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Organic deep-red (DR) and near-infrared (NIR) emitters with high photoluminescence quantum yield
(PLQY) are rare due to the strong non-radiative (k,,) decay. Here, we report two DR/NIR emitters with
high PLQY, TPANZPyPI and TPANZ3PI. Interestingly, the TPANZPyPI film exhibits 46.5% PLQY at 699 nm.
Theoretical calculations indicate that TPANZPyPI can achieve this high PLQY in the near-infrared
emission region due to its small S; to Sq internal conversion (IC) rate. Meanwhile, research has found
that, compared to TPANZ3PI, TPANZPyPI with a more rigid structure can effectively suppress the T, to
T, IC process, which is conducive to higher exciton utilization efficiency (EUE). TPANZPyPI's non-doped
OLED shows NIR emission with 4.6% @ 684 nm maximum external quantum efficiency (EQEmay). Its
doped OLEDs radiate DR with an EQE,.x of 6.9% @ 666 nm. These EQEs are among the highest values
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Accepted 12th March 2024 for hybridized local charge transfer state materials emitting more than 640 nm. This work demonstrates
for the first time, based on a combination of theory and experiment, that increasing the molecular

DOI: 10.1039/d4sc00841c rigidity can inhibit the excited state IC process in addition to the S; to So IC, realizing efficient
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Introduction

Organic light-emitting diodes (OLEDs), a third-generation
display technology, have been used in flat panel displays
and solid-state lighting devices in recent years. As one of the
three primary colors in panchromatic displays, the develop-
ment of pure organic red emitters lags behind that of blue and
green emitters.” The reason for this is that the energy gap
(AE) from the first singlet excited state (S;) to the ground state
(So) is narrow. According to the law of the energy gap (k,, is
directly proportional to ae ?** where a and b are constants of
proportionality),®* it can be seen that the smaller the AE, the
redder the luminescence and the non-radiative decay rate will
exponentially increase with the decrease of AE, which means
that the non-radiative decay rate (k,,) of red fluorescent
materials is much larger than that of blue and green mate-
rials. This phenomenon is more significant in the deep-red
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(DR) and near-infrared (NIR) domains. To realize efficient
luminescence in the DR and even in the NIR, it is necessary to
suppress the non-radiative decay process of fluorescent
materials.

Non-radiative decay consists of two main aspects: on the one
hand, the internal conversion (IC) process from S; to Sy, and on
the other hand, the intersystem crossing (ISC) process from Sy
to the neighboring triplet state (T). The ISC process is prolonged
because the singlet excited and triplet excited states are usually
forbidden transitions. Even though singlet excitons can
undergo ISC processes, reverse intersystem crossing (RISC)
processes may also occur, allowing for the reuse of this portion
of singlet excitons. There is no significant heavy atom effect in
pure organic fluorescent materials, the IC process is a spin-
allowed process between the same states, and the IC rate is
usually much larger than the ISC rate. Thus, IC plays a domi-
nant role in non-radiative decay. Therefore, to reduce the IC rate
(kic) is to minimize the non-radiative decay rate. The following
equation can describe the IC rate,’

kIC — 1013e7aAE

where « is a rigidity factor influenced by the molecular struc-
ture's rigidity, and « will increase with increasing molecular
rigidity. Therefore, one way to reduce the IC rate is to increase
the rigidity of the molecules. For example, Xu et al. reported that
the pTPA-DPPZ DR fluorescent material with a large rigid plane
achieved a photoluminescence quantum yield (PLQY) of up to
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80.0%.° At the same time, the non-doped device prepared with
pTPA-DPPZ achieved a maximum external quantum efficiency
(EQE) of 12.3% @ 652 nm. However, the PLQY of most non-
doped films of DR fluorescent materials with large planes is
usually very low, such as the 6.0% and 9.0% PLQY of the non-
doped films of ANQDC-MSTA and ANQDC-PSTA reported by
Yang et al., and the 14.0% PLQY of the non-doped thin films of
TPA-DCPP reported by Wang et al.”® There are two main reasons
for this. The first is that molecules with large rigidity are usually
planar and prone to aggregation-caused quenching (ACQ),
leading to lower PLQY. The second is that most of these mole-
cules are thermally activated delayed fluorescence (TADF)
materials, whose small overlap between their highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) reduces the oscillator strength and radiative
decay rates (k) leading to a reduction in the efficiency of the
emission.”** The solution to the PLQY reduction due to ACQ is
usually to dope these fluorescent materials into suitable host
materials at a low concentration, but this usually results in
a blue shift emission, making it difficult to achieve DR or NIR
emission, and thus achieving efficient DR and NIR emission
remains a challenge.

Based on these considerations, this work is premised on the
hybridized local charge transfer (HLCT) states with prominent
overlapping features between HOMO and LUMO,"” ™ and the
rigidity of the molecules is appropriately enhanced in antici-
pation of achieving high PLQY and high device efficiency. To
gain a deeper understanding of the effect of enhanced molec-
ular rigidity on the inhibition of the IC process, in this paper, we
have designed and synthesized two novel DR and NIR fluores-
cent molecules with different rigidity, TPANZ3PI and TPANZ-
PyPI. The emitters use triphenylamine donors and naphtho[2,3-
c][1,2,5]thiadiazole as acceptors. In addition, TPANZ3PI uses
1,2,4,5-tetraphenyl-1H-imidazole as an auxiliary donor, while
TPANZPyPI uses 9,10-diphenyl-9H-pyreno[4,5-d]imidazole as an
auxiliary donor (Fig. 1). Among them, the structure of 1,2,4,5-
tetraphenyl-1H-imidazole has multiple benzene rings that can
rotate freely. In comparison, 9,10-diphenyl-9H-pyreno[4,5-d]
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imidazole reduces the number of benzene rings that can rotate
freely, making its structure more rigid. Through theoretical
calculations, it was found that these emitters have similar
electron cloud distributions in the S; states (Fig. 1), and their
energy level arrangements are identical (Fig. S5t), indicating
that they may have similar photophysical properties. The
emission peak of the more planar TPANZPyPI non-doped film
was red-shifted by 33 nm compared to TPANZ3PI (666 nm) by
testing, located in the NIR region at 699 nm. TPANZPyPI's and
TPANZ3PI's PLQYs are 46.5% and 45.5% respectively. To
understand this discrepancy more deeply, the IC rate between
S; and S, was calculated and found to be much smaller for
TPANZPyPI (1.62 x 10"' s") than for TPANZ3PI (1.73 x 10"
s~') using the fcclasses and Gaussian software, and the S, state
of TPANZPyPI had more LE state components.'*~* These results
indicate that increasing molecular rigidity is beneficial for
inhibiting the IC from S; to S, while increasing the LE state
composition of the molecule and improving PLQY. In addition,
the EQEs of the non-doped devices prepared with TPANZPyPI
and TPANZ3PI as the emitting layer are 4.6% @ 684 nm and
4.0% @ 676 nm, making them some of the most efficient
devices among DR/NIR non-doped emitters with HLCT char-
acteristics. The exciton utilization efficiency of the TPANZPyPI
device is 49.5%, higher than that of TPANZ3PI's 43.9%. Based
on theoretical calculations, it was found that the IC rate from T,
to Ty (ICt,_r,) of TPANZPyPI with a smaller T,-T; energy level
difference is lower than that of TPANZ3PI's ICy,_r,, with rates of
7.54 x 10" s and 3.02 x 10" s, respectively. At the same
time, their reverse intersystem crossing (RISC) rates (RISCr, g )
are 1.21 x 10° s™' for TPANZ3PI and 4.25 x 10°> s~ for
TPANZPyPI. The almost merging of T, and T; energy levels in
TPANZPyPI may result in additional RISC channels, with a cor-
responding RISC rate of 5.53 x 10’ s~ '. Therefore, enhancing
molecular rigidity improves PLQY and suppresses the IC of
triplet excitons, achieving higher exciton utilization efficiency.
In addition, PPI33PPPBO was used as the host to achieve the
EQE of 6.9% @ 666 nm in the TPANZPyPI doped device, which
is one of the highest values of HLCT DR emission.
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Fig.1 Molecular structures, optimized singlet excited state (S;) structure, and electron cloud distributions of TPANZ3PI and TPANZPyPI. fos is

the oscillator strength.
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Results and discussion
Synthesis and characterization

The target molecules TPANZPyPI and TPANZ3PI were efficiently
synthesized (see Scheme 1 and S1 in the ESI} for detailed
synthesis). Due to the molecule’s rigidity and poor solubility,
the *C NMR spectrum of TPANZPyPI could not be obtained.
still, suitable "H NMR spectra and high-resolution mass spec-
trometry (HRMS) were available, proving the product’s charac-
terization and purity (Fig. S1-S31). TPANZPyPI and TPANZ3PI
are obtained at a sublimation temperature of over 250 °C under
a 1.0 x 10° Pa pressure, exhibiting high thermal stability.
Their decomposition temperatures (Tq4, equivalent to 5% weight
loss, Fig. S4t) are 496 °C for TPANZPyPI and 328 °C for
TPANZ3PI, which is beneficial for the preparation of OLED
devices. Besides, the glass transition temperatures (7,) of
TPANZPyPI and TPANZ3PI are 184 °C and 158 °C, respectively.
The electrochemical behavior of emitters was also tested using
cyclic voltammetry (Fig. S4f). The reduction potentials of
TPANZPyPI and TPANZ3PI are —1.20 V, and the oxidation
potentials are 0.46 V and 0.60 V, respectively. The correspond-
ing LUMO energy levels are estimated to be approximately
—3.52 eV, while the HOMO energy levels are —5.05 eV and
—5.19 eV, respectively.

Theoretical calculations

Fig. 1 shows the molecular geometry and electron cloud distri-
bution of the optimized S, states of the emitters. The torsion
angle of TPANZPyPI is generally smaller than that of TPANZ3PI
at the same position, indicating that TPANZPyPI has a pla-
narized structure, which is beneficial for increasing the oscil-
lator strength of molecules. Meanwhile, these emitters' hole
and particle distributions are similar, with the holes mainly
concentrated on the triphenylamine and naphthothiadiazole
portions and only a small portion extending to the imidazole
portion. On the other hand, the particle is focused primarily on
the naphthothiadiazole acceptor, with only a small portion
extending into the adjacent benzene ring. This hole and particle
exhibit overlapping and separated HLCT features in the S, state.
In addition, we also calculated the proportion of LE and CT
states in the S; state of these two molecules. The CT/LE
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Scheme 1 The synthesis routes of TPANZPyPI and TPANZ3PI.
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components of TPANZPyPI and TPANZ3PI are 65.435%/
35.565% and 66.806%/33.194%, respectively. Among them, the
S, states of TPANZPyPI have more LE components that help to
achieve higher luminescence efficiency. Their emission ener-
gies are similar at 2.08 eV and 2.06 eV, respectively (Table S1+).
These similar results imply that their luminescence properties
may be similar. Furthermore, the corresponding excited state
energy level arrangements (Tables S1 and S2, and Fig. S51) were
calculated with the ground state structures of these emitters. It
can be found that the energy level difference between T, and S,
(AErs)) of these emitters exceeds 1.0 eV, which implies that the
RISC process from T, to S; cannot occur and that the AEr_r, for
TPANZPyPI and TPANZ3PI is 1.129 eV and 1.206 eV, respec-
tively. Most importantly, these emitters’ 2T; < S;, suggesting the
triplet-triplet annihilation mechanism is ruled out.

In order to understand the effect of enhanced molecular
rigidity on the structural changes between the ground and
excited states, the root mean square deviation (RMSD) values
and corresponding reorganization energies (1) between the
ground (S,) and excited states (S;) were calculated, as shown in
Fig. 2.° In Fig. 2, it can be observed that TPANZPyPI has
a smaller RMSD value and reorganization energy, indicating
that increasing molecular rigidity can suppress structural
changes, which may reduce energy loss during the excitation
process caused by excited state changes. To explain this differ-
ence, the Huang-Rhys factor (HRF) was calculated using
fcclasses to quantify the coupling strength between structural
changes and vibration modes. For TPANZ3PI and TPANZPyPI,
the HRF of S; — S, is mainly composed of low-frequency
rotational and torsional vibration modes (below 50 cm™%),
with large HRF values as high as 4.94 and 1.73, respectively.
TPANZPyPI has smaller HRF values due to the near absence of
low-frequency rotational and torsional vibrational modes in
9,10-diphenyl-9H-pyreno[4,5-d|imidazole compared to 1,2,4,5-
tetraphenyl-1H-imidazole in TPANZ3PI (Fig. S61). These results
indicate that TPANZPyPI has a more rigid structure, and
according to our previous discussion, a more rigid structure
would be favorable for inhibiting the IC process. To this end, we
first qualitatively calculated the internal conversion rates (kic(s,-
s,)) between these emitters S; and S, at room temperature. We
found that the kic(s s, of TPANZPyPI is 1.62 x 10" s~ while

K,CO3
Pd(pph;)s
—)
THFH;0 = 51 O Q Q !
N,, 80°C, 24 h @
. % ad
yield: 63.3% ——
K,CO3
d(PPha)A O
Trro =51 Q Q O
N,, 80°C, 24 h @
0,
yield: 56.9% TPANZPyPI
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the kic(s,-s,) of TPANZ3PI is 1.73 x 10! s™*, which is consistent
with our expectations. We also believe that enhancing molec-
ular rigidity can help suppress the IC process of triplet-excited
states. For this purpose, the IC rate between T, and T, of
these emitters was also qualitatively calculated at room
temperature. Although the energy level difference between T,
and T, is more minor for TPANZPyPI (Fig. S51), the kic(r,-r,) rate
is smaller than for TPANZ3PI, where kic(r,-r,, TPanzeyPI) = 7.54 X
10" s, while kigr,-r,, Teanzapr) = 3.02 x 10" s~ ', The lower IC
rate is more favorable for keeping electrically generated triplet
excitons at the T, energy level. Although the energy level
differences in T; and T, are so large, there are IC rates up to 10"°
to 10™ s~ orders of magnitude. And the usual RISC rates for
high-energy triplet to singlet states of pure organic molecules
are 10" to 10% s* orders of magnitude.? Therefore, pure organic
molecules usually consider only the RISC process from T, to S;.
Thus, the RISC rate from T, to S; was calculated, and the RISC
rate for TPANZ3PI was 1.21 x 10° s, and the RISC rate for
TPANZPyPI was 4.25 x 10° s~'. However, considering that the
small T;-T, gap of TPANZPyPI supports IC and the dynamic
equilibrium of reverse IC through vibration coupling, it is
reasonable for triplet excitons to be converted into singlet
excitons through thermal exciton channels (T/Tz — S4).
Therefore, the RISC rate corresponding to TPANZPyPI is 5.53 x
107 s~* between T; and S;. Combining a smaller IC rate of
triplets with a larger RISC rate compared to TPANZ3PI,
TPANZPyPI is expected to have higher exciton utilization
efficiency.

Photophysical properties

Fig. 3a shows the ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra of TPANZPyPI and TPANZ3PI
in dilute solutions of THF (10~> M) and pure films. Detailed
data are shown in Table 1. The emitters show similar absorption
in the pure films and THF, but the absorption peak in the films
is red-shifted compared to that in THF, which may be attributed
to the aggregation of molecules in the film state. The absorption
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bands at about 300-400 nm are mainly due to molecular m—m*
transition, whereas the absorption bands after 400 nm originate
from the emitter backbone's intramolecular charge transfer
(ICT). The emission in THF/film is 698/671 nm and 699/666 nm
for TPANZPyPI and TPANZ3PI, respectively. The solvatochromic
test is shown in Fig. S7,1 and detailed data are recorded in Table
S3.7 TPANZPyPI and TPANZ3PI showed a redshift of 91 nm and
90 nm from low-polarity hexane to high-polarity acetone,
respectively, which indicates they have similar excited state
properties. The redshifts in the different solutions indicate that
the CT component enhances with increasing polarity, consis-
tent with a gradual decrease in PLQY (Table S3t). However, it is
worth noting that TPANZ3PI and TPANZPyPI have PLQYs of
46.5% @ 699 nm and 45.5% @ 666 nm in the pure film,
respectively. Especially TPANZPyPI has a very high PLQY, which
is rare in the NIR field. This result is consistent with theoretical
calculations. In addition, the Lippert-Mataga solvation model
was applied to the emitters. In Fig. 3¢, the relationship between
the Stokes shift of two emitters and solvent polarity shows two
fitting lines. The dipole moments at low polarity (f < 0.15) are
11.85 D and 11.28 D, respectively, which are larger than typical
pure LE excited states (~8 D). The dipole moment in the higher
polarity environment (f > 0.15) is 18.36 D and 19.24 D, respec-
tively. The transient PL spectra exhibit a single exponential
lifetime curve in solvents of different polarities (Fig. S8t) or pure
film states (Fig. 3d), indicating only one hybrid state in S;.
Considering the electron cloud distribution of S;, these emitters
should be considered HLCT emitters.

Electroluminescent devices

Given the excellent photophysical properties of emitters, their
electroluminescence properties were further investigated. Non-
doped devices were first prepared with the structure of ITO/
HATCN (20 nm)/TAPC (35 nm)/TCTA (10 nm)/EML (20 nm)/
TPBi (60 nm)/LiF (1 nm)/Al (100 nm), in which HATCN
(1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile) is the hole-

injection  layer, TAPC  (1,1-bis[(di-4-tolylamino)phenyl]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The UV-vis absorption spectra and the PL spectra of the films and solutions (10~> M) of (a) TPANZPyPI and (b) TPANZ3PI; (c) linear fitting of
the Lippert—Mataga model, and (d) the transient PL decay spectra of TPANZPyPl and TPANZ3PI in films.

Table 1 The photophysical data of TPANZ3PI and TPANZPyPI films

Compound Aabs” [nm] Jem” [nm] & [%] 77 [ns] ke [107 571 ko [107 571 o [%]
TPANZPyPI 295/336/527 699 46.5 2.18 21.30 24.51 66.1
TPANZ3PI 273/316/525 666 45.5 2.96 15.36 18.40 74.5

“ Absorption peaks of the neat film. ” Maximum emission wavelength of the neat film. © Absolute PLQY of the neat film. ¢ Fluorescence lifetime of
the neat film. ® k, and k,,, for the neat film (k;, = ®g/7, knr = (1 — @F)/r).f 10 wt% emitters in PPI33PPPBO host absolute PLQY.

cyclohexane) is the hole-transport layer, TCTA (tris(4-carbazoyl-
9-ylphenyl)amine) is the hole-transport layer and electron-
blocking layer, and TPBi (2,2/,2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)) is the electron-transport layer and
hole-blocking layer (Fig. S91). The corresponding data is
recorded in Table 2. The non-doped TPANZPyPI OLED shows
NIR emission at 684 nm with a color coordinate of (0.69, 0.30)
and provides a maximum EQE of 4.6%, which is comparable to

with HLCT characteristics. However, the device with TPANZ3PI
as the emission layer has an emission peak of 676nm and
a maximum EQE of 4.0%. Due to the similar molecular struc-
tures of TPANZ3PI and TPANZPyPI, to qualitatively compare the
exciton utilization efficiency of their non-doped devices, the
optical output coupling efficiency is assumed to be 0.2, and thus
the exciton utilization efficiency of TPANZPyPI and TPANZ3PI is
49.5% and 43.9%, respectively. This result matches the theo-

the DR to NIR emission of state-of-the-art non-doped OLEDs retical calculations and proves that the appropriate
Table 2 EL performances of the OLEDs based on TPANZPyPI and TPANZ3PI

EML Viernon” [Vl LEmax’ [cd A™"]  PEpa’ [IM W' EQEma [%]  Lmax” [cd M™2]  Agmad [nm]  CIE [xyF
TPANZPyPI 3.0 0.93 0.60 4.6 4756 684 (0.693, 0.302)
TPANZ3PI 3.0 0.96 0.93 4.0 4495 676 (0.692, 0.305)
PPI33PPPBO: TPANZPYPI 3.0 3.30 3.46 6.9 8072 666 (0.675, 0.323)
PPI33PPPBO: TPANZ3PI 2.9 3.03 3.28 6.1 6467 666 (0.678, 0.323)

? Veurn-on: turn-on voltage at 1 ¢d m™2.

b LEmax maximum current efficiency. © PEy.¢ maximum power efficiency. d EQEo: maximum external

quantum efficiency. ¢ Ly, maximum luminance.” Agr,max: €lectroluminescence peak. ¢ CIE: Commission Internationale de I'Eclairage coordinates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from 640 to 700 nm.

enhancement of molecular rigidity is beneficial to reduce the
internal conversion process of the excited state and realize
higher exciton utilization efficiency. However, it is worth noting
that the EQE curves of the devices of TPANZPyPI show an
upward trend at high voltages. This may be attributed to the fact
that at high voltages, the internal conversion from T, to T; is
limited, and the density of the T, and T; excitons is elevated,
further facilitating the RISC process and improving the effi-
ciency of the devices. There's another possibility that the
suppression of T; exciton density growth at high current
density, as stated in the literature, reduces the likelihood of
singlet-triplet annihilate (STA) occurrence, thereby enabling
the device to achieve higher EQE at high current densities.*
Because the energy level arrangement of these emitters (2T; <
S;, Fig. S5t) and the current density-luminance curve of the
device have a linear relationship (Fig. S117), which excludes TTA
behavior, the increase of EQE at high current density is also
independent of TTA. The curves of the spectra at different
voltages and the corresponding color coordinates did not
change significantly (Fig. S12 and Table S47), ruling out that the
device efficiency improvement is due to the change of the
composite region.

Further investigations were conducted on the electrolumi-
nescence performance of emitter doped organic light-emitting

5594 | Chem. Sci,, 2024, 15, 5589-5595

devices (ITO/HATCN (20 nm)/TAPC (40 nm)/TCTA (20 nm)/
host:TPANZPyPI (10 wt%, 20 nm)/TPBI (50 nm)/LiF (1 nm)/Al
(100 nm), where the host is our previously reported
PPI33PPPBO).> The device structure is shown in Fig. §9,1 and
the emission spectra of the PPI33PPPBO film and absorption
spectra of the TPANZPyPI and TPANZ3PI films are shown in
Fig. S10.7 Compared with non-doped organic electrolumines-
cent devices, these doped devices emit a blue shift but signifi-
cantly improve the electroluminescence efficiency, consistent
with the doped films' high PLQY (Table 1). Doped in
PPI33PPPBO, the TPANZPyPI and TPANZ3PI devices all show
DR emission with peaks at 666 nm and excellent EL perfor-
mance, with the maximum luminance of 8072 cd m ™2 and 6467
cd m 2, and the maximum EQE of 6.90% and 6.1%, respec-
tively, which is one of the highest values reported so far for DR
HLCT OLEDs (Fig. 4).

Conclusions

In summary, we synthesized and characterized two DR and NIR
molecules, TPANZ3PI and TPANZPyPI, with different rigid
structures. Theoretical calculations reveal that increasing the
molecular rigidity can inhibit the IC process from S; to S,
which improves the photoluminescence efficiency and shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NIR emission in neat films. Moreover, increasing the molecular
rigidity also slows the internal conversion process between
excited states, thus enabling this HLCT material to achieve
higher exciton utilization efficiency and superior electrolumi-
nescence performance. TPANZPyPI non-doped devices with
greater rigidity have achieved higher EQE and exciton utiliza-
tion efficiency than TPANZ3PI with values of 4.6%/49.5% @
684 nm and 4.0%/43.9% @ 676 nm, respectively. The doping
devices of these two emitters achieved 666 nm DR emission,
with an EQE of 6.9% for TPANZPyPI and 6.1% for TPANZ3PI,
respectively. To our knowledge, these results are among the
highest EL efficiencies reported for HLCT NIR/DR emission.
These results suggest the moderate increase in molecular
rigidity is a practical approach to designing high-performance
DR/NIR fluorescent materials.
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