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1 | INTRODUCTION

Intermolecular charge transfer (inter-CT) is commonly considered to quench lumi-
nescence in molecular aggregates, especially for near-infrared (NIR) emission.
Herein, by elaborate comparison of 7z-bridge effects in donor/acceptor (D/A)
molecules, it is disclosed that a 7z-bridge is essential in D/A molecule to involve
inter-CT in aggregates for inducing desired thermally activated delayed fluorescence
(TADF) and largely suppressing non-radiative decays, and importantly, electron-
donating 7-bridge is critical to maximize radiative decay for inter-CT dominated
emission by effective electronic coupling with bright intramolecular charge transfer
(intra-CT) for high-efficiency NIR emission. As a proof-of-concept, TPATAP with
thienyl as 7r-bridge realized prominent photoluminescence quantum yields of 18.9%
at 788 nm in solid films, and achieved record-high maximum external quantum effi-
ciencies of 4.53% at 785 nm in devices. These findings provide fresh insight into
interplay between inter-CT and intra-CT in molecular aggregates and open a new
avenue to attenuate the limitation of energy gap law for developing highly efficient
NIR emitters and improving the luminescent efficiency of various inter-CT systems,
such as organic photovoltaic, organic long persistent luminescence, etc.

KEYWORDS
intermolecular charge transfer, molecular aggregates, near-infrared emission, organic light-emitting
diodes, thermally activated delayed fluorescence

nearly complete spatial separation between highest occu-
pied molecular orbitals (HOMOs) and lowest unoccupied

The process of intermolecular charge transfer (inter-CT)
holds fundamental significance across physical, chemical,
and biological domains due to its multifaceted func-
tionalities encompassing charge separation, transport and
recombination.! ' In recent years, inter-CT molecular sys-
tem is playing a progressively pivotal role within the realm
of materials science, manifesting extensive and promising
applications in diverse fields such as organic light-emitting
diodes (OLEDs),[°! organic long persistent luminescence
(OLPL),"] organic photovoltaic (OPV),1871 organic field-
effect transistors (OFET),“O] photocatalysis,[l T etc.

In light-emitting applications, exciplex systems exem-
plify evident inter-CT characteristic..'>!?] By virtue of
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molecular orbitals (LUMOs), exciplex possesses innately
minimal singlet-triplet energy splitting (AEgr) values, facili-
tating the realization of desired thermally activated delayed
fluorescence (TADF) emission through reverse intersystem
crossing (RISC) process, and 100% exciton utilization in
OLEDs.I'*! To date, blue and green exciplex OLEDs have
attained external quantum efficiencies (EQEs) surpassing
20%,!"51 in stark contrast to near-infrared (NIR) exciplex
OLEDs exhibiting inferior EQE of merely 1.24%.11%171 On
one hand, according to Frank-Condon principle and Fermi’s
golden rule, large frontier orbital separation will lead to
small transition dipole moments («) and oscillator strengths
(), and thus low radiative decay rates (k,).['®! On the other
hand, the nonradiative decay rates (k) would suffer expo-
nential increase with the decrease of optical energy gap
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according to the well-known “energy gap law”.['°l Conse-
quently, the photoluminescence quantum yields (PLQY) of
NIR-emitting exciplex systems with pure inter-CT character-
istic are significantly diminished, thus leading to poor device
performance.

In recent years, NIR organic emitters and OLEDs are in
urgent need owing to their intrinsic flexibility and superb
biocompatibility compared with inorganic counterparts, and
have displayed promising applications in various fields such
as night vision, optical communication, security authenti-
cation, biomedical imaging and phototherapy, etc.’*->? In
order to achieve 100% internal quantum efficiencies (IQEs) in
OLEDs, purely organic TADF materials without noble metals
are more appealing. Except the above NIR exciplex systems,
high-efficiency NIR TADF materials predominantly comprise
twisted donor/acceptor (D/A) linked molecules exhibiting
intrinsic intramolecular charge transfer (intra-CT) at single-
molecule level.l”!*?] These D/A molecules generally possess
large ground state dipole moment, facilitating the forma-
tion of closely packed dimers in aggregation state, thereby
inducing inter-CT even at low doping concentrations.[>3~>!
Moreover, it has been elucidated that the involvement of inter-
CT exciton are highly desirable for NIR TADF materials
due to numerous merits including significantly red-shifted
emission, largely decreased AEgt, enhanced TADF charac-
teristic, and suppressed non-radiative processes by reducing
non-adiabatic couplings.[>*?%] Hence, inter-CT aggregates
have demonstrated promising potentials for mitigating the
limitation of energy gap law. However, due to the convention-
ally perceived “dark” nature of inter-CT species for radiative
emission owing to their vanishingly small f, the emission
from those aggregates is more likely to be attributed to
intra-CT rather than inter-CT states.[?*2°1 More recently, we
found high k, can be achieved by effective electronic cou-
plings between inter-CT and intra-CT states in molecular
aggregates.[”>] In this work, we aim to unravel the prereq-
uisites for this concerted inter-CT and intra-CT, and figure
out the inner emission mechanism, together with univer-
sal molecular design strategies. It is well-recognized that
aromatic 7zz-bridges in D/A type molecules exert substantial
influence on excited state characteristics and thereby opto-
electronic properties,[**-3!1 which is perfectly suitable for
studying the interplay between inter-CT and intra-CT. To
date, only few researches have investigated the influence of 7-
bridge on TADF materials and demonstrated some conflicting
conclusions.3>34]

Herein, we rationally designed four D/A type com-
pounds with different 7-bridge based on widely used
phenylamine type donors and acenaphtho[l,2-b]pyrazine-
8,9-dicarbonitrile (AP) acceptor, and systematically inves-
tigated the relationship between 7-bridge and their corre-
sponding photophysical properties in single molecule and
molecular aggregates. As shown in Scheme 1, the D-A
type molecule DPAAP has no 7-bridge, which is con-
structed by directly connecting diphenylamine (DPA) donor
and AP acceptor. In comparison, the other three D-7z-A type
molecules, TPAAP, TPAPAP and TPATAP have different
m-bridge. TPAAP is our previously reported TADF mate-
rial which can form inter-CT aggregates and show the best
OLED performance at that time with maximum external
quantum efficiencies (EQEs) of 14.1% at 700 nm and 5.1%
at 765 nm.I”°! Based on TPAAP, TPAPAP and TPATAP are
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designed with an extra 7-bridge, that is, phenyl and thienyl,
respectively. The comprehensive comparison of this series of
compounds would provide insights into the influence of 7-
bridge, not only with varying 7-conjugation length, but also
with different electronic characteristic. Two major prerequi-
sites are disclosed to achieve high PLQY in solid states for
NIR TADF. First, a 7z-bridge is essential in D/A type molecule
to possess inter-CT characteristic in aggregation state for
inducing TADF and suppressing k,,. Second, electronically
active mr-bridge in HOMO distributions is more favorable
for maximizing &, in inter-CT dominated emission by effec-
tive electronic coupling with intra-CT states. Meanwhile,
the introduction of a longer 7-bridge could further enhance
horizontal emitting dipole orientation ratio (®,/) and optical
outcoupling efficiency for OLEDs. Consequently, TPATAP
with electron-rich thienyl as an extra 7z-bridge satisfies all the
required conditions, which simultaneously achieves signifi-
cant emission redshift, superior PLQY values and enhanced
©, in solid states, finally delivering outstanding perfor-
mances in NIR-OLEDs. The maximum EQEs are 4.53% at
785 nm and 1.26% at 835 nm, representing the state-of-the-
art performances among NIR OLEDs above 780 nm based
on TADF emitters. The vital 7-bridge effect revealed here
provides fresh insight into how interplay between inter-CT
and intra-CT in molecular aggregates, which will not only
give valuable guidance for the development of highly efficient
NIR TADF materials, but also have important implications
for various fields in materials science involving inter-CT
states.

2 | RESULTS AND DISCUSSION

2.1 | Theoretical calculations of single
molecule

To explore the relationship between molecular structure and
electronic properties upon regulating 7r-bridge, we performed
theoretical calculations using density functional theory (DFT)
and time-dependent DFT (TD-DFT) at the level of M06-
2X/6-31 g(d). As shown in Figure 1, the LUMO distributions
of these molecules all locate in the acceptor part, while their
HOMO distributions vary greatly. For DPAAP, the HOMO
distributes in both DPA donor and adjacent benzene ring in
AP, owing to direct connection of nitrogen atom to AP accep-
tor with a relatively small D/A dihedral angle of 40.1°. From
DPAAP to TPAAP, the introduction of one phenyl bridge
increases dihedral angle between AP and phenyl bridge to
47.9° due to larger steric hindrance, leading to its HOMO
mostly localizes on the triphenylamine (TPA) donor. Mean-
while, the stronger electron-donating capability of TPA also
leads to a distinct elevation of HOMO energy levels. From
TPAAP to TPAPAP, although one more phenyl is introduced
into the 7z-bridge, the HOMO of TPAPAP still locates on
TPA part, indicating the additional phenyl 7-bridge adja-
cent to AP mainly extends 7r-conjugation length and further
destabilizes HOMO energy level of TPAPAP. From TPA-
PAP to TPATAP, when replacing the 7-bridge to electron-rich
thienyl, the HOMO expands to both TPA and thienyl, demon-
strating the insertion of thienyl 7zz-bridge not only increases
m-conjugation length, but also enhances electron-donating
capability of the donor part, leading to the highest HOMO
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SCHEME 1

(A) Illustration of D-A and D-7r-A designs explored in this study, as well as molecular structures of DPAAP, TPAPAP and TPATAP compared

with TPAAP. Their (B) PL spectra, (C) PLQY, (D) &, and k,, values in solid films with comparable emission peak wavelength (neat films for DPAAP, TPAAP,

TPAPAP, and 60 wt% doped film for TPATAP).
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levels.

energy level for TPATAP. Meanwhile, the LUMO energy
level is slightly stabilized from DPAAP to TPATAP.

As to the properties of excited states, from DPAAP to
TPAPAP, the S-S vertical transition energy (Es, ) displays
a gradual increase from 2.881 to 3.188 eV. Compared with
TPAPAP, the electron-donating thienyl 7-bridge in TPATAP
significantly decreases Eg to 2.916 eV. With regard to f, D-A
type molecule DPAAP possesses the smallest f of 0.400, and
D-7-A type molecules TPAAP and TPAPAP possess larger f
of 0.577 and 0.517, respectively. The largest fof 0.726 is real-
ized in TPATAP due to strong electron-donating capability
of thienyl and small dihedral angle between thienyl 7z-bridge
and AP acceptor (details in Supporting Information). In com-
parison to TPATAP, molecules based on pyridinyl 7z-bridge
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Optimized molecular geometries of ground state with dihedral angels, calculated HOMO, LUMO distributions (isovalue = 0.02) and energy

with electron-withdrawing properties display increased exci-
tation energy and reduced f (Figure S2), which is undesirable
for achieving high efficiency and long wavelength NIR emis-
sion. For AEgt values, compared with DPAAP, D-7-A type
molecules display smaller AEqy with a decrease around
0.1-0.15 eV due to more effective HOMO/LUMO separation.

2.2 | Synthesis, characterization and
single-crystal structures

DPAAP, TPAPAP and TPATAP were synthesized in good
yields utilizing well-established reaction routes includ-
ing Buchwald-Hartwig cross-coupling, Suzuki-Miyaura
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FIGURE 2

cross-coupling, Miyaura borylation and dehydration con-
densation reactions. The final products were further purified
by temperature-gradient vacuum sublimation, and fully
characterized by 'H-NMR, '3C-NMR spectroscopy, and
high-resolution MALDI-TOF mass spectrometry (details in
Supporting Information).

The single crystals of DPAAP, TPAPAP and TPATAP were
readily obtained during sublimation, and relevant crystal data
were summarized in Table S1. For DPAAP, there are two
molecular configurations owing to the distortion of DPA, with
different dihedral angles of 55.70° and 39.46° between D/A
subunits for DPA1 and DPA2, respectively (Figure 2A). The
planar acceptor parts tend to overlap with each other through
-7 interactions (3.397 A), in an inclined pattern along the
longitudinal axis of the molecule. Meanwhile, compared with
TPAAP, the smaller DPA donor structure also leads to fewer
intermolecular interactions in long-range packing of DPPAP
single crystals.

In TPAPAP single crystals, the dihedral angles are 49.22°
between AP and phenyl 7-bridge, and 30.98° between
phenyl m-bridge and TPA (Figure 2B), in good agree-
ment with theoretical calculations (49.5° and 36.3° in
gas phase). The m-bridge extension brings about abun-
dant intermolecular interactions between neighboring donors
through multiple C-H---7 interactions, meanwhile the AP
acceptor part displays stronger 7---7 interactions (3.346 A)
with adjacent AP and a litter weaker 7---7 interactions
(3.351 A) with phenyl 7-bridge. In long-range packing,
TPAPAP molecules adopt staggered staircase pattern along
the transverse axis of the molecule, and the intermolec-
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Molecular structures and packing patterns of (A) DPAAP, (B) TPAPAP and (C) TPATAP in single crystals.

ular interactions are mainly between D-D part and A-A
part.

In TPATAP single crystals, the molecule exhibits largely
reduced dihedral angles of 8.78° between AP and thienyl
7-bridge, and 12.53° between thienyl 7-bridge and TPA
(Figure 2C), which is very different from the calculated
results (45.9° and 28.4° in gas phase). This phenomenon
could be ascribed to much denser packing in single crystal
as evidenced by the highest density of 1.385 g cm™, lead-
ing to a shortened intramolecular hydrogen bond (C-H::-S)
length from 2.694 A in gas phase to 2.468 A in single crystal.
Meanwhile, the largely reduced dihedral angles also give rise
to more intermolecular interactions between thienyl 7z-bridge
and AP acceptor through multiple 7---7r interactions, avoid-
ing direct stacking between AP acceptors. For long-range
packing, two TPATAP molecules firstly form dimer in an
antiparallel head-to-tail fashion by 7---7r interactions (3.364
A) between thiophene and AP, and multiple C-H---N hydro-
gen bonds (2.723 A and 3.356 A) between the ending phenyl
group and cyan group, and then dimers pack up along the ver-
tjcal direction through a little weaker 7---7 interactions (3.407
A).

2.3 | Photophysical properties

Photophysical properties at single-molecule level were firstly
investigated in dilute solutions. Similar to TPAAP, the other
three compounds also exhibit two major absorption bands
in oxygen-free toluene (Figure 3A). The absorption band
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FIGURE 3 (A) Absorption and PL spectra in dilute oxygen-free toluene (1 x 107> mol L=!) of DPAAP, TPAPAP and TPATAP compared with TPAAP.

(B) PL spectra of DPAAP, TPAPAP and TPATAP in solutions with different polarity. (C) PL spectra of DPAAP, TPAPAP and TPATAP doped films with TPBi
as host at various doping concentrations. (D-F) The variation trends of PLQY, &, and k,, as a function of emission wavelength compared with TPAAP.

TABLE 1 Photophysical characteristics of DPAAP, TPAPAP and TPATAP in solutions with the comparison with TPAAP.
Compound Aaps,or® [nm] - fo, ™D Aem™ [nm] PLQY? [%] 7 [ns] k™ [x10% s71] ko™ [x107 s71] AEgp® [eV]
DPAAP 509 0.227 624 90.0 10.0 0.90 1.01 0.31
TPAAP 487 0.304 609 97.3 6.90 1.41 0.39 0.19
TPAPAP 453 0.278 609 96.7 6.95 1.39 0.48 0.20
TPATAP 513 0.371 666 93.0 3.74 2.49 1.87 0.19

#“Measured in oxygen-free toluene solution (1 X 107> mol L") at room temperature.
Y Obtained experimentally.
©Measured in toluene solution (1 X 10~> mol L") at 77K.

below 400 nm is ascribed to the localized 7—7* transitions
of conjugated skeletons, and moderate broad absorption band
above 420 nm is assigned to intra-CT transitions. The CT
absorption peak wavelengths (A, o) are 509, 487, 453 and
513 nm for DPAAP, TPAAP, TPAPAP and TPATAP, respec-
tively (Table 1). Through the integral of intra-CT absorption
band, the experimental f;,,, could be determined by:[3-36]

foxp =43 %1077 [ e dp (1)

where ¢ is the molar extinction coefficient, ¥ is the
wavenumber of absorption. The f.,, values are in ascending
order for DPAAP, TPAPAP, TPAAP and TPATAP, with value
of 0.227, 0.278, 0.304 and 0.371, respectively.

Similar to TPAAP, DPAAP, TPAPAP and TPATAP show
no TADF in oxygen-free toluene and their PL lifetimes are
10.0, 6.95 and 3.74 ns, respectively. Among four compounds,
DPAAP displays red emission (4., = 624 nm, Figure 3A)
with the lowest PLQY of 90.0%, due to the lowest k, orig-
inated from the smallest f, and a higher k. originated from
the largest reorganization energy Ag (Figure S3) together
with increased non-radiative processes induced by N=C

bond twisting and stretching, that is, free rotor and loose
bolt effects.l?”-3#] Compared with TPAAP, TPAPAP displays
identical orange emissions with A.,, at 609 nm, but a little
lower PLQY due to a lower fand &, together with a higher g
and k,,. TPATAP exhibits a large red-shift to deep red emis-
sion with A, at 666 nm, but still maintains a remarkably high
PLQY 0f 93.0% due to greatly increased k., which is the high-
est PLQY value among reported TADF molecules in the same
spectral range.[34!]

According to S; and T, state energies determined by
low temperature fluorescence and phosphorescence spectra
at 77 K (Figure S5), AEgr values of DPAAP, TPAPAP
and TPATAP are calculated to be 0.31, 0.20 and 0.19 eV
in toluene, respectively, the latter two are almost the same
as that of TPAAP. Besides, upon increasing solvent polar-
ity, these three compounds exhibit positive solvatochromic
effect like TPAAP, indicating typical intra-CT characteristic
(Figure 3B). However, from non-polar hexane to high polar
dichloromethane, their bathochromic shift degree is quite dif-
ferent, that is, 146, 356 and 252 nm for DPAAP, TPAPAP and
TPATAP, respectively, which could be rationalized by calcu-
lated distance between hole and electron centroid (dy,.) and
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(A,B) Transient absorption spectra of DPAAP and TPATAP neat film, respectively. The disconnect in the spectral data is due to the gap in

probe range around 800 nm. (C,D) Time-resolved PL measurements and (E,F) decay profiles of DPAAP and TPATAP neat film, respectively.

excited state dipole moment u at single-molecule level (Table
S2). Large d},. and u values in S; state allow a higher sen-
sitivity to external polar environment, which is the case in
TPAPAP with the biggest solvatochromic effect.

To further explore aggregation effect, solid-state
photophysical properties of DPAAP, TPAPAP and
TPATAP in  2,2’,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-

1-H-benzimidazole) (TPBi) host at different weight
concentrations were examined through steady state and
transient state spectroscopies. From 1 to 100 wt%, their
CT absorption peaks exhibit progressive bathochromic shift
(Figure S6), and their PL spectra exhibit more significant
emission peak bathochromic-shift (Figure 3C). DPAAP solid
films show the smallest PL redshift degree due to the lowest
dipole moment u and CT ratio in S; state. The T, energies of
doped films also exhibits gradual decrease upon increasing
doping concentrations (Tables S3 to S5 and Figures S7 to
S9), but to a lesser extent compared with S; energies owing
to the commonly higher CT degree in S; state than T state,
which leads to a more significant energy reduction of S; state
and gradually decreased AEgqt values when environmental
polarity rises as doping concentrations increase. Amongst
these materials, DPAAP displays the smallest decrease of
AEgr due to the lowest CT ratio difference between S| and
T state (Figure S1), along with the lack of inter-CT charac-
teristic as discussed later. Therefore, no delayed fluorescence
was detected for DPAAP in doped and neat films (Figure
S11). In comparison, similar to TPAAP, both TPAPAP and
TPATAP display distinct TADF properties and gradually
decreased delayed fluorescence lifetimes (zpapg) as doping
concentration increase (Figures S13 and S15; Tables S4 and
S5). Correspondingly, their neat films show very small AEgy
values of 0.03 and 0.06 eV, and short Trapr values of 3.2
and 5.1 us for TPAPAP and TPATAP, respectively, which is
beneficial for RISC processes.

Hindered by the energy-gap law, these solid films exhibit
gradually decreased PLQY values as emission wavelengths
bathochromically shift (Figure 3D). Notably, TPATAP with
strong electron-donating thienyl 7z-bridge displays almost
identical PLQY from 700 to 780 nm as TPAAP, and fur-
ther extends high performance into longer wavelength region
(Aem = 788 nm, PLQY = 18.9% for 60 wt% doped film,
and A.,, = 834 nm, PLQY = 4.1% for neat film), which
are among the highest values for the reported NIR-TADF
materials in the same spectral range.!”>>740-*31 In order to
understand their large PLQY difference in solid state, we
plotted their variation trends of k, and k.. (Figure 3E.F).
For DPAAP and TPAAP, their k. values are quite similar,
while the rapidly increased k,, in DPAAP results in about
40% decreased PLQYSs in absolute value in the same spectra
region. Compared with TPAAP, TPAPAP shows ~20-30%
reduced PLQYS in absolute value due to rapidly decreased k;
values above 700 nm, albeit their &, values are quite similar.
For TPATAP, although its &, values are larger than those of
TPAAP and TPAPAP, its k, values are the highest and are
significantly larger than those of the other three materials.
To summarize, although these compounds all possess high
PLQYs above 90% in oxygen-free toluene solutions at single-
molecule level, their emission performance varies greatly in
solid films, demonstrating significant impact of aggregation
behavior.

24 |
states

Experimental validation of inter-CT

To confirm the existence of inter-CT states in solid films,
we first performed transient absorption (TA) measurements.
DPAAP and TPATAP neat films showed similar character-
istic TA peaks below 950 nm (Figure 4A,B). The positive
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bands at ~450-500, 650-700, and 850-950 nm are excited
state absorptions (ESA). The negative band at ~550-600 nm
is ground state bleaching (GSB), in accordance with their
steady-state absorption. However, different from DPAAP,
TPATAP neat film displayed another broad and structure-
less ESA band above 1000 nm, which was also observed
in TPAAP and TPAPAP neat films (Figure S16). Further-
more, compared with DPAAP neat film, DPAAP:PC¢,BM
1:1 blend film generated a new ESA peak above 1000 nm
(Figure S17), indicating electron transfer from DPAAP to
strong electron acceptor PCyq,BM.!?*] More notably, such
ESA peak in TPAAP, TPAPAP and TPATAP blend films with
PC¢yBM were significantly strengthened relative to their neat
films, indicating more efficient inter-CT processes with the
addition of PCg,BM. Thus, the ESA peak above 1000 nm
could be assigned to hole polarons photo-induced absorption
(PIA) on dopants with inter-CT characteristics, confirming
the existence of inter-CT in TPAAP, TPAPAP and TPATAP
neat films. In comparison, DPAAP neat films only display
intra-CT characteristic.

We also performed time-resolved PL (TRPL) measure-
ments. For DPAAP neat films (Figure 4C), its PL spectra
first shows a slight redshift ~14 nm within the timescale
of 0.5 ns and then keeps unchanged. Meanwhile, its decay
profile at different wavelength has a similar lifetime with
single-exponential characteristic (Figure 4E), demonstrating
the existence of only intra-CT species.!*°! For sharp com-
parison, TRPL of TPATAP neat film demonstrates a gradual
and distinct bathochromic shift &40 nm within the first
2 ns (Figure 4D). Furthermore, its decay profile exhibited
a dependence on emission wavelengths, indicating the exis-
tence of different emission species. At shorter wavelength
of 730 nm, there are two kinetic components with a short
lifetime of 210 ps and a long lifetime of 1.80 ns. At longer
wavelength of 890 nm, there only exist one long lifetime com-
ponent of 1.92 ns (Figure 4F). Similar phenomena were also
observed in TPAAP and TPAPAP neat films (Figure S18).
The significant bathochromic shift together with different
decay profiles at different wavelengths not only confirm the
existence of inter-CT states, but also manifest rapid transfor-
mation from high energy intra-CT dominated species to low
energy inter-CT dominated species.[”>*” Moreover, organic
solar cells (OSCs) based on TPAAP, TPAPAP and TPATAP
neat film displayed power conversion efficiency (PCE) of
0.27%, 0.24% and 0.14% (Figure S19), which is similar to
that of BF2 system!”*! with inter-CT property. These val-
ues are three orders of magnitudes higher than that based on
DPAAP (0.0004%). Therefore, through these comprehensive
experiments, inter-CT characteristic in TPAAP, TPAPAP and
TPATAP, and intra-CT characteristic in DPAAP have been
explicitly verified.

2.5 | Emission mechanisms

To gain insights into different aggregation effect at solid-
state level, we first performed theoretical calculations on
nearest-neighbor dimers extracted from the single crystal
of all compounds. The configuration of those dimers and
the calculated results are summarized in Figures S20 to
S23 and Tables S6 to S9. Among those dimers, DPAAP-D1
with acceptors packed in face-to-face manner possesses the

lowest S; state energy, while TPAAP-D1, TPAPAP-D1 and
TPATAP-D1 with donor of one molecule close to acceptor of
the other molecule exhibit the lowest Eg,. We further exam-
ined the nature of excited states based on these four dimers
by visualizing their hole and electron distributions in Mul-
tiwfn program.!*®] As shown in Figure 5A, the S, state of
DPAAP-DI still keeps intra-CT characteristic. The absence
of inter-CT in DPAAP-DI could be attributed to the shorter
dije of 3.220 A in intra-CT state than that of 4.533 A in
inter-CT state (Figure 524). The lower Eg in dimer relatively
to single molecule may be due to significant 7---7r attrac-
tive interactions between the planar acceptor parts of DPAAP
monomers.

In contrast, the S states of TPAAP-D1, TPAPAP-DI and
TPATAP-D1 are all of inter-CT characteristic (Figure 5A,B)
due to their shorter dy,, values in dimers, leading to a
significant reduction of S; state energy and AEgqy values
compared with their single molecules (Tables S2, S7-S9),
which is similar to our previous work.!1>>~>’] However, inter-
CT type transitions with inherently spatially separated hole
and electron will lead to largely decreased f values, that is,
0.0033 for TPAAP-D1, 0.0134 for TPAPAP-D1 and almost
zero for TPATAP-DI1, respectively, demonstrating unfavor-
able impact on radiation processes inherited from typical
inter-CT species. However, the k. values of TPAAP and
TPATAP neat film are high of 1.01 x 107 and 2.07 x 10’
s~1, which are only one tenth of those in toluene solutions
(1.41 x 10® and 2.49 x 10% s™!, respectively), indicating f
values of dimers calculated based on single crystal structure
cannot satisfyingly reflect the experimental results in actual
solid film system. That disparity could be attributed to differ-
ent packing modes and aggregation effect between ordered
single crystals and disordered amorphous films.!4349-31]

To clarify their inner emission mechanisms and further
understand the relationship between aggregate structure and
photophysical properties in neat films, we performed molec-
ular dynamics (MD) simulations to mimic their Kkinetic
aggregation behaviors. The center-of-mass (COM) radial
distribution functions (RDF) between molecules display
amorphous characteristic in all materials without any dis-
tinct peak structures (Figure 6A). In the COM RDF between
donor and acceptor units (Figure 6B), the sharp peaks corre-
spond to intramolecular COM distances, with values of 0.69,
0.99, 1.25 and 1.18 nm for DPAAP, TPAAP, TPAPAP and
TPATAP, respectively. We also calculated average dihedral
angle between 7r-bridge and AP acceptor based on molecular
structures from MD simulations, which are 47.0°, 49.2° and
46.6° for TPAAP, TPAPAP and TPATAP, respectively (Figure
S26), similar to the results in gas phase. Moreover, there
are a certain number of dimers with COM distances below
0.5 nm, indicating the existence of distinct intermolecular D-
A interactions in solid films (Figure 6B inset). We extracted
these dimers in three categories according to different pack-
ing characteristics, that is, A-A type, D-D type and D-A type
packing motifs with centroid distance below 0.5 nm, and then
calculated the excited state properties of all dimers. Based on
“self-doping effect”l>!! that dimers with lower energy will
act as dopants and dominate terminal emission, we screened
out 20 dimers of each type with the lowest S; energy, and
summarized their excited-state properties (Tables S10-S21).

For DPAAP, dimers with A-A type packing motifs pos-
sess lower Eg, values compared with D-A and D-D type
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represent the hole and electron distributions, respectively. (B) Transition density matrix (TDM) maps of S; state in TPATAP-D1. Hydrogen atoms are omitted
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acceptor. (C) Calculated S; state energies based on different packing motifs. (D) Distribution of f values in TPAAP, TPAPAP and TPATAP D-A type dimers.

(Figure 6C, Tables S10-S12), which could be ascribed to
significant 7r---7r attractive interactions between planar AP
acceptors, as evidenced by single crystal structure. Those
dimers have relatively large f values mostly in the range
between 0.10 to 0.37 owing to the fluctuation in D/A dihe-
dral angles, which is typical of intra-CT characteristics. Even
for dimers with relatively small f values, through the analy-
sis of hole and electron distributions, their S; states are also
of intra-CT (Figure S27). The lack of inter-CT characteristics
in DPAAP dimers accounts for its smallest redshift degree,
inactive TADF property and rapid k,,, increase in solid films,
consistent with the above experimental results. In contrast, for
TPAAP, TPAPAP and TPATAP, dimers with D-A type pack-
ing motifs possess lower Eg, due to reduced dj, . between
intermolecular D and A units, similar to the results based on
single crystal structure. Their f values in S; states are typical

of inter-CT characteristic (Tables S15, S18 and S21). The his-
togram demonstrates the distribution of f values (Figure 6D).
The average magnitude of f values in TPAAP and TPATAP
dimers are distinctly higher than those in TPAPAP dimers,
which is in good accordance with experimental results that &,
values in TPAAP and TPATAP neat films are markedly higher
than that in TPAPAP neat film.

In principle, the excited states calculated by TD-DFT
are all adiabatic states, generated from the linear combina-
tion of corresponding diabatic states. To shed light on their
large disparity in f values, Boys-localized diabatization[? is
performed to explore the specific composition of their adi-
abatic S; states. We choose dimers with the highest f in
low energy region for each material, that is, TPAAP-DA®6,
TPAPAP-DA4, and TPATAP-DAS as examples (Table S22).
After diabatization, four lowest diabatic singlet excited states
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FIGURE 7 The hole and electron distribution of adiabatic S; state, the diabatic Hamiltonian and eigenvector v; (left side), as well as hole and electron

density of the lowest four diabatic singlet excited states (right side) of (A) TPAAP-DAG, (B) TPAPAP-DA4 and (C) TPATAP-DAS, respectively.

with either pure inter-CT or pure intra-CT are constructed
(Figure 7A—C). Interestingly, the decomposed lowest diabatic
pure inter-CT state of these dimers possesses comparable f
values, although their f values in adiabatic inter-CT domi-
nated S, state differ greatly. For TPAPAP-DAA4, the adiabatic
inter-CT state has a similar f to its diabatic pure inter-CT
state, while for TPAAP-DA6 and TPATAP-DAS, the adiabatic
inter-CT state displays =3 times f values of their corre-
sponding diabatic pure inter-CT state to 0.0385 and 0.0335,
respectively.

Quantificationally, the oscillator strength f could be
calculated by the following equation:!>!

2
f=3 AEqug )

where AEj is the energy difference between initial and final
electronic states (a.u.), and ug is transition dipole moment,
which is given by:

B = 3)

where @, uy and p, is the component of u in x, y and
z directions. Upon diabatization, we could obtain diabatic
Hamiltonian (H) composed of a 4 X 4 matrix, where diago-
nal term is the excitation energy of each diabatic state, and
non-diagonal term represents electronic couplings between
different diabatic states. The eigenvalue 4 and eigenvector v
of this matrix could be obtained by solving Hv = Av, where v

is a 4 x 1 matrix with the expression of:

Cn Cy C3; Cyy
Ci Co Cs Cp
V) = , Vo) = V3 = ) » V4 = 4
S (TS RACEN [C%Y RACENN ('S0 AR [oF @
Ciy Coy Csy Cyy

Accordingly, through diabatization, utilizing eigenvector
vy which is used to build up adiabatic S; state, the u, in adi-
abatic S, state (denote as (i ,) could be expressed in linear
combinations of u, from four diabatic states (denote as iy, 4,
n=1-4):

Hxa = Cripixid + Ciottog + Cisphz g + Craptag - (5)

Mya and p, , could also be obtained in a similar way. There-
fore, large frequires large u. Considering small y in diabatic
pure inter-CT state and large u in diabatic pure intra-CT state
(Table S22), from diabatic state to adiabatic state, a large
coefficient C combined with diabatic pure intra-CT state is
essential to a decent f value in adiabatic inter-CT dominated
S, state. This could be realized by large electronic coupling
(V) and small energy gap (AE) between diabatic inter-CT and
intra-CT states.>*°]

In general, a large orbital overlap between initial and
final state is beneficial for large V.1°°°7] In TPAAP-DAG6
and TPATAP-DAS, hole distributions of diabatic inter-CT;
state even spread to AP acceptor part through electron
active 7r-bridge and show large spatial overlap with electron
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FIGURE 8 (A) Measured p-polarized angle-dependent PL intensity at the peak wavelength of TPATAP neat film (©,, = 100% and 67% correspond to

fully horizontal and isotropic dipoles, respectively). (B) EL spectra obtained at current density of 10 mA cm~2. (C) EQE versus current density curves of
different devices. (D) Maximum EQE summary of NIR TADF OLEDs with emission peak above 780 nm.

distribution (Figure 7). But in TPAPAP-DA4, hole distri-
bution of diabatic inter-CT; state mostly localizes in TPA
part, with very little contribution from phenyl 7z-bridge due
to its lack of electronic functionality. Consequently, for
TPAAP-DAG, a sufficient V of 41.62 meV and a small AE
of 33.78 meV between inter-CT; and intra-CT; diabatic
states lead to a large Cy, of 0.3631. The large C;, together
with large f of 0.637 in intra-CT; diabatic state leads to
a ~2.7 times enhancement in f value from pure inter-CT
diabatic state to adiabatic S; state. But for TPAPAP-DA4,
the V value between inter-CT; and intra-CT, diabatic states
is only —19.67 meV due to the smallest overlap. The small
V and large AE of 481.70 meV result in very small C;, value
of 0.0239, indicating negligible interplay between diabatic
inter-CT; and intra-CT; state, which well accords with
similar f value between diabatic pure inter-CT; state and
adiabatic S state. As to TPATAP-DAS, although AE between
diabatic inter-CT| and intra-CT, states is the largest (626.26
meV), the V value is also the largest (76.34 meV) due to large
overlap between hole and electron distribution facilitated
by strong electron-donating property of thienyl 7z-bridge,
resulting in a decent C;4 of —0.0992. This C,4 value further
combines with the largest f of 0.903 in diabatic intra-CT,
state due to both small dihedral angel and electron-donating
property of thienyl 7z-bridge, leading to ~3.3 times enhance-
ment in f value from pure inter-CT) diabatic state to adiabatic
S, state. Therefore, it is the much more effective coupling
between diabatic inter-CT and intra-CT states in TPAAP and
TPATAP neat films that leads to one order of magnitude larger
k; values than that in TPAPAP neat film, demonstrating great
importance of electron-donating 7-bridge when designing
molecules for achieving high &, values in solid states.

2.6 | Emitting dipole orientation and
electroluminescent properties

Generally, increasing m-conjugation length along molecu-
lar long axis would effectively enhance horizontal emitting
dipole orientation ratio ®,, which is beneficial for improv-
ing optical outcoupling efficiency (@) in OLEDs. Indeed,
as depicted in Figure 8A and Figure S28, D-A type DPAAP
without any z-bridge shows a low ®, of 71% in neat
film, while D-7r-A type TPAAP displays an enlargement of
©, to 76%. For TPAPAP and TPATAP with an extra 7-
bridge, their ®,, values exhibit effective increase to 81% and
82%, respectively, demonstrating significant advantages of
mr-bridge elongation for enhancing ©,.

To evaluate the electroluminescent performances
of these emitters, we fabricated multilayer OLEDs
with  following configuration: indium tin  oxide
(ITO)/1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile
(HATCN, 5 nm)/1,1-bis[4-[N,N-di(p-tolyl)amino]phenyl]-
cyclohexane (TAPC, 30 nm)/1,3-bis(N-carbazolyl)benzene
(mCP, 5 nm)/TPBi: x wt% DPAAP, TPAPAP or
TPATAP (30 nm)/4,6-bis(3,5-di(pyridin-3-yl)phenyl)—2-
methylpyrimidine (B3PyMPM, 60 nm)/LiF (1 nm)/Al
(150 nm). As shown in Figure 8B,C, non-doped OLED based
on DPAAP (device DPAAP-100) displays a maximum EQE
of 0.17% with electroluminescence (EL) peak at 732 nm.
As the PLQY value is 4.2% in neat film, the faint EQE
demonstrates a low exciton utilizing efficiency (EUE) below
25% due to its lack of TADF property. For TPAPAP based
non-doped OLED (device TPAPAP-100), although a high
EUE could be ensured by TADF mechanism, the relatively
low PLQY of 4.1% in neat film limits its EL performance
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with a maximum EQE of 1.20% at 778 nm. In contrast,
benefited from both TADF property and high PLQYs in
solid films, TPATAP based devices demonstrate outstand-
ing performances. In detail, 60 wt% doped OLED (device
TPATAP-60) exhibits a maximum EQE of 4.53% with EL
peak at 785 nm, and non-doped OLED (device TPATAP-
100) exhibited a maximum EQE of 1.26% with EL peak at
835 nm, respectively. These results represent state-of-the-art
performances among reported TADF OLEDs with EL peak
above 780 nm (Figure 8D)_[23,25.40.4l.43—45,47,51,58—60] In
addition, the non-doped device of TPATAP displays decent
operational lifetime with Toy of 74.4 hours at a constant
current density of 5 mA cm~2 (Figure S31).

3 | CONCLUSION

We systematically investigated the regulatory role of 7z-bridge
on photophysical properties of D/A type compounds in sin-
gle molecule and solid film, providing fresh insight into
how interplay between inter-CT and intra-CT in molecular
aggregates enables large k; in inter-CT dominated emission.
First, the introduction of 7-bridge is of essential importance
based on phenylamine type donors. Compared with D-A
type molecule DPAAP showing the worst performance in
solid state due to the lack of inter-CT, the introduction of 7-
bridge in TPAAP, TPAPAP and TPATAP not only bring about
enhanced &, and decreased AEgr values in single molecule,
but also facilitate distinct inter-CT characteristics in solid
films with largely reduced k,, and AEgt, thus inducing and
enhancing desired TADF for efficient NIR emission.

Second and more importantly, 7z-bridge mediated coupling
between inter-CT and intra-CT could maximize radiative
decay for adiabatic inter-CT dominated S; states through
effective couplings with intrinsic diabatic intra-CT states. In
particular for TPATAP, strong electron-donating thienyl 7-
bridge contributes to not only increased 7r-conjugation length
and high ©,, but also largely enhanced k. values owing to
large f in single molecule together with strong electronic
coupling between inter-CT and intra-CT in aggregates. Con-
sequently, OLEDs based on TPATAP achieved record-high
EQEs of 4.53% at 785 nm and 1.26% at 835 nm, respec-
tively, which represents state-of-the-art performances among
reported TADF emitters above 780 nm.

The vital m-bridge effect revealed herein could provide
valuable guidance on rational molecule design for highly effi-
cient NIR TADF materials. Based on TPA donor, introducing
extra functional 7z-bridge adjacent to acceptor part with strong
electron-donating property, such as thiophene, selenophene,
furan, pyrrole and their relevant derivatives, could simultane-
ously realize significant emission redshift, largely enhanced
k; values and increased ©®, in solid films. Guided by the
above-mentioned design strategy, through rationally integrat-
ing various D and A blocks, NIR TADF molecular library
would be greatly enriched in the near future. It is antici-
pated the vital 7-bridge effect for concerted inter-CT and
intra-CT in aggregates presented herein would attenuate the
limitation of energy gap law, not only to promote burgeon-
ing developments for high-efficiency NIR emitters, but also to
enhance the luminescence efficiency of various inter-CT sys-
tems, such as OPV materials for improving light-harvesting
process. 01671
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