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State Fluorescence and a Large Proportion of Radiative Excitons**
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Abstract: The development of near-infrared (NIR) organic
light-emitting diodes (OLEDs) is of growing interest. Donor—
acceptor (D-A) chromophores have served as an important
class of NIR materials for NIR OLED applications. However,
the external quantum efficiencies (EQEs) of NIR OLEDs
based on conventional D—A chromophores are typically below
1 %. Reported herein is a butterfly-shaped D-A compound,
PTZ-BZP. A PTZ-BZP film displayed strong NIR fluores-
cence with an emission peak at 700 nm, and the corresponding
quantum efficiency reached 16 %. Remarkably, the EQE of the
NIR OLED based on PTZ-BZP was 1.54%, and a low
efficiency roll-off was observed, as well as a high radiative
exciton ratio of 48 %, which breaks through the limit of 25 % in
conventional fluorescent OLEDs. Experimental and theoret-
ical investigations were carried out to understand the excited-
state properties of PTZ-BZP.

Organic light-emitting diodes (OLEDs) that emit visible
and white light have found great success in flat-panel displays
and solid-state lighting over the past two decades.!! Extension
of the spectrum of OLEDs from visible to deep-red and near-
infrared (NIR) has become a new target in the field of
OLEDs because of the urgent demand in chemosensing,
night-vision devices, and information-secured displays.”
There have been several types of organic or metal-complex
materials utilized for NIR OLEDs, including lanthanide-
metal complexes,” conjugated polymers,® phosphorescent
metal complexes,”! and organic m-conjugated compounds
with donor-acceptor (D-A) structures.”! The external quan-
tum efficiencies (EQEs) of these NIR OLEDs were typically
below 1%. Recently, a significant breakthrough in EQE has
been made in NIR phosphorescent OLEDs (POLEDs): An
EQE of up to 9.2 % was reported for a platinum(II) porphyrin
with extended m-conjugation.”¥ However, these high EQE
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values of NIR POLEDs usually appeared at very low current
densities, and there were serious efficiency roll-offs at high
current density and high brightness, probably owing to the
long lifetime of triplet excitons in such NIR OLEDs.!

The development of metal-free organic materials is of
significance, considering their fluorescent nature (avoid
quenching of long-lifetime excitons) and cost advantage
(without expensive metals). The research is currently focused
on m-conjugated compounds with a donor-acceptor (D-A)
structure, because a strong D-A interaction could lead to
a much narrower band gap, thus resulting in an electronic
transition in the deep-red or NIR spectral range.’! However,
these D—A compounds exhibit unexpectedly low efficiency in
both photoluminescence and electroluminescence (EL) devi-
ces. The main reason for the low efficiency could be ascribed
to an intrinsic limitation according to the energy-gap law,
which predicts that the quantum efficiency of chromophores
decreases as the energy gap is reduced, owing to vibrational
overlap of the ground and excited states.”) Additionally, the
HOMO/LUMO overlap in D-A chromophores is usually
limited, which always leads to a lower radiative-transition
rate, and finally results in virtually no emission.!'”) In a solid
film, the fluorescence efficiency is further reduced because of
the nonradiative process induced by dipole—dipole interac-
tions of these polar chromophores.!'"'! Thus, for highly efficient
NIR OLEDs, the D—A chromophores should possess a rea-
sonable radiative-transition rate, and the fluorescence effi-
ciency should be maintained as well as possible in the solid
film. More importantly, further EQE improvement of fluo-
rescent NIR OLEDs (FOLEDs) based on D-A chromo-
phores requires an innovative molecular approach. An
increase in the radiative exciton ratio and the use of triplet
excitons in FOLEDs may be of great potential, as demon-
strated with some D-A compounds reported very recently.!”

Herein, we report a butterfly-shaped NIR D-A com-
pound, PTZ-BZP (Scheme 1), in which phenothiazine serves
as the electron donor and benzothiadiazole as the electron
acceptor. The DFT-optimized ground-state geometry
(B3LYP/6-31G(d,p) method) reveals that the phenothiazine
moiety possesses a nonplanar “butterfly-like” structure with
a C-S-N-C dihedral angle (6y) of 142°.%! Furthermore, the
phenothiazine and benzothiadiazole groups are twist-linked
with a distorted angle (6_,) of 145°, which is a relatively
planar arrangement for D-A compounds. Generally, the
electronic transition of the charge-transfer (CT) excited state
is partially forbidden owing to the spatial separation of the
donor and acceptor moieties. In our case, in PTZ-BZP, the
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Scheme 1. Molecular structure of PTZ-BZP and DFT-optimized geome-
try of a simplified structure with a methyl substituent.

near-planar arrangement of the phenothiazine and benzo-
thiadiazole groups (6p_,) may cause considerable orbital
overlap between these moieties and further enhance the
radiative-transition rate and fluorescence efficiency.

The UV/Vis absorption and photoluminescence (PL)
spectra of PTZ-BZP were recorded in various solvents with
different polarities (see Figures S4 and S5, respectively, and
the detailed data summarized in Table S1 in the Supporting
Information). The absorption spectra seldom changed in
terms of both their shape and position as the solvent polarity
increased, thus implying a rather small dipolar change at the
ground state in different solvents. The absorption bands at
approximately 447 nm were assigned to the intramolecular
CT transition. The fluorescence spectra broadened and
revealed a remarkable redshift as the polarity of the solvent
increased: from 590 nm in nonpolar hexane to 790 nm in polar
dichloromethane. The large solvatochromic shift indicated
a strong CT state. The PL quantum yields of PTZ-BZP in
different solvents exhibited a clear decreasing trend with
increasing solvent polarity: from 0.47 in hexane to 0 in
acetonitrile. To better understand the solvent-polarity effect,
we applied the Lippert-Mataga relation.'”! Figure 1a shows
a plot of the Stokes shift versus the orientation polarizability
(Af). Notably, the plot shows two sets of linearity indicative of
two different excited states: one for high-polarity solvents and
the other for low-polarity solvents. The dipole moment, .,
was calculated to be 31.1 and 13.2D for high- and low-
polarity solvents, respectively. In high-polarity solvents, the
U value is larger than that of 4-(N,N-dimethylamino)benzo-
nitrile (DMABN), which is a typical CT molecule with
a pu.value of 23 D. Furthermore, with increasing solvent
polarity, the fluorescence quantum yield rapidly decreased
from 0.31 in isopropyl ether to 0.02 in dichloromethane. We
concluded that a CT state is dominant in high-polarity
solvents. In low-polarity solvents, the dipole moment of
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Figure 1. a) Linear correlation of the orientation polarization (Af) of
solvent media with the Stokes shift (v,—v; a: absorbed light; f:
fluorescence) for PTZ-BZP (see Table S1 for the solvents and corre-
sponding data). In low-polarity and high-polarity solvents, the S, state
is the HLCT state and the CT state, respectively. b) PL spectra of PTZ-
BZP (10 um) in THF /water mixtures with different water fractions.

13.2 D indicated that the S; state still possessed CT character.
Nevertheless, this value was significantly smaller than that in
high-polarity solvents. Meanwhile, a relatively high quantum
yield (between 0.47 in hexane and 0.32 in butyl ether) could
be maintained with increased solvent polarity. These two
factors demonstrated that a certain degree of locally excited
(LE) character had been introduced. Thus, the S, state in low-
polarity solvents contained CT and LE components simulta-
neously. Since single-exponential fluorescence decay was
observed for PTZ-BZP in low-polarity solvents, we supposed
that a new and unique excited state existed rather than
a simple mixture of the LE and CT states. As it combines
a large dipole moment and a high radiative-transition rate, we
named it the “hybridized local and charge-transfer” (HLCT)
state.'™ Very recently, we reported a series of highly luminous
D-A compounds based on the “HLCT” state.l"”!

In the absorption spectra of the thin film, the compound
showed an absorption band at 479 nm, which is significantly
red-shifted (by 30 nm) from that in solution, probably as
a result of the domination of a more planar D—A conformer in
the aggregated state. In the PL spectrum of the film, PTZ-
BZP exhibited a broad emission ranging from 600 to 1000 nm
with a peak at 700 nm, thus covering the NIR region well. The
Stokes shift of 6591 cm™' lies between that of butyl ether
(6549 cm™') and that of isopropyl ether (7132 cm™). The
results indicate that the polarity of the PTZ-BZP film was
similar to that of a low-polarity solvent, and that the S, state of
the PTZ-BZP film was also a HLCT state. A remarkable
quantum efficiency of 16 % was observed for the neat film. To
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investigate the influence of aggregation effects on the
fluorescence behavior, we measured the PL spectra of PTZ-
BZP in THF/water mixtures with different water fractions (f;
Figure 1b), which enabled direct tuning of the solvent polar-
ity and the extent of solute aggregation. The solutions with
fiw <60 vol % were nearly non-emissive, and the PL curve was
practically a flat line parallel to the x axis, mainly as a result of
the CT effect induced by the strong polarity of the THF/water
mixtures. Fluorescence appeared from f,, =70 vol % and was
enhanced by further increases in f,. Evidently, PTZ-BZP is
aggregation-induced-emission (AIE) active." The main
reason for the AIE phenomenon could be that the HLCT
state in the aggregated state is associated with a more efficient
radiative electron transition than the CT state in solutions in
THF. Therefore, the HLCT state provides a novel approach
for the design of highly luminous D-A chromophores. On the
other hand, the formation of intermolecular aggregates tends
to restrict the rotation described by 6y and 6,_,, and avoids
the nonradiative decay channel, which enhances fluorescence
efficiency.

To verify the high potential of PTZ-BZP as a light-
emission material for use in optoelectronic devices, we
fabricated an undoped NIR OLED with the configuration:
ITO/PEDOT:PSS (40 nm)/NPB (80 nm)/TCTA (5 nm)/PTZ-
BZP (30 nm)/TPBi (30 nm)/LiF (0.5 nm)/Al (120 nm; ITO =
indium tin oxide, PEDOT = poly(3,4-cthylenedioxythio-
phene), PSS = poly(styrene sulfonate), NPB = N,N'-bis(naph-
thalen-1-yl)-N,N'-bis(phenyl)benzidine, TCTA = tris(4-car-
bazoyl-9-ylphenyl)amine, TPBi = 1,3,5-tris(1-phenyl-1H-ben-
zimidazol-2-yl)benzene. As shown in Figure 2, the EL spec-
trum of the PTZ-BZP device was almost identical to the PL
spectrum of the evaporated film. Although our instrument
(PR-650 Spectroscan spectrometer) could not detect the EL
luminance signal over 780 nm, it can be inferred that the EL
spectrum was extended to nearly 1000 nm according to the PL
spectrum of the PTZ-BZP film. Additionally, the EL
spectrum showed little change under different driving vol-
tages, thus indicating that the PTZ-BZP device possesses
excellent spectral stability. A maximum EQE of 1.54% and
brightness of 780 cdm~* were observed for the nondoped NIR
OLED based on PTZ-BZP. At a high current density of
300 mA cm 2, the EQE of the PTZ-BZP device still remained
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Figure 2. EQE—current-density characteristics of the device. The inset

graph is the EL spectrum.
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as high as 1.17%, which is indicative of a relatively low
efficiency roll-off. To the best of our knowledge, the
performance of the PTZ-BZP device places it among the
best undoped NIR FOLEDs.[%811]

The theoretical value of the radiative exciton ratio was
calculated by the following equation:

Next = ¥ r ML Mou 1)

in which #, is the radiative exciton ratio, #.,, is the external
quantum efficiency, 7, is the light out-coupling efficiency
(ca. 20%), np. is the intrinsic photoluminescence efficiency
(ca. 16%), and v is the recombination efficiency of injected
holes and electrons, which is ideally 100 % only if holes and
electrons are fully balanced and completely recombined to
form excitons. Thus, the #, value of the PTZ-BZP device was
calculated to be 48 %, which breaks through the limit of the
radiative exciton ratio of 25% for conventional FOLED:s.
Since no delayed fluorescence was observed from transient
PL, and the luminance of EL displayed a linear increase with
increasing current density, the high radiative exciton ratio
does not seem to be in accordance with some mainstream
views, such as thermally activated delayed fluorescence
(TADF)!" or triplet—triplet annihilation (TTA).['”

To explain the high radiative exciton ratio in the PTZ-
BZP device, we calculated and analyzed the energy landscape
and the natural transition orbitals (NTOs) of the singlet and
triplet states on the basis of TDDFT results with M06-2X/6-
31G(d,p) (Figure 3). For the S, state, the hole and particle
NTOs showed an excellent balance between spatial separa-
tion and orbital overlap. The well-separated orbitals led to CT
character with a large dipole moment. On the other hand,
certain orbital overlaps induced LE character and ensured
a reasonable radiative-transition rate. The calculated results
demonstrate the coexistence of CT and LE components, in
good agreement with our definition of the HLCT state. The
low-lying triplet state T, was a LE state, and its hole and
particle were almost completely overlapped. The energy gap
between the S, state and the T, state reached 0.79 eV, and
correspondingly, reverse intersystem crossing (RISC) from
the T state to the S, state by TADF is not a facile process. The
T, and T, states are degenerate states. The high-lying triplet
excited state T; (referred to herein as a “hot” excited state)
was found to be a HLCT state whose configuration is quite
similar to that of the S, state. As shown in Figure 3, the energy
levels of the S, state (2.91 eV) and the Tj; state (2.92 eV) are
almost identical. Such small singlet-triplet splitting could
offer a potential RISC T;—S$, process, which we refer to as
a “hot-exciton” process."® On the other hand, the energy gap
between the T; state and the T, or T, state is 0.76 eV.
According to the energy-gap law, the internal-conversion (IC)
rate, ki), from the T; state to the T, state may be lower than
the RISC rate, kg;sc, from the T; to the S; state.'”) Besides, it
has been reported that the RISC rate can be greatly enhanced
in some heterocyclic systems with sulfur atoms owing to
improved spin-orbit coupling.® Therefore, when triplet
excitons relax to the lowest vibrational level of T, a fraction
of them may be converted into singlet excitons through the
T;—S,; channel. Since the concentration of triplet excitons is
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Figure 3. a) Natural transition orbitals for S,, T, and T;. b) The energy
landscape for singlet and triplet excited states. c) Model for exciton
relaxation in the EL process. RISC: reverse intersystem crossing; IC(T):
internal conversion between the triplet states; fl: fluorescence; ph:
phosphorescence.

much higher than that of singlet excitons, the dynamic
equilibrium will promote the conversion from triplet excitons
into singlet excitons in the electroluminescence process. We
deduce that the efficient RISC provided by the hot-exciton
process is responsible for the radiative exciton ratio of over
25% in the PTZ-BZP device.

In summary, we have investigated the optoelectronic
properties of an NIR D-A compound, PTZ-BZP. Photo-
physical and DFT analysis demonstrated that the S; state of
PTZ-BZP in low-polarity solvent and as a thin film shows
HLCT character. It benefits from the large dipole moment of
the CT state and a certain degree of orbital overlap of the LE
state, thus making the compound a potentially highly
luminous molecule. In the aggregated state, PTZ-BZP
displays strong NIR emission and AIE behavior. The EQE
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of the undoped PTZ-BZP device is 1.54 %: among the highest
observed for undoped NIR FOLEDs. Notably, in the device,
a high radiative exciton ratio of 48% was observed, which
exceeds the limit of 25 % in conventional FOLEDs, probably
as a result of efficient RISC through the hot-exciton process.
Therefore, PTZ-BZP could serve as an attractive light-
emitting material in NIR OLEDs, and our study should
provide new ideas for the design of efficient NIR-fluorescent
molecules by emphasizing the full use of both singlet and
triplet excitons.
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