importance of a high fluorescence radiative decay rate for
achieving low ASE and lasing thresholds,**>® these results suggest
that both dyes could be promising candidates for NIR organic
semiconductor lasers.

Quantum chemical calculations were carried out to better
understand and elucidate the ground (excited) state(s) properties
of Cz-DPP-Cz and TPA-DPP-TPA molecules at the density func-
tional theory level of theory with PBEO and ®B97X-D functionals
together with the 6-31G(d,p) basis set. The choice of these func-
tionals allows to compare the results obtained with a global
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hybrid and a long-range corrected functional as well as to evalu-
ate the effect of dispersion forces. Vibronically resolved emission
and UV/vis absorption properties were also computed within the
Franck-Condon approximation using the vertical hessian (VH)
approach® (all computational details can be found in the
Supporting Information). All derived photophysical properties
and the vibronic-corrected absorption/emission spectra for the
dyes are displayed in Table S3 and Figure S10, Supporting
Information. We started by investigating the relative stability
of the rotational isomers (rotamers) of the two compounds in
the ground state. Figure S11, Supporting Information, presents
the structures of the four rotational isomers of the thiophene-
DPP-thiophene bonds optimized at the ®B97X-D/6-31G(d,p)
level of theory, and their structural properties are summarized
in Table S4, Supporting Information. The trans—cis isomer struc-
ture labeled (b) shows the same optical properties as its enantio-
mer cis-trans. The most stable isomer is the (c) cis—cis, where
hydrogen bonding occurs between the oxygen atoms of the
DPP core and the hydrogen atoms of the thiophenes. This con-
figuration promotes the highest planarization of the thiophenes,
and it was used for all the other calculations. Structures (a) trans—
trans and (b) trans—cis are less stable by 7.6 and 17 kJmol ™",
respectively, compared to structure (c) cis—cis. These less stable
isomers exhibit one or both thiophene groups tilted by more than
20° for the S-0O steric hindrance. Therefore, the cis—cis vertical
absorption energy is redshifted with respect to the other two iso-
mers. A Boltzmann population analysis reveals that 91.25% of the
molecules adopt the (c) cis—cis conformation at 300 K, confirming
it as the most relevant isomer. This is why our analysis will be only
based on the cis—cis rotamer.

Our theoretical predictions agree with the experiments,
which assign a n-n* transition for the S; state of both systems.
This transition is predominantly dominated by a one-electron
promotion from HOMO to LUMO orbitals (weight > 90%), exhib-
iting a locally excited character as suggested by the magnitude of
the ¢ value (>0.85) characterizing the overlap between the hole
and electron densities (see Figure S12, Supporting Information) as
computed in the attachment-detachment formalism.®® This
local aspect is also confirmed by the visualization of the hole
and electron density plots, showing that the electronic transition
essentially involves the DPP core and the thiophene groups
(see Figure S12, Supporting Information). The ®B97X-D functional
predicts a slightly twisted ground state geometry (=6° and 9° for
the TPA-DPP-TPA and Cz-DPP-Cz, respectively), while calcula-
tions with the PBEO functional result in a planar geometry.
This suggests that dispersion forces induce a slightly twisted con-
formation TPA-DPP-TPA and Cz-DPP-Cz ground state optimized
geometry. This feature could help to partially explain the larger S,
excitation energy vertical excitation from the ground state
(=0.4 eV) predicted by the ®B97X-D functional with respect to
the PBEO. The difference in the ground state geometry between
the two functionals leads to a difference in larger reorganization
and Stokes shift (see Table S7, Supporting Information).

As can be seen in Figure S10, Supporting Information, the
vibronically simulated absorption spectrum at the PBEO/
6-31G(d,p) level of theory has a strong absorption band for
both dyes with peaks centered around 600 and 650 nm for
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Cz-DPA-Cz and TPA-DPP-TPA, respectively, in quite good agree-
ment with the experiments. In addition, the emission spectrum
displays a band ranging from 700 up to 750 nm, consistent with
the experimental spectra in solution (Figure S10, Supporting
Information) for Cz-DPA-Cz and TPA-DPP-TPA, respectively.
The ®B97X-D/6-31G(d,p) method predicts similar absorption
and emission spectra, although both are blueshifted compared
to those predicted by PBEO. Both compounds bear an S, — S,
oscillator strength larger than 1 with both functionals, resulting
in predicted fluorescence radiative decay rates in the range of
2.0-2.5 x 108s™" which are in good agreement with the experi-
mental data (Tables S1 and S2, Supporting Information). The low
Huang-Rhys factors for all positive harmonic vibrational normal
modes support the validity of the calculations (Figure S13,
Supporting Information). However, within the VH method,
modes with imaginary frequencies were identified for the S, state
in emission and for the S; in absorption. These modes, which
primarily correspond to structural bendings of the dyes, were
excluded from the vibrational space in all calculations (Figure S14,
Supporting Information) as suggested in refs. [61,62]. In addi-
tion, these modes are highly anharmonic and cannot be accu-
rately described within the harmonic approximation. However,
their exclusion could contribute to the less structured emission
and absorption computed spectra compared to experimental
ones (Figure S7, S8 and S10, Supporting Information). Their
contribution could be evaluated if an approach including anhar-
monic effects were considered, which is beyond the scope of this
work. It is also important to note that these calculations were per-
formed for isolated gas-phase molecules. Environmental effects,
such as solvation, can influence absorption and fluorescence peak
positions, band broadening, and vibrational mode coupling.’®¢!
To fabricate high-efficiency OLEDs and organic semiconduc-
tor lasers, concentration quenching of the fluorescence due to
intermolecular interactions and aggregation in thin films needs
to be suppressed. For this purpose, the DPP dyes were blended
at different doping concentrations into a 4,4’-bis(N-carbazolyl)-
1,10-biphenyl (CBP) host. In addition, since no delayed fluores-
cence was observed, the dyes were also blended in low-lying
triplet excited state poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzol[2,1,3]thiadiazol-4,8-diyl)] (F8BT) to estimate the PLQY in
that environment. Those host materials were chosen based on
their respective HOMO and LUMO energy values (Figure S15a,
Supporting Information) and the spectral overlap between their
fluorescence spectra and the absorption spectra of the DPP dyes
(Figure S15b,¢c, Supporting Information). Such a blend configura-
tion should promote an efficient Forster resonant energy transfer
(FRET) of the singlet excitons from both host materials to the
dopants while preventing a quenching of the emission by
photoinduced electron transfer or exciplex formation. As shown
in Figure S15b, Supporting Information, while FRET should take
place from the CBP host to the S,-S, of the DPP dopants, a more
efficient FRET should take place from the CBP host to the S4-S; of
the DPP dopants (Figure S15¢, Supporting Information).®®*-5¢!
The absorption spectra of the CBP and F8BT blends at differ-
ent doping concentrations varying from 1 to 6 wt% are displayed
in Figure 2 and S16, Supporting Information, for Cz-DPP-Cz and
TPA-DPP-TPA, respectively. Due to the low concentrations of the
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DPP derivatives in these blends, these spectra are dominated by
the absorption of the host molecules in the UV-vis region (296
and 326 nm for CBP and 319 and 454 nm for F8BT). As expected
from the measurements in solution, the absorption due to the
n-1* transition of the dyes can be observed between 550 and
650 nm (Figure 2 and S16, Supporting Information). As reported
in Tables S5-S8, Supporting Information, the maximum absorp-
tion wavelengths of these low energy transitions do not change
as a function of the doping concentration and are measured to be
around 645 and 635 nm for TPA-DPP-TPA and Cz-DPP-Cz in CBP
host and 643 and 635 nm for TPA-DPP-TPA and Cz-DPP-Cz in
F8BT host, respectively. These maximum absorption wavelengths
are slightly longer than those found in solution, suggesting the
presence of aggregates in the blend films. The steady-state PL
spectra of the blends are displayed in Figure 2 and S16,
Supporting Information. For both dyes, a small shift toward lon-
ger wavelengths is observed as the doping concentration
increases. In addition, these spectra are substantially redshifted
compared to those measured in solution. This behavior is due
to the presence of aggregates in the CBP and F8BT blends
and implies that intermolecular interactions slightly affect the
photophysical properties of the DPP dyes in the doped films.
It is worth noting that the slight increase of the (0,1) band when
increasing the doping concentration supports well this statement
about the existence of molecular aggregates in the doped
films.®” As shown in Figure 2, S16 and Table S5-S8, Supporting
Information, the emission spectra and PLQY values of the
CBP and F8BT blends were then measured as a function of
the doping concentration. For both dyes, the PLQY is found to
gradually increase as the doping concentration decreases. For
instance, the PLQY of TPA-DDP-TPA (Cz-DDP-Cz) in CBP
increases from 32 (34) to 58 (62)% as the doping concentration
decreases from 6 to 1 wt%. Noticeably, the PLQYs of the two DPP
derivatives at 1 wt% in the CBP host are closer to the values mea-
sured in the solution, indicating that the aggregation-caused con-
centration quenching of the fluorescence has been substantially
reduced in these blend films. We note, however, that the FRET
from the host to the dyes is not complete in the two CBP blends
since some blue fluorescence from the host can be observed when
photoexciting the films in the UV region (at 375 nm in the lowest
CBP transition, Figure 2b and S16, Supporting Information). In F8BT,
the PLQY of TPA-DPP-TPA has been measured to span from 41.5
to 13.5% for 1 to 6 wt%, respectively, and from 45 to 10.5% for to
6 wt%, for Cz-DPP-Cz. The PLQY values measured in F8BT are thus
lower than those determined in CBP and we therefore excluded
this host for the device measurements. Overall, these photophys-
ical results indicate that the aggregation-caused concentration
quenching of the fluorescence of the DPP dyes in CBP blend films
can be significantly reduced by optimizing the doping concentra-
tion in the host. This aspect is evidently critical to be able to use
these compounds as emitters in high-efficiency OLEDs and organic
semiconductor lasers.®579

To characterize the EL properties of the two DPP derivatives,
we fabricated OLEDs with the following device architectures:
indium tin oxide (ITO) (100 nm)/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) (45 nm)/EML (=80 nm)/bis
{2-[di(phenyl) phosphino]-phenyl ether oxide (DPEPO) (10 nm)/
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Figure 2. UV/visible electronic absorption and fluorescence emission spectra of a blended films at various dye concentrations of Cz-DPP-Cz in a,b) CBP

and c,d) F8BT, respectively.

2,2',2'-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPB)
(55 nm)/LiF (1 nm)/Al (100 nm), where EML corresponds to the
emitting layer based on the CBP blends doped with the DPP
derivatives at different concentrations (i.e., 1, 2, and 4 wt%). In
such multilayer OLED structures, PEDOT:PSS, DPEPO, and TPBi
served as hole injection, hole blocking, and electron transport
layers, respectively.

An energy-level diagram of these OLEDs is provided in
Figure 3a. The current density-voltage (J-V) curves measured
for these devices are displayed in Figure S17, Supporting
Information, and show that their turn-on voltage slightly varies
with the doping concentration. Such a behavior indicates that
the excitons are preferentially formed by direct charge trapping
on the dopant molecules.”"”? This statement is well supported
by the EL spectra shown in Figure 4b,c where no emission from
the CBP host can be observed, despite the incomplete energy
transfer to the dopant molecules evidenced by the photophysical
measurements as illustrated in Figure 4b,c. The EL spectra of the
two DPP derivatives are consistent with what was obtained upon
photoexcitation and, together with the pictures in the insets of
Figure 4b,c, demonstrate that these compounds can be used as
emitters in far-red/NIR OLEDs. Figure 4d shows the EQE versus cur-
rent density (EQE-J) characteristics of the OLEDs. As the doping
concentration decreases from 4 to 1 wt%, the maximum EQE val-
ues increase from 1 to 1.9% for TPA-DPP-TPA and from 1.25 to
2.1% for Cz-DPP-Cz. Such a behavior is in good agreement with
the trends observed in the doping concentration dependence of
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the PLQY of the two emitters. It can also be seen from the EQE-J
curves that the devices show some efficiency roll-off as the current
density increases up to 100 mA cm~2, presumably due to a non-
optimized charge balance in the EML."? Considering the PLQY val-
ues of the CBP blends, the EQE values are lower than the
theoretical maximum values that can be calculated for fluorescent
OLEDs assuming that the light outcoupling efficiency is 20%. These
results suggest that the EL properties of the two DPP derivatives
can still be optimized by engineering the OLED architecture in
order to reduce the efficiency roll-off and enhance the maximum
EQE values. Nevertheless, the EL performances of these fluorescent
OLEDs are sufficient in the frame of the present study to demon-
strate the potential of these dyes for organic far-red/NIR EL devices.

The ASE properties of TPA-DPP-TPA and Cz-DPP-Cz were
investigated using thin excitation stripe technique®>7>7¢ in
the CBP blend films spin-coated on top of fused silica substrates.
This method allows to compare the ASE performance of different
light-emitting dyes and their potential for organic semiconductor
lasers without the use of any feedback resonator structures. In
this experimental technique, the organic thin films are irradiated
by a laser stripe and the emission spectra are recorded from the
edge of the film. Spontaneous emission propagating in the wave-
guiding film is amplified because of stimulated emission, which
leads to a line narrowing of the emission spectrum above a given
ASE threshold. Figure 4a,b shows the emission spectra of two CBP
blend films (doped at 1 wt% by TPA-DPP-TPA and Cz-DPP-Cz,
respectively) below and above the ASE threshold.
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Figure 4. Steady-state emission spectrum (black), spectrum below threshold (red) and above threshold (blue) of CBP blend films (120 nm thick) doped at

1 wt% by a) TPA-DPP-TPA and b) Cz-DPP-Cz.

Since the optical gain is related to the PLQY of the active las-
ing material,®” we only examine here the ASE properties of the 1,
2, and 4 wt% CBP blends. Note that for the results shown in
Figure 4a,b, film thicknesses of the films containing TPA-DPP-
TPA and Cz-DPP-Cz were measured to be around 120 nm.
Such a thickness was optimized by measuring the threshold of
1 wt% CBP blends using film of different thicknesses (Figure S18
and S19, Supporting Information) demonstrating the influence
of the thickness on the threshold.””7® At low excitation den-
sities, it can be seen that the emission spectra from the edge of
the film are broad, similar to the steady-state fluorescence spectra
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and do not change with the pumping intensity. At excitation den-
sities higher than the ASE threshold, spectral narrowing of the
emission band is clearly observed for the two dyes (Figure 4).
Noticeably, light amplification occurs at 739 and 727 nm for
the blends containing 1wt% TPA-DPP-TPA and Cz-DPP-Cz,
respectively. As expected, this line narrowing effect is observed
near the (0,1) vibronic transitions of the dyes, which corresponds
to the situation of a quasi-four-level vibronic system.

Figure 5a,b displays the output light intensity emitted from
the edge of the waveguiding films and the full-width-at-half-
maximum (FWHM) of the emission spectra as a function of the
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Figure 5. Output intensity emitted from the edge of the films as a function
sity for a) TPA-DPP-TPA and b) Cz-DPP-Cz in a 1 wt% CBP blend.

excitation density. In both CBP blends, the FWHM is found to
collapse from 94 to 11 nm for TPA-DPP-TPA (82 to 10 nm for
Cz-DPP-Cz ) as the excitation density increases above the
ASE threshold. Looking at the evolution of the curves plotting
the output light intensity against the excitation density, the
changes in slope efficiency are directly related to the ASE
thresholds of the two samples. The TPA-DPP-TPA and
Cz-DPP-Cz dyes in the 1 wt% CBP blends are found to exhibit
an ASE threshold of 4.6 and 3.3 wJ cm™2 (Figure S20 and S21,
Supporting Information) with a half-life stability of 30 and
65 s, respectively (Figure S22, Supporting Information). For com-
parison, the most promising NIR D-A-D boron difluoride curcu-
minoid derivative reported so far shows an ASE threshold of
7 W cm ™2 in a 6 wt% CBP blend. This value is slightly higher than
those measured for the two DPP derivatives, providing evidence
that these materials are promising candidates for NIR organic
semiconductor lasers. Furthermore, benzobis(thiadiazole) deriv-
atives that are surrounded by capped fluorene unit showed NIR
ASE (above 800 nm) with a threshold of around 4 pJ cm™2 but
with inefficient OLED operation (i.e., very low EQE).”® Finally,
we checked the PLQY dependence on the ASE threshold by
measuring 2 and 4wt% blends in CBP and confirmed that
the threshold increased with the increased concentration (i.e.,
when the PLQYs decreased). This study, therefore, demonstrates
that DPP derivatives can be ranked among the most promising
families of dyes for NIR organic solid-state lasing and are suit-
able for the realization of high-performance NIR light-emitting
devices and applications.

3. Conclusion

In conclusion, we investigated the photophysical, electrolumines-
cent, and ASE properties of two solution-processable far-red/NIR
fluorescent DPP derivatives. With PLQY values around 60%, max-
imum external quantum EL efficiency values as high as 2% and
ASE threshold as low as 3.5-4.5 pJ cm™2, the results demonstrate
the excellent potential of these compounds for organic light-
emitting applications. There are only few organic materials

ChemPhotoChem 2025, 9, €202500039 (7 of 10)
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of the pumping intensity and variation of the FWHM with the pumping inten-

showing in thin films an ASE threshold around or lower than
1w cm™2.5879-831 | addition, most of these high-efficiency laser
dyes mostly emit in the blue region of the electromagnetic spec-
trum. In that context, based on this study, we claim that
advanced DPP derivatives can be considered high-performance
emitters for far-red and NIR organic semiconductor lasers. While
these fluorescent emitters also exhibit promising electrolumi-
nescent properties, future works should clarify the true potential
of these dyes as terminal emitters in far-red/NIR hyperfluores-
cent OLEDs® and for the realization of electrically pumped
NIR organic laser diodes.

4. Experimental Section

Materials Synthesis

Details on the synthesis, purification, and characterization of the
chemical properties of molecules TPA-DPP-TPA and Cz-DPP-Cz
are provided in the Supporting Information section (Figure S1-54,
Supporting Information).

Quantum Chemical Calculations

Ground and first singlet excited states of Cz-DPP-Cz and TPA-DPP-
TPA were optimized using the hybrid functional PBE0®* and the
long-range-corrected ®B97X-D functional® that incorporates a
Grimme’s D2 dispersion model in its formulation. The dispersion
correction is designed to account for long-range van der Waals
interactions. The 6-31G(d,p) basis set® was employed in both
cases, including polarization corrections for all atoms. All the quan-
tum chemical calculations were performed with the Gaussian 16
suite of programs.®® The vibronically resolved absorption and
emission spectra were simulated within the Franck-Condon
approximation considering the VH approach, as implemented in
FCClasses 3.3.°%

Photophysical Measurements

For the characterization of photophysical properties in solution, mol-
ecules TPA-DPP-TPA and Cz-DPP-Cz were dissolved in solvents hav-
ing different polarities at concentrations of =107° M and the solutions
were placed in quartz cuvettes. All solvents used for these
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photophysical measurements were of spectroscopic grade. For the
characterization of the photophysical and ASE properties in thin films,
the films were deposited onto precleaned fused silica substrates by
spin coating from chloroform solution. The thicknesses of these films
were measured using a Dektak profilometer.

Absorption spectra in both solution and film were recorded using a
Varian Cary 5000 spectrometer and a UV-2550 spectrometer
(Shimadzu), respectively. Steady-state PL spectra were obtained
using a Fluoromax-4 spectrophotometer (Horiba Scientific) and
corrected following the procedure reported by Parker et al.®¥ to
take into account the response of the detector.®” The PLQY values
were measured using an integrating sphere system coupled with a
photonic multichannel analyzer (Hamamatsu Photonics €9920-02,
PMA-11).

For the time-resolved PL measurements at room temperature, thin
films were placed in air. A nitrogen laser (Ken-X, Usho Optical sys-
tems) delivering 500 ps excitation pulses with a wavelength of
337 nm and a repetition rate of 20 Hz was used for photoexcitation.
The transient PL emission was recorded using a streak camera
(Hamamatsu Photonics C4334).

To characterize the ASE properties, the samples in nitrogen atmo-
sphere were photoexcited by a nitrogen laser (excitation wave-
length of 337 nm, pulse width of 800 ps and repetition rate of
8 Hz). A set of neutral density filters were used to vary the energy
of the excitation pulses. The excitation beam was focused using a
cylindrical lens into a stripe of dimension 0.5cm x 0.08 cm. The
emission was detected from the edge of the organic film using
an optical fiber connected to a charge-coupled device spectrometer
(PMA-11, Hamamatsu Photonics).

Electrochemistry

Cyclic voltammetric data were acquired using a BAS 100 Potentiostat
(Bioanalytical Systems) and a PC computer containing BAS100W soft-
ware (v2.3). A three-electrode system with a Pt working electrode
(diameter 1.6 mm), a Pt counter electrode, and an Ag/AgCl (with
3M Nadl filling solution) reference electrode was used. [("Bu),N]PFs
(0.1 Min CH,Cl,) served as an inert electrolyte. Cyclic voltammograms
were recorded at a scan rate of 100 mV s~". Ferrocene was used as the
internal standard (+0.46 V vs SCE).”"

Device Fabrication and Measurements

For the fabrication of OLEDs, poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was purchased from Heraeus
Clevios while 4,4'-bis(N-carbazolyl)-1,10-biphenyl (CBP), 2,2/,2"-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) and
bis{2-[di(phenyl)phosphino]-phenyl ether oxide (DPEPO) were sup-
plied by TCI chemicals. The PEDOT:PSS layers were spin-coated on
top of cleaned prepatterned ITO glass substrates and then
annealed at 180 °C for 30 min. Blends with different doping concen-
trations were spin-coated on top of the PEDOT:PSS layer from a
chloroform solution. DPEPO and TPBi films were then thermally
evaporated and cathodes consisting of 1nm thick LiF and
100 nm thick Al were finally deposited by thermal evaporation
to complete the devices. The active area of the devices was
designed to be 4 mm?2. Importantly, the devices were encapsulated
in a glove box filled with nitrogen to avoid contamination by oxy-
gen and moisture. For OLED characterization, current (J)-voltage
(V)-luminance (L) characteristics were obtained under direct
current (DC) driving using a source meter (Keithley 2400, Keithley
Instruments Inc.) and EQE measurements were performed using
a €9920-12 Hamamatsu Photonics detector. The EL spectra were
recorded using an optical fiber connected to a spectrometer (PMA-12,
Hamamatsu Photonics).
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