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Guijiang Zhou,* Dongdong Wang, and Zhaoxin Wu*
lighting application due to their advantages,[1–7] and OLEDs have already been
used in display from small- and mediumsized mobile devices to large TV screens.
For practical lighting application, both
high efficiency and low efficiency roll-off
at high current density would be realized
at the same time. It is well known that
the recombination of the injected holes
and electrons will form singlet and triplet
excitons in a ratio of 1:3 controlled by spin
statistics rules.[8] Due to spin-forbidden
radiative transition from triplet exciton to
ground state, only 25% of singlet excitons
can be used to emit photons for conventionally used fluorescent emitting materials.[9] To achieve a nearly 100% internal
quantum efficiency, we should make full
use of both singlet and triplet excitons.
By employing phosphorescent materials
with heavy atom effect, entirely utilization
of both singlet and triplet excitons can
be realized due to enhancement of spin–
orbit coupling,[10,11] and there are many
reports on phosphorescent devices with
unity internal quantum efficiency.[12–14]
However, phosphorescent devices always exhibit serious efficiency roll-off at high current density caused by triplet–triplet
annihilation (TTA) and triplet-polaron quenching originating
from the accumulation of the long lifetime lowest triplet

Although phosphorescent and thermally activated delayed fluorescence (TADF)
emitters can break through the spin statistics rules and achieve nearly 100%
radiative exciton production (ηr), the swift efficiency roll-off as luminance
increases due to the accumulation of lowest triplet excited states with relatively
long lifetime is the fatal bottleneck for their lighting application. How to
achieve high ηr and low efficiency roll-off simultaneously is still a challenge. To
address this issue, two metal-free organic molecules are reported with a highly
twisted donor–bianthracene–acceptor structure involving high-lying twisted
intramolecular charge transfer (TICT) intermediate excited states, by which
electroluminescent (EL) devices with both high ηr and extremely low efficiency
roll-off could be realized. Significant low efficiency roll-off is achieved with
about 99.1% of the maximum external quantum efficiency (EQE) maintained
even at a high current density of 100 mA cm−2, corresponding to luminance of
23615 cd m−2, along with maximum EQE of 7.13% (ηr of 64.82%) in a doped
green EL device with 9-(4-{10′-[4-(4,6-diphenyl-[1,3,5]triazin-2-yl)-phenyl]-[9,9′]
bianthracenyl-10-yl}-phenyl)-9H-carbazole as a host. The state-of-the-art low
efficiency roll-off and enhanced ηr would be attributed to spin mixing of highlying TICT singlet and triplet intermediate excited states, proving the great
potential of such a host design strategy for their practical lighting application.

1. Introduction
Organic light-emitting diodes (OLEDs) are a promising alternative to traditional inorganic light-emitting diodes for the future
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excited states,[15] and phosphorescent materials, which contain rare metals, for example, Ir, Pt, and Os, have high cost of
commercial production. In order to get the low-cost and stable
fluorescent materials with the full usage of both singlet and
triplet excitons, the thermally activated delayed fluorescence
(TADF) mechanism and the corresponding materials were
reconsidered. In TADF molecule, lowest non-radiative triplet
excited states (T1) could be converted to lowest radiative singlet
excited states (S1) through reverse intersystem crossing (RISC)
due to the small energy gap between the lowest excited state
of singlet and triplet owing to effective separation of electron
donor (D) and acceptor (A) by the donor–acceptor-type structure,[16–20] and charge transfer (CT) states become the lowest
excited states, thus a nearly 100% ηr can be achieved. However,
TADF-based devices do suffer from serious efficiency roll-off at
high current density mainly because of TTA and singlet–triplet
quenching caused by the accumulation of lowest triplet excited
states with relatively long lifetime,[21,22] rendering them difficult to work under practical application condition. Recently
Yang and Ma reported a series of fluorescent materials with
hybridized local and charge-transfer (HLCT) emission.[23–26] By
using moderate D and A groups and controlling the twisted
angle to obtain appropriate electronic coupling between D and
A, the intercross of CT and local excited (LE) states could be
achieved. Singlet enhancement and efficiency roll-off reduction could be achieved through an RISC path between highlying triplet and singlet states, reducing the accumulation

of lowest triplet excited states. However, high-performance
devices with high efficiency and low efficiency roll-off are still
rarely reported,[23–26] the relatively high energy barrier during
hot exciton RISC on account of moderate electronic coupling
between D and A would impede the hot exciton RISC, thus
leading to modest efficiency roll-off.
In this paper, we demonstrate a new strategy to achieve both
high ηr of 64.82% and extremely low external quantum efficiency (EQE) roll-off of 0.9% from peak values to those even
at a high current density of 100 mA cm−2 by spin mixing of
high-lying perpendicular twisted intramolecular charge transfer
(TICT) singlet and triplet excited states. We select 9,9′-bianthracene (BA) moiety as the central core, which have almost
perpendicular electronic structure, TICT characteristics, and
intense fluorescence emission of LE states, based on our investigation of fluorinated BA derivatives before,[27,28] and report
two novel molecules with highly twisted D–BA–A structure
by modifying BA with D and A on both sides, respectively. In
the process of electron injection, high-lying TICT intermediate
excited states with smaller singlet–triplet energy splitting due
to the decreased electronic coupling between D and A by the
almost perpendicular BA core would cause more efficient hot
exciton RISC channel. An efficient singlet enhancement process occurred during high-lying TICT intermediate excited
states reduces the occurrence of accumulation of T1 excitons,
which is confidently beneficial for the suppression of efficiency
roll-off at high current density.

Scheme 1. Molecular structures and the synthetic routes of NCBAOMe and TrBACa.
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2. Results and Discussion
2.1. Molecular Design, Synthesis, and Theoretical Computation
We use BA with TICT characteristics as the central core,[27–31]
and add D or A on each side of BA core. Herein we introduce two D–BA–A structure molecules 4-[10′-(4-methoxyphenyl)-[9,9′]bianthracenyl-10-yl]-benzonitrile
(NCBAOMe)
and
9-(4-{10′-[4-(4,6-diphenyl-[1,3,5]triazin-2-yl)-phenyl]-[9,9′]
bianthracenyl-10-yl}-phenyl)-9H-carbazole
(TrBACa).
For
molecule NCBAOMe, the methoxyphenyl and benzonitrile
act as the D and A, while for molecule TrBACa, the carbazole and triazin serve as the D and A, respectively. BA and
10,10′-dibromo-9,9′-bianthracene were synthesized according
to the literature,[32,33] and then NCBAOMe and TrBACa
were readily obtained via two sequential Suzuki couplings
(see the Supporting Information); the molecular structures and the synthetic routes are outlined in Scheme 1.

Both compounds were purified by temperature-gradient
vacuum sublimation and fully characterized with 1H NMR and
element analysis.
The optimized geometry of the ground state (S0) and excited
state (S1) was obtained using density functional theory (DFT)
and time-dependent density functional theory (TD-DFT)
methods with the functional CAM-B3LYP for NCBAOMe and
TrBACa, respectively, and their structural details are shown
in Figure 1a. For the optimized geometry of S0, the dihedral
angles (θ2 and θ6) between two adjacent anthracene moieties of
NCBAOMe and TrBACa are nearly orthometric due to a steric
repulsion of anthracene peri-hydrogen atoms (1,1′ and 8,8′-positions). From S0 to S1, the twist angle θ2 of NCBAOMe and θ6 of
TrBACa are decreased to be 79°and 84°, respectively, while the
twist angles θ1 and θ3 of NCBAOMe also exhibit a decreasing
trend similar to the twist angles of θ5 and θ7 of TrBACa.
In order to examine the character of excited state, natural
transition orbitals (NTOs) were calculated on the basis of

Figure 1. a) The optimized geometries of ground state S0 and excited state S1 of NCBAOMe and TrBACa. b)The dominant natural transition orbital
pairs for the S1 states of NCBAOMe and TrBACa calculating at the time-dependent TD-DFT/CAM-B3LYP level.

Adv. Optical Mater. 2018, 6, 1800060

1800060 (3 of 11)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advopticalmat.de

Figure 2. a) PL and absorption spectra of NCBAOMe and TrBACa in CH2Cl2. b) PL and absorption spectra of NCBAOMe and TrBACa in films. c) PL
spectra of NCBAOMe in various solvents and in film. d) PL spectra of TrBACa in various solvents and in film. e) Linear correlation of orientation
polarization (f(ε, n)) of solvent media with the Stokes shift (νa − νf ) for NCBAOMe. f) Linear correlation of orientation polarization (f(ε, n)) of solvent
media with the Stokes shift (νa − νf ) for TrBACa.

TD-DFT/CAM-B3LYP/6-31G(d, p) level for S1 states. As shown
in Figure 1b, on the one hand, for the S1 states of NCBAOMe
and TrBACa, both “hole” and “particle” are populated on the
BA central moiety with large overlap, thus the initial S1 excited
states of NCBAOMe and TrBACa display the mainly LE transition feature. On the other hand, the two pairs of NTOs for S1
states of NCBAOMe are delocalized over the whole BA moiety
compared with those of TrBACa, whose NTOs are localized
on single anthracene part, indicating that the coupling of two
anthracene units is enhanced and slight CT component may
be formed in S1 state for NCBAOMe due to the smaller twist
angle between two adjacent anthracene moieties on the basis
of optimized S1 geometry obtained using DFT. The oscillator
strength of NCBAOMe (0.5555) in S1 state is lower than that
of TrBACa (0.8158), which indicates that the higher radiative
transition could be expected in TrBACa due to its strong LE
character.

Adv. Optical Mater. 2018, 6, 1800060

2.2. Photophysical and Excited State Properties
The normalized UV–vis absorption and photoluminescence (PL)
spectra of NCBAOMe and TrBACa in dichloromethane (CH2Cl2)
dilute solutions are shown in Figure 2a. Figure 2b shows these
spectra in films (≈50 nm) obtained by thermal evaporation on a
pre-cleaned quartz substrate. Their photophysical data are summarized in Table 1. NCBAOMe and TrBACa exhibit very similar
absorption peaks in CH2Cl2 solutions, and absorption spectra of
NCBAOMe and TrBACa in films are little redshifted relative to
those in solutions. NCBAOMe and TrBACa in films show the
common isolated characteristic vibronic structure at ≈342, 363,
384, and 406 nm due to the BA core. The PL emission peaks of
NCBAOMe and TrBACa in films are observed at 457 and 451 nm,
much blueshifted relative to those in CH2Cl2 solutions.
As shown in Figure 2c,d, when in different organic solvents
with increase of the solvent polarity gradually from hexane to
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Table 1. Physical properties of BAnFs.
Compound

λmax Abs a)/b) [nm]

NCBAOMe

263, 345, 364, 385, 402/267, 342, 363, 384, 406

483/457

0.68

176/487

−5.62/−2.75 (2.87)

−5.90/−1.96 (3.94)

TrBACa

270, 342, 363, 386, 402/270, 341, 362, 386, 406

478/451

0.89

193/512

−5.67/−2.77 (2.90)

−5.96/−1.98 (3.98)

c)
PL a)/b)
Tg/Tmd) [°C] HOMO/LUMOexp (Egopt)e) [eV] HOMO/LUMOcal (ΔEHOMO-LUMO)f) [eV]
λmax
[nm] Φf

Measured in CH2Cl2; b)Measured in solid thin film on quartz plates; c)Determined in CH2Cl2 using quinine sulfate (ΦPL = 0.56 in 1.0 M H2SO4 solution) as standard; d)Tg:
glass-transition temperature and Tm: melting point; e)The HOMO and LUMO energies were determined from cyclic voltammetry and the absorption onset in film; f)Values
from DFT calculation.

a)

acetonitrile, the PL emission peaks of NCBAOMe and TrBACa
exhibit obvious solvatochromic effect with obvious redshifts
of 77 and 81 nm, respectively, accompanied by broadened PL
spectrum. This phenomenon is consistent with double fluorescence property of BA core. Apart from LE state, the fluorescence clearly occurs from a highly polar intramolecular CT state
involving the TICT mechanism in polar fluid solvents.[29–31,34,35]
In low-polarity solvents, upon the optical excitation, LE state
with nearly orthogonal configuration, in which only one anthracene unit is excited to form the lowest singlet state, mainly
contributes to luminescence. As the solvent polarity increases,
BA core will undergo a symmetry breaking with formation of
highly polar TICT state and the energy level of TICT state begins
to degrade because of the interaction between the solvent field
and the TICT state with large dipole moment, thus emission
from TICT state can be observed after an apparent relaxation of
torsion angle. In high-polarity solvents, TICT state with lowest
energy level mainly contributes to fluorescence with large redshift. Moreover, we further estimated the dipole moments of S1
state from the linear fitting analysis of the Stokes shift (νa − νf)
and the solvent orientation polarizability (f(ε, n)), according to
the Lippert–Mataga model (see the Supporting Information).[34]
As shown in Figure 2e,f, NCBAOMe and TrBACa both show
two-section lines with an inflection point, which indicates the
existence of two different features of excited state. The dipole
moment μe of NCBAOMe is calculated to be 12.6 D in lowpolarity solvents and 20.1 D in high-polarity solvents. The value
of 12.6 D could be attributed to the LE-dominating HLCT state
revealing that the S1 state still possessed obvious CT character,
which is compliant with the NTO analysis in Figure 1b. The
large dipole of 20.1 D should be considered as a CT-like state,
which is close to the typical CT state molecule DMABN with a
μe of 23 D.[36] TrBACa also displays two-section linear relations
with μe of 8.4 D and 20.2 D, corresponding to LE-like state and
CT-like state, respectively.
Figure 3 shows the fluorescence decay curves for emission of
NCBAOMe and TrBACa in tetrahydrofuran (THF) dilute solution, the PL lifetimes of NCBAOMe and TrBACa were 11.79
and 3.42 ns, respectively, and the test results do not possess
delayed component with long lifetime. In phosphorescence
spectra measurement experiment of NCBAOMe and TrBACa in
THF dilute solution at 77 K, no phosphorescence was observed,
which indicated that T1 excitons hardly formed due to the large
energy gap between S1 and T1. We measured the photoluminescence quantum yields (ηPLs) of NCBAOMe and TrBACa in
dilute CH2Cl2 solution using quinine sulfate as standard (ηPL=
0.56 in 1.0 m H2SO4 solution) to be 0.68 and 0.89. However, in
solid film state, the ηPLs of NCBAOMe and TrBACa reduced to
0.23 and 0.29.

Adv. Optical Mater. 2018, 6, 1800060

2.3. Thermal and Electrochemical Properties
Thermal properties were investigated by differential scanning
calorimetry, and the resultant data are shown in Table 1. Both
NCBAOMe and TrBACa exhibited good thermal stabilities. The
glass-transition temperatures (Tgs) of NCBAOMe and TrBACa
were determined to be 176 and 193 °C (Figure S1, Supporting
Information), and NCBAOMe and TrBACa also exhibit high
decomposition temperatures (corresponding to 5% weight loss)
of 487 and 512 °C, demonstrating that these chromophores are
suitable for vapor deposition in OLED fabrication due to the
perpendicular-type configuration of their molecular structures.
The highest occupied molecular orbital (HOMO) energy levels
of NCBAOMe and TrBACa were measured to be −5.62 and
−5.67 eV by cyclic voltammetric studies (Figure S2, Supporting
Information). The cyclic voltammetric experiments were carried out in solutions of 0.1 m supporting electrolyte ([Bu4N]
ClO4) and 1 × 10−3 m substrate in dry CH2Cl2 under a nitrogen
atmosphere using ferrocene as an internal standard. The lowest
unoccupied molecular orbital (LUMO) energy levels were calculated to be −2.75 and −2.77 eV, respectively, from their absorption edges of the optical absorption spectra.

2.4. Electroluminescent Properties
To investigate the carrier-transport properties of NCBAOMe
and TrBACa, electron-only and hole-only devices with structure of [indium tin oxide (ITO)/LiF (1 nm)/1,3,5-tris(1-phenyl1H-benzimidazol-2-yl)benzene (TPBi) (10 nm)/NCBAOMe or

Figure 3. Photoluminescence decay curves of NCBAOMe and TrBACa in
oxygen-free THF dilute solution excited at 379 nm.
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Figure 4. a) Current density–voltage characteristics for the electrononly devices consisting of ITO/LiF (1 nm)/TPBi (10 nm)/NCBAOMe
or TrBACa (80 nm)/TPBi (10 nm)/LiF (1 nm)/Al (100 nm). b) Current
density–voltage characteristics for the hole-only devices consisting of
ITO/MoO3 (3 nm)/NPB (10 nm)/NCBAOMe or TrBACa (80 nm)/NPB
(10 nm)/MoO3 (3 nm)/Al (100 nm).

TrBACa or 4,4′-bis(N-carbazolyl)biphenyl (CBP) (80 nm)/TPBi
(10 nm)/LiF (1 nm)/Al (100 nm)] and [ITO/molybdenum trioxide (MoO3) (3 nm)/4,4′-bis[N-(1-naphthyl)-N-phenyl-amino]
biphenyl (NPB) (10 nm)/NCBAOMe or TrBACa or CBP
(80 nm)/NPB (10 nm)/MoO3 (3 nm)/Al (100 nm)], respectively,
were prepared. The well-known ambipolar conductive CBP was
used as a comparison. As shown in Figure 4, at a given applied
voltage, the current density of electron-only devices exhibits
TrBACa > CBP > NCBAONe, and the current density of holeonly devices shows CBP > TrBACa > NCBAONe, suggesting
their charge carrier mobility decreased in turn. As we all know,
the hole mobility of CBP is higher than its electron mobility
for an order of magnitude,[37] therefore, TrBACa are expected to
have more balanced ambipolar conductive property.
We initially fabricated nondoped devices to examine the electroluminescent (EL) properties of NCBAOMe and TrBACa with
the configuration [ITO/MoO3 (3 nm)/NPB (40 nm)/NCBAOMe
or TrBACa (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm)]
(device A with NCBAOMe as emitting layer and device B with

Adv. Optical Mater. 2018, 6, 1800060

Figure 5. a) Device structure and the energy levels of main materials
used in the device fabrication. b) Normalized EL spectra at 8 V and
absorption spectra of C545T in film.

TrBACa as emitting layer). To investigate the EL performance of
NCBAOMe and TrBACa as host materials, then doping devices
have been constructed and evaluated by using the well-known
10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro1H,5H,11H-benzo[l]pyrano(6 7 8-ij)quinolizin-11-one (C545T)
as the green fluorescent dopant. The device structures were
[ITO/MoO3 (3 nm)/NPB (40 nm)/NCBAOMe or TrBACa:
C545T (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm)] (device
C and device D), dopant C545T was doped in NCBAOMe or
TrBACa to form the emitting layer with the optimal doping concentration of 1 wt%. In the above devices, MoO3 was hole injection layer, NPB was utilized as hole transporting layer, TPBi was
used as electron transporting layer and exciton blocking layer,
and LiF as electron injection layer, respectively. Figure 5a shows
the device structure and the energetics of main materials used
in the device fabrication, good injection, and confinement of
carrier charges in the emitting layer are achieved. Normalized
EL spectra of these devices, along with absorption spectra of

1800060 (6 of 11)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advopticalmat.de

Figure 6. a) Current density–voltage–luminance characteristics of
NCBAOMe and TrBACa devices. b) External quantum efficiency versus
current density curves of NCBAOMe and TrBACa devices.

C545T in solid state, are shown in Figure 5b. Since the spectral overlap efficiency between EL spectra of host materials and
absorption spectra of C545T, Förster energy transfer would efficiently occur. Both devices A and B exhibit blue emissions with
Commission International de l’Éclairage (CIE) coordinates of
(0.17, 0.22) and (0.16, 0.16). Compared to EL spectra of TrBACa,
there is an obvious redshift in EL spectra of NCBAOMe due
to greater probability of CT component according to the results
of S1 stat NTOs. The EL spectra of device C and D show green

emissions of C545T, which are significantly different from EL
emissions of nondoped devices.
The current density–voltage–luminance (J–V–L) characteristics and the EQE versus current density curves of these devices
are illustrated in Figure 6 and the key devices performances are
listed in Table 2. For nondoped devices, the maximum luminance, maximum current efficiency, maximum power efficiency,
and maximum EQE of device A are 7175 cd m−2, 4.85 cd A−1,
3.83 lm W −1, and 2.72%, respectively. Furthermore, device
B exhibited more excellent performances with a maximum
luminance of 10 608 cd m−2, a maximum current efficiency of
5.93 cd A−1, a maximum power efficiency of 4.91 lm W −1, and
a maximum EQE of 4.09%. Assuming that light out coupling
efficiency (ηout) is estimated as 20% for a glass substrate with
an index of refraction n = 1.5,[38] charge balance factor (γ) is
100% in a properly designed device, and the ηPLs of NCBAOMe
and TrBACa films are 0.23 and 0.29, we estimated ηrs of device
A and device B to be 59.1% and 70.5% according to Equation
EQE = ηoutγηrηPL, largely breaking through the limit of 25% in
a conventional fluorescent device. It is worth noting that at a
high current density of 100 mA cm−2 (corresponding to luminance of 4171 cd m−2 for device A and 5307 cd m−2 for device B),
device A and device B exhibited slightly EQE roll-off of 14.0%
and 10.5%, respectively, indicating that the ηr still kept above
50% of device A and device B. In this regard, NCBAOMe
and TrBACa are more practical than TADF materials,
which suffer from serious efficiency roll-off at high current
density.[21,22] Compared to device A, device B with TrBACa as
emitter showed lower EQE. This is mainly due to intense transition of LE state and more balanced ambipolar conductive
property of TrBACa. The C545T-doped devices exhibited more
excellent performance, the maximum luminance, maximum
current efficiency, maximum power efficiency, and maximum
EQE are 74 922 cd m−2, 21.39 cd A−1, 15.90 lm W −1, and 6.69%,
respectively, for device C and 82 235 cd m−2, 23.83 cd A−1,
19.19 lm W −1, and 7.13%, respectively, for device D. We measured
ηPLs of NCBAOMe: C545T (1 wt%) and TrBACa: C545T
(1 wt%) films to be 0.63 and 0.55 using an integrating sphere,
thus ηrs of device C and device D were estimated to be 53.10% and
64.82%. A distinctive merit is that the two doped devices exhibited desired stability, at a high current density of 100 mA cm−2
(corresponding to luminance of 20 919 cd m−2 for device C and
23 615 cd m−2 for device D), device C and device D exhibited
negligible EQE roll-off of 2.2% and 0.9%, respectively. Even at
a ultra high current density of 300 mA cm−2 (corresponding to
luminance of 59 549 cd m−2 for device C and 68 702 cd m−2 for

Table 2. EL performance of NCBAOMe and TrBACa.
EML

a)
λ EL
max [nm]

Vonb) [V]

Lmaxc) [cd m−2]

ηextd) [%]

ηcd) [cd A−1]

ηpd) [lm W−1]

EQE roll-offe)
[%]

EQE roll-offf)
[%]

CIEa) [x,y]

A

NCBAOMe

464

3.5

7175

2.72

4.85

3.83

14.0

26.5

(0.17,0.22)

B

TrBACa

452

3.2

10608

4.09

5.93

4.91

10.5

24.2

(0.16,0.16)

C

NCBAOMe:C545T

512

3.3

74922

6.69

21.39

15.90

2.2

7.2

(0.28,0.63)

D

TrBACa: C545T

508

3.0

82235

7.13

23.83

19.19

0.9

3.9

(0.27,0.61)

Device

a)Values
f)Values

collected at 8 V; b)Turn-on voltage at 1 cd m−2; c)Maximum luminance; d)Values collected at a peak efficiency; e)Values collected at a current density of 100 mA cm−2;
collected at a current density of 300 mA cm−2.
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Figure 7. Natural transition orbitals (NTOs) of the first three or four singlet and triplet excited states for NCBAOMe and TrBACa.

device D), device C and device D still showed insignificant EQE
roll-off of 7.2% and 3.9%, corresponding to ηr of 51.43% and
63.45%, which still exceed twice of the limit of 25% in a conventional fluorescent device.

2.5. “Hot Exciton” Channel of T-S Conversion
In addition to good injection and confinement of carrier
charges in the emitting layer, there still is an essential internal
factor to cause such high ηr and robust stability. First, the TTA
mechanism does not play a role in achieving high ηs, because
the brightness increases less than linearly at higher current
density (Figure S3, Supporting Information).[39] We then performed PL decay measurements of pure NCBAOMe (TrBACa)
and 1 wt% NCBAOMe (TrBACa):C545T films, all the films only
exhibit prompt fluorescence emissions of short PL lifetimes
in a few seconds without any delayed component observed
(Figure S4, Supporting Information). In order to find out the
mechanism that could effect the probability for generating
singlet bound states, NTOs of the first ten singlet and triplet
excitations were calculated based on CAM-B3LYP to describe
the character of electronic transitions for singlet and triplet
excited states. For the sake of simplicity and conciseness, we
analyze the dominant NTO pairs’ contributions and the related
weights for the first several singlet and triplet excited states
for the pictorial description in Figure 7. As shown in Figure 7,
both S1, S2, T1, and T2 states of NCBAOMe and TrBACa exhibit
a typical character of LE state, while high-lying S3 states of
Adv. Optical Mater. 2018, 6, 1800060

NCBAOMe and TrBACa show an obvious feature of CT state.
For high-lying triplet excited state, T3 state of NCBAOMe corresponds to the pure LE state, while T3 state of TrBACa and T4
state of NCBAOMe display a strong CT character transition.
To illustrate exciton decay and conversion process in EL
devices, the excited state energy diagrams of the first ten singlet
and triplet excited states were described carefully (Figure 8a).
In the excited state energy diagram of NCBAOMe, a small singlet–triplet energy splitting (ΔEST = 0.11 eV) between S3 and T4
was found due to the strong CT character of them. Moreover, a
large energy gap of 0.95 eV was estimated between T3 and T2
states in NCBAOMe, which may greatly restrict internal conversion (IC) decay from T3 to T2 according to the energy-gap
law.[23] Although a small energy gap was discovered between T4
and T3, T3 still acts as an obstacle in the hot exciton channel
T4→S3 (Figure 8b). While in the excited state energy diagram
of TrBACa, two distinguished features should be paid attention to. First, a smaller singlet–triplet energy splitting (ΔEST =
0.07 eV) between S3 and T3 was demonstrated in theoretical
calculation, which may significantly decrease energy barrier during hot exciton RISC. Second, a larger energy gap of
1.07 eV was calculated between T3 and T2 states in TrBACa,
leading to more effective hindrance of IC decay. Based on the
above two points, as shown in Figure 8b, more effective RISC
channel (T3→S3→S1) would form in TrBACa.
It is worth noting that the energy gaps between high-lying
TICT singlet and triplet excited state of NCBAOMe and TrBACa
were smaller than most of the HLCT molecules reported.[23–26]
The singlet–triplet energy splitting ΔEST is twice the value of
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Figure 8. a) Excited state (singlet and triplet) energy diagram of NCBAOMe and TrBACa from TD-DFT/CAM-B3LYP calculations. b) Schematic of the
exciton decay process in NCBAOMe and TrBACa devices. c) Schematic description of high-lying TICT intersystem crossing mechanism.

the electron-exchange integral J (φ, φ*), which is proportional
to the orbital overlap between φ and φ*.[16] Therefore, smaller
overlap in wavefunctions of electron and hole would lead to the
smaller ΔEST. In the EL process, the electron and hole initially
reside on acceptor and donor section, respectively, to form perpendicular TICT intermediate state (the precursors of lowest LE
excitons) due to the almost perpendicular configuration of BA
core, and the initial proportion of high-lying singlet and triplet
TICT states follows spin statistics. As a result of highly twisted
structure and effective separation of electron and hole, binding
energy of the higher excited TICT intermediate state is very
weak.[3] For limited overlap of electron–hole wave functions,
singlet–triplet energy splitting of TICT intermediate state is
very small, thus triplet-to-singlet high-lying TICT excited state
transition (e.g., T3→S3 in TrBACa) would happen via the RISC
Adv. Optical Mater. 2018, 6, 1800060

process.[40–42] Besides, the high-lying TICT state is a spin–orbit,
charge-transfer intersystem crossing mechanism (Figure 8c),
which is especially enhanced in perpendicular torsional angle
between twisted π system.[43,44] Since singlet exciton shows
smaller binding energy (higher in energy) relative to triplet
exciton, the direct relaxation from singlet TICT excited state to
singlet exciton should be more faster due to larger overlaps in
the singlet channel.[45] High-lying singlet and triplet TICT intermediate excited states are likely to be in intersystem crossing
quasiequilibrium, from which the singlet bound exciton formation is more efficient,[46,47] the occurrence of such a mechanism could lead to significant high ηr and breakthrough of
the 25% limit, and the ηr of C545T-doped device is lower than
the nondoped device due to directly carrier trapping of C545T
dopant. Particularly, triplet-to-singlet transition will achieve in
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high-lying TICT excited state, thus serious efficiency roll-off
due to accumulation of lowest triplet excited excitons would be
avoided. Coupled with good injection and balanced transport
property of carrier charges, robust efficiency stability at high
current density can be realized.

3. Conclusion
In summary, we report two luminescent molecules NCBAOMe
and TrBACa with a highly twisted donor–bianthracene–acceptor
structure. From the theoretical computation and photophysical
properties, we have demonstrated that NCBAOMe and TrBACa
have obvious high-lying TICT characters and nearly LE-emission features in films. By using TrBACa as emitter in a nondoped device, high ηr of 70.5% and slightly efficiency roll-off of
10.5% at a high current density of 100 mA cm−2 (5307 cd m−2)
are obtained. Particularly, as a host material doped with fluorescent dopant C545T, the TrBACa-based device exhibits high
ηr of 64.82% and negligible efficiency roll-off of only 0.9% at
a high current density of 100 mA cm−2 (23615 cd m−2). Our
results provide a novel strategy to construct the highly efficient
fluorescent OLED with high exciton utilization and robust stability at high current densities by using high-lying TICT intermediate excited states.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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4. Experimental Section
General: The manipulation involving air-sensitive reagents was
performed under an inert atmosphere of dry nitrogen. All the
chemicals purchased were used without further purification unless
otherwise stated. PL and absorption spectra were recorded by a
Horiba Jobin Yvon Fluoromax-4 spectrophotometer and a Hitachi UV
3010 spectrophotometer, respectively. To measure the fluorescence
quantum yields (Φf ), degassed solutions of the compounds in
CH2Cl2 were prepared. The concentration was adjusted so that the
absorbance of the solution would be lower than 0.1. The excitation
was performed at 380 nm, and quinine sulfate in 1.0 m H2SO4
solution, which has Φf = 0.56, was used as a standard. The difference
between the refractive index of the solvent and that of the standard
should also be counted. The absolute PL quantum yields of films
were measured using an integrating sphere excited at 379 nm with
an absolute PL quantum yield measurement system (Hamamatsu
C11347). Glass transition temperatures (Tg) were determined with a
differential scanning calorimeter (DSC, TA instruments DSC200PC)
at a heating rate of 10 °C min−1 under a nitrogen atmosphere.
Cyclic voltammetry (CV) was performed using a Princeton Applied
Research model 273 A potentiostat at a scan rate of 100 mV s−1. All
experiments were carried out in a three-electrode compartment cell
with a Pt-sheet counter electrode, a glassy carbon working electrode
and a Pt-wire reference electrode. The supporting electrolyte used was
0.1 m tetrabutylammonium perchlorate ([Bu4N]ClO4) solution in dry
CH2Cl2 under a nitrogen atmosphere using ferrocene as an internal
standard.
Device Fabrication and Testing: OLEDs were fabricated by thermal
evaporation onto a cleaned glass substrate precoated with transparent
and conductive ITO. Prior to organic layer deposition, ITO substrates
were exposed to a UV–ozone flux for 10 min, following degreasing
in acetone and isopropyl alcohol. All of the organic materials were
purified by temperature-gradient sublimation in a vacuum. The
devices were fabricated by conventional vacuum deposition of
the organic layers, MoO3, LiF, and Al cathode onto an ITO-coated
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glass substrate under a base pressure lower than 1 × 10−3 Pa. The
thickness of each layer was determined by a quartz thickness monitor.
The current density–voltage–luminance (J–V–L) characteristics of
devices were measured with a Keithley 2602 and Source Meter. All
measurements were carried out at room temperature under ambient
conditions.
Computational Details: All the DFT calculations were carried
out under Gaussian 09 (version D.01) package.[48] The ground
state geometry was optimized using a long-range-correction DFT
calculation with CAM-B3LYP hybrid functional[49] at the basis set
level of 6-31G(d,p). The excited state geometry was optimized by
TD-DFT[50] with the CAM-B3LYP being functional at the same basis
set level. Based on the optimized configuration of ground state, the
energy landscape of singlet and triplet states was evaluated using
TD-CAM-B3LYP/6-31G(d,p). In order to examine the nature of the
electronic transitions, NTOs[51] of absorption were evaluated for
the excited states, involving both singlet and triplet states under
TD-CAM-B3LYP/6-31G(d,p) using the geometry of ground state.
Compositions of molecular orbits were analyzed using the GaussView
5.0 program.
Materials: See the details in the Supporting Information.
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