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Achieving a Significantly Increased Efficiency in Nondoped
Pure Blue Fluorescent OLED: A Quasi-Equivalent

Hybridized Excited State

Shitong Zhang, Liang Yao, Qiming Peng, Weijun Li, Yuyu Pan, Ran Xiao, Yu Gao,
Cheng Gu, Zhiming Wang, Ping Lu, Feng Li, Shijian Su, Bing Yang,* and Yuguang Ma

Excited state characters and components play a decisive role in photolumi-
nescence (PL) and electroluminescence (EL) properties of organic light-emit-
ting materials (OLEDS). Charge-transfer (CT) state is beneficial to enhance
the singlet exciton utilizations in fluorescent OLEDs by an activated reverse
intersystem crossing process, due to the minimized singlet and triplet
energy splitting in CT excitons. However, the dominant CT component in
the emissive state significantly reduces the PL efficiency in such materials.
Here, the strategy is to carry out a fine excited state modulation, aiming to
reach a golden combination of the high PL efficiency locally emissive (LE)
component and the high exciton utilizing CT component in one excited
state. As a result, a quasi-equivalent hybridization of LE and CT components
is obtained in the emissive state upon the addition of only an extra phenyl
ring in the newly synthesized material 4-[2-(4’-diphenylamino-biphenyl-4-yl)-
phenanthro[9,10-d]imidazol-1-yl]-benzonitrile (TBPMCN), and the nondoped
OLED of TBPMCN exhibited a record-setting performance: a pure blue emis-

1. Introduction

Nowadays, the organic light-emitting
diodes (OLEDs)M are playing a significant
role in the new generation of flat-panel
display and solid-state lighting due to their
advantages.>”’! Different from the inor-
ganic light-emitting diodes, the recombi-
nation of the injected holes and electrons
form strongly bound excitons that exhibit
distinct spin state in OLEDs: singlet and
triplet in a ratio of 1:3 according to the
spin statistics rules. Thus, the fluores-
cent materials generally suffer from an
upperlimit of exciton utilizing efficiency
(ns) to 25% in OLEDs, because only sin-
glet excitons are spin allowed for radia-
tive decay to ground state. The 1y can be
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increased to nearly 100% by employing
phosphorescent materials due to heavy
atom effect to greatly enhance the inter-
system crossing (ISC).2* However, there
are still some issues to be considered. For
instance, the high cost of OLEDs com-
mercialization due to the use of expen-
sive metals, the insufficiency to full-color
display, especially the lack of blue phos-
phorescent materials, and so on. To address these issues, sci-
entists recently focused their attentions back on the fluorescent
materials, aiming at developing high triplet exciton utilization,
low-cost OLEDs based on metal-free fluorescent materials. Two
promising approaches have been proposed for triplet exciton
utilization: triplet—triplet annihilation (TTA) and thermally acti-
vated delayed-fluorescence (TADF). TTA process could provide
a theoretically maximized exciton utilization of 62.5%, in which
one extra singlet exciton will be generated by the fusion of two

sion with a Commission Internationale de LEclairage coordinate of (0.16,
0.16), a high external quantum efficiency of 7.8%, and a high yield of singlet
exciton of 97% without delayed fluorescence phenomenon. The excited state
modulation could be a practical way to design low-cost, high-efficiency fluo-
rescent OLED materials.
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vested by means of thermal energy-assisted reverse intersystem
crossing (RISC) process from T; to S; state.l! These two kinds
of delayed-fluorescence methods do dramatically improve the
overall electroluminescence (EL) efficiency, nevertheless, like
the phosphorescence OLEDs, their efficiencies usually suffer
from serious rolling-off at high current density that originates
from the inevitable concentration accumulation due to the long
lifetime of T; excitons. Therefore, they are usually applied in the
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Figure 1. a) Chemical structures and b) the Sp—S; NTO of TPM, TPMCN, and TBPMCN.
Herein, f represents the oscillator strength, and the weights of hole—particle are given for the
S¢—S; excitations. The data of TPM and TPMCN are taken from the literaturel’d for com-

parison to TBPMCN as mentioned in the main text.

doped OLEDs for high EL efficiency, which is against the easy
fabrication of device in comparison with the nondoped OLEDs.

We recently established a series of nondelayed fluorescent
materials that also breaks through the 25% upper limit of 7, in
OLEDs. Their excited states are featured as hybridized local and
charge-transfer (HLCT) state, that is, a special excited state with
obviously coexisted locally emissive (LE) and charge-transfer
(CT) character components.”! The LE component provides a
high radiative transition rate that is related to a high photolu-
minescence (PL) efficiency (np;), whereas the CT component is
responsible for a sufficiently small singlet—triplet energy splitting
(AEsT), as a result of the nearly disappeared electron exchange
interaction with an increased spatial separation between elec-
tron and hole wavefunctions in CT-like exci-
tons, which enables a high 7, arising from
the enhanced RISC (T—S) process along
high-lying excited states.’>7¢%l Therefore, in
principle, such excited state property could
harvest the maximized EL efficiency from a
compatible coexistence between high np; and
high 7, corresponding to a golden combina-
tion between LE component and CT com-
ponent. What is more, the T; concentration
quenching problem could be hopefully sup- @
pressed to a lower degree due to the restricted
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were located on the high-lying triplet energy
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"Particle” 85% in nondoped EL device.”d As mentioned

) above, this high 1, in TPMCN can be ascribed
to the incorporation of CT characters in the
emissive state as a result of the substitution of
cyano group. As a comparison, the cyano-free
LE material TPM (Figure 1) only possesses a
very low 1 of 16%. Despite the fact that the
P dominated CT component in TPMCN leads
to a serious decrease of 1p; from 35% to 13%
in the film state, the EL efficiency of TPMCN
is still twice as high as that of TPM under the
same device structures. This achievement is
ascribed to the fact that the enhancement of
7 is far superior to the sacrifice of np;. For
the purpose of the maximization of the EL
efficiency, a further fine modulation in the
HLCT state is confidentially necessary, in
order to achieve balanced LE and CT compo-
nents in the excited state, or to strengthen the
LE component while maintaining the present
CT component. This work focuses on a rede-
signed new material 4-[2-(4’-diphenylamino-
biphenyl-4-yl)-phenanthro[9,10-d]imidazol-
1-yl]-benzonitrile (TBPMCN, Figure 1) based
on TPMCN, and the better understanding on the relationship
between excited state properties and EL performances upon the
excited state modulation.

2. Results and Discussions

2.1. Molecular Design
2.1.1. Calculated Excited State Properties

The synthesis route of TBPMCN is outlined in
Scheme 1. TBPMCN inherits the orthogonal donor and

N|-|2+ CHO o Br_Oé;:

C Br

4

NC
BrBPMCN

0 & &
delayed fluorescence, if the triplet CT states C}N_O_Bo + BrPMCN —b> d‘:

levels, which is of shorter lifetimes than the
T, state. Thus, it is possible to realize the
highly efficient nondoped OLED by using
HLCT materials. 4-(2-(4-(Diphenylamino)
phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)
benzonitrile (TPMCN, Figure 1) is such an
example. With the HLCT character in its
excited state, it can harvest an exceeding 1, of
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a= CH;COOH: CH;COONHy,, 120°C, 2h; b= Toluene: Pd(Pph;),/K,CO; aq, 90°C, ~2d

Scheme 1. Synthesis route of TBPMCN.
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acceptor architecture feature of TPMCN. In Figure 1,
the triphenylamine-benzolyl-phenatheroimmidazole (TBPM)
backbone acts as the electron donor and the orthogonal ben-
zonitrile serves as the acceptor. From TPMCN to TBPMCN,
an additional phenyl ring is inserted between triphenylamine
and phenathero-imidazole with the extended m-conjugation to
increase LE component, for the purpose of the improvement
of npy and simultaneously maintain the strength of donor and
acceptor (or the CT component) to the best extent. In the first
step, density functional theory (DFT/M06-2X/6-31G**) calcula-
tions combined with the natural transition orbital (NTO)® anal-
ysis are used to describe the excited-state properties of the two
materials (Figure 1). For the S; state, NTO “hole” and “particle”
of TBPMCN are obviously similar to those of TPMCN. For both
the two molecules, “holes” are delocalized over the whole hori-
zontal backbone, while “particles” are mainly localized on the
vertical benzonitrile and other several fragments: phenathero-
imidazol and the adjacent biphenyl or phenyl rings. As a com-
parison, a similar CT transition character is maintained from
the horizontal backbone to the vertical benzonitrile in the S,
state of both TBPMCN and TPMCN, whereas the overlap den-
sity between “hole” and “particle” is significantly expanded
due to the insertion of an extra phenyl ring in TBPMCN, indi-
cating an enhanced LE component in S; state relative to that
of TPMCN. For this special S; state of TBPMCN, the oscillator
strength is calculated to be 0.9311, which is fourfold as high
as that of TPMCN (0.2327), implying that a much higher np;
could be expected in TBPMCN than in TPMCN, as a result
of an additional phenyl ring that totally contributes to the
increased LE component in S; state.

2.1.2. Quasi-Equivalent Hybridization in TBPMCN

To our interest, the NTO of S, and S; excited states in both
TBPMCN and TPMCN exhibit a hybrid-splitting state char-
acter that derives from the interstate coupling between LE
(TPM—TPM or TBPM—TBPM) and CT (TPM—benzonitrile
or TBPM—benzonitrile) states (Figure S4, Supporting Informa-
tion). It is noteworthy that the orbital symmetry of the “particle”
on the benzonitrile group of the two molecules are exactly in
the opposite phase between S; and S, states, indicating that
the interstate coupling occurs through the positive and nega-
tive linear combination between horizontal LE and vertical CT,
respectively, as shown in Equation (1)
Wsisa = A Wie * Acr - Wer 1)
Thus, both S; and S, states should be considered as a hybrid
state caused by the cyano substitution in TBPMCN and
TPMCN.I% On the other hand, some other slight differences
of hybrid states can also be found between TBPMCN and
TPMCN. In the case of TBPMCN, the S; and S, excited states
are very similar in energy, oscillator strength (Table S3, Sup-
porting Information), and the corresponding NTO distribution,
which indicate a quasi-equivalent hybridization between LE and
CT states due to their almost isoenergetic initial states. As a
contrast, for TPMCN, the S; and S, excited states demonstrate
a quite significant difference in energy, oscillator strength, and
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NTO image, which is caused by the nonequivalent hybridiza-
tion between LE and CT initial states (Figure S4, Supporting
Information). Compared with the nonequivalent hybridization,
the quasi-equivalent hybridization is expected to achieve the
golden combination between high np; and high n,, and further
to maximize the EL efficiency in the OLED, due to the more
balanced LE and CT components in HLCT state of TBPMCN
than that of TPMCN.

2.2. Photophysical Properties
2.2.1. Ultraviolet-Visible (UV-Vis) Absorption and PL Properties

The excited state properties of these two materials are further
examined by characterizing their detailed photophysical proper-
ties. The UV-PL spectra of these two compounds are illustrated
in Figure 2a. Although the two materials exhibited almost
the same absorption peak location, the absorption peak of
TBPMCN is obviously narrower than that of TPMCN, revealing
to a more m—m* like character. For the PL spectra, apart from
the same narrower trend as that in the UV spectra, the PL peak
of TBPMCN gives an unexpected 25 nm blue-shift comparing
to TPMCN, which is completely opposite to the common sense
that the extension of 7-conjugation generally leads to a red shift
in PL spectra.l'!l In essence, this “abnormal” blue-shift can be
predominantly attributed to the enhanced LE component that is
equivalent to the more suppressed CT component in the emis-
sive state of TBPMCN. As a matter of fact, the competition of
two mechanisms results in the blue shift in PL spectra from
TPMCN to TBPMCN. Specifically, the extension of LE compo-
nent leads to the red shift of PL spectrum, meanwhile the sup-
pressed CT component results in the blue shift of PL spectrum,
upon the insertion of an additional phenyl ring. As for the
result, the latter factor is more dominant than the former one.
Actually, a certain overlap (some self-absorption) can be found
between UV and PL spectra of TBPMCN, which is revealed to
a more LE-like character from the expanded conjugation along
horizontal backbone in TBPMCN than in TPMCN. In contrast,
the npy (vs quinine sulphate) of the non-self-absorption mole-
cule TPMCN in THF is merely 7.8%, assigned to the intrinsic
property that the CT state always causes an extremely low PL
efficiency.l'l Nevertheless, the 1p; of TBPMCN in THF is as
high as 79%, reflecting an obvious LE state emission character.
The same trend can also be found in solid film state. The PL
peaks of TPMCN and TBPMCN are located at 460 and 445 nm,
respectively, and the 7np; for TPMCN and TBPMCN are meas-
ured as 13% and 40%, respectively, proving that TBPMCN is
surely more efficient as we desired. What is more, the large
blue shift relative to TPMCN makes TBPMCN more attractive
as a potential pure blue OLED emitter.

2.2.2. Solvatochromic Effects

Both the two materials demonstrate obvious solvatochromic
shifts with the increase of solvent polarity, indicating that
the emissive states of these two materials are of typical CT
characters (Figure 2b, Table 1).121 The solvatochromic shift

wileyonlinelibrary.com

1757

“
G
F
F
>
v
m
~




FUNCTIONAL 2\

MATERIALS M‘l\"‘ ié

www.afm-journal.de !
www.MaterialsViews.com

(a) (b)

Hexane

-
™
s
[
-l
wd
=
™

Absorption Intensity (a.u.)
('n"e) Aysuaju| aouassalon|q
Fluorescence Intensity (a.u.)

— -
T T T T T T T T

300 350 400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
(c)
[ ]
90009  —e— TPMCN e
—=a— TBPMCN .
8000
< 7000 - m
£ iy
3 e
£ 6000 £
[ =3
R 38
5000
4000

3000 -
T T T T T T T

0.00 005 010 015 020 0.25 0.30
Af Time (ns)

Figure 2. Comparisons on photophysical properties of TPMCN and TBPMCN. a) UV-PL spectra in tetrahydrofuran (THF) of TPMCN and TBPMCN.
b) Solvatochromic PL spectra of TPMCN and TBPMCN. c) Solvatochromic Lippert—-Mataga models of TPMCN and TBPMCN. The solid squares repre-
sent the Stokes’ shift in different solvents, the lines are the correlated solvatochromic models of the two materials, respectively. The solvents and other
photophysical properties such as Stokes’ shifts and nPL-s are listed in the Supporting Information, see Section SI-1. d) Transient PL spectra in THF
of TPMCN and TBPMCN. The concentrations of the solutions are controlled to less than 1 x 107> mol L™ to guarantee that the solutions are diluted
solutions. The data of TPMCN are taken from a previous study./dl

of TBPMCN (55 nm) is much smaller than that of TPMCN  the LE character of the S; state in TBPMCN should be much
(78 nm) from hexane to acetonitrile. Especially, in hexane, stronger than that in TPMCN. In different solvents, the full
TBPMCN exactly demonstrates a LE-like character because of ~ width at half maximum (FWHM) of TBPMCN is narrower than
the existence of the vibrational fine structure in PL spectrum.  that of TPMCN, and TBPMCN possesses higher PL efficiency,
Compared to the broad and smooth PL spectrum of TPMCN, as a result of the enhanced LE component in the emissive state.

Table 1. Photophysical properties of TPMCN and TBPMCN in different solvents.

TPMCN TBPMCN
v, ve) Vv FWHM®) NpY Lifetime®) v, v@) Vv FWHM®) e Lifetime®)
Solvents Af [nm] [nm] [em™] [nm] [%] [ns] [nm] [nm] [em™] [nm] [%] [ns]
Hexane 0.0012 360 440 5051 61 26 3.05 364 415 3376 53 =100 1.14
Ether 0.167 365 460 5658 73 13 3.22 363 440 4821 57 94 1.51
THF 0.21 360 480 6944 88 7.8 3.52 364 451 5300 65 79 1.83
Acetonitrile  0.305 350 518 9266 101 0.81 3.98 363 470 6272 82 24 212

3y, and vf are the UV and PL peaks in different solvents, respectively; ®’Stokes shift in different solvents; 9The full width at half maximum; 9YMeasured versus quinine
sulphate; 9 Measured at the peak wavelengths in different solvents.
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We further consider the solvatochromic effect using Lip-
pert-Mataga model, in which the X-axis represents the sol-
vent polarity factor f, and the Y-axis stands for the Stokes’
shift (Figure 2c, Section SI-1, Supporting Information).l'!
The dipole moment of S; exciton can be estimated by the
slope of the fitted line of experimental points. Notably, dif-
ferent from the two-section line of TPMCN, TBPMCN
exhibits only one slope of 9667 (r = 0.98), corresponding to
one excited state dipole moment of 17 D. This dipole moment
is slightly smaller than that of the CT section in TPMCN
(=21 D, r = 0.97), but much larger than the LE section (=8 D,
r=0.97).74 In the case of TPMCN, the two-section line cor-
responds to the two different exciton states with two distin-
guishable small and large dipole moments in low-polarity
solvents and high-polarity solvents, respectively. This is a
strong evidence that the nonequivalent hybridization occurs
between LE and CT initial states in TPMCN (Figure S4, Sup-
porting Information), which forms LE-based HLCT state in
low-polarity solvents and CT-dominated HLCT state in high-
polarity solvents, respectively. Consequently, in low-polarity
solvents, the S; exciton behaves like the LE-like excitons with
small dipole moment (=8 D), while the S; exciton becomes
CT-like excitons with large dipole moment (=21 D) in high-
polarity solvents, as a result of the more sensitive CT state
(78 nm solvatochromic red-shift from hexane to acetonitrile)
in TPMCN than that in TBPMCN (55 nm solvatochromic
red-shift).'3] However, TBPMCN seems not to obey the same
rule. In TBPMCN, the dipole moments in both low- and
high-polarity solvents are undistinguishable. Actually, even
in very-low-polarity solvent such as hexane, the good lin-
earity still retains, which means that the large excited-state
dipole moment remains unchanged regardless of the sol-
vent polarity. This undistinguishable large dipole moment
in all solvents well supports the sufficiently hybridized LE
and CT components due to the stronger interstate coupling
between LE and CT states in TBPMCN, corresponding to a
quasi-equivalent hybridization between LE and CT states
(Figure S4, Supporting Information). As a benefit of quasi-
equivalent hybridization, even in the high-polarity solvent
such as acetonitrile, TBPMCN still remains a relatively high
Np. of 24%, which is very close to the highest value of np;
in TPMCN among all solvents (26%). The differences on the
hybridization extents between TPMCN and TBPMCN can
also be easily understood by the discussions on the energy
diagrams and the NTO distributions (Figure S4, Supporting
Information). In addition, the Lippert-Mataga model could
also provide a set of “dynamic” messages with the change of
emissive state properties in different solvents. For TPMCN,
the nonequivalent hybridization state with more CT-like char-
acter not only causes relatively low PL efficiencies in all sol-
vents, but also makes it more sensitive to the solvent polari-
ties. That is the reason why TPMCN demonstrates totally
different excited state character in low- and high-polarity
solvents. In contrast, the quasi-equivalent hybridization state
of TBPMCN exhibits more stable composition and property
upon the solvent polarizations than TPMCN. That is to say,
it is convinced that the emissive state of TBPMCN behaves a
sufficiently hybridized LE and CT character with the balanced
LE and CT components as we expected.

Adv. Funct. Mater. 2015, 25,1755-1762
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2.2.3. Time-Resolved Photoluminescence and S;—T; Energy Gap

It is noticeable that both TPMCN and TBPMCN do not possess
delayed lifetime component (only prompt species for TPMCN
(3.52 ns) and TBPMCN (1.83 ns), Figure 2d), indicating that
these two materials are essentially different from the TADF
materials in luminous mechanism. We then carried out the
time-resolved PL measurement under 77 K to observe the PL
characters of these two materials in different time scales, and
to evaluate their S;—T; energy gaps. On one hand, the delayed
PL spectra in different time scales of these two materials are
all phosphorescence instead of TADF (Figure 3b), or they
would be just the same as the nondelayed fluorescent ones in
Figure 3a. On the other hand, the energy gap between S; and
T, of TBPMCN can be estimated as =570 meV from Figure 3a,
which is even larger than that of TPMCN (=295 meV) at 77 K.
This large energy gap is almost impossible for the RISC pro-
cess along the T; — S; channel like typical TADF materials.
As a result, in the temperature-dependent PL measurement
(Figures S2 and S3, Supporting Information), TBPMCN shows
almost no obvious PL enhancement with the temperature
increases from 80 to 380 K, and also no long-lifetime PL com-
ponent in the transient PL spectra.

2.3. EL Performances

The nondoped EL device was then fabricated to investigate the
intrinsic relationship between excited state properties and its EL
performance in TBPMCN. The typical device structure was pre-
pared with the configuration of ITO/PEDOT:PSS (40 nm)/NPB
(80 nm)/TCTA (5 nm)/TBPMCN (20 nm)/TPBi (40 nm)/LiF
(1 nm)/Al(120 nm). The device exhibited a pure blue EL emis-
sion with the Commission Internationale de L'Eclairage (CIE)
coordinate of (0.16, 0.16). Furthermore, the device demonstrated
the excellent performances with a maximum current efficiency
(CE) of 10.5 ¢d A7, a maximum power efficiency (PE) of
5.5 Im W!, and a maximum EQE of 7.8% (at 84 cd m™,
Figure 4), which is among the best results in nondoped blue
emissive OLED that have ever been reported as far as we
know.'l A distinct virtue is that the device exhibited robust sta-
bility; the device still maintained an outstanding performance
with CE of 4.2 c¢d A™!, PE of 2.5 Im W, and EQE of 5.6%
under the brightness of 1000 cd m™2.

Furthermore, the maximum 7, of EL devices can be esti-
mated according to Equation (2)
Ns = Mrec XML X Nour + ML (2)
where 7, (=1/2n%) is the light out-coupling efficiency (for
glass substrates, n = 1.5, 1, is estimated as =20%); Ny is
the efficiency for electron-hole recombination, which could
be assumed as 100% in a properly designed EL device; 1np; of
TBPMCN is =40% as mentioned above.l'®! Notably, the 1, of
TBPMCN is calculated to be 97%, which is almost a full exciton
utilization, and is far superior to the 25% spin statistics limit.
Compared with 1 (85%) in TPMCN, slightly increased 7; is
harvested in TBPMCN due to the maintained CT component
from the similar cyano substitution.
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Figure 3. Time-resolved PL spectra of TPMCN and TBPMCN at 77 K,
measured on a LP-920. The concentration of the solutions are
5 x 10® mol L. a) The nondelayed fluorescent spectra and the
4 ms-delayed phosphorescent spectra. b) Phosphorescent spectra of dif-
ferent delayed time scales.

To clarify the nature of high 1, some further analysis and
measurement are necessary for TBPMCN. First, the high 7
in TBPMCN should not be ascribed to the TTA mechanism,!!”]
because in that case, the 1y should not exceed its upper limit of
62.5%,1 and the current-density-brightness curve of TBPMCN
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Figure 4. Nondoped EL performance of TBPMCN. The EL device struc-
ture is ITO/PEDOT:PSS (40 nm)/NPB (80 nm)/TCTA (5 nm)/TBPMCN
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (120 nm).

is in strong linearity without the deviation of luminance satu-
ration in EL device (Figure S10, Supporting Information). We
then performed transient EL measurement on TBPMCN with
a typical TADF material 4CZTPN-PH as the reference to iden-
tify the different EL mechanisms between them,[® in order to
see if there is any delayed component in the EL of TBPMCN.
As shown in Figure 5, the transient pulse voltage width is
set as 20 ps within the whole measurement period of 200 ps.
In a very short time range after this transient pulse (about
20-20.5 ps),”>1% the EL is dominated by the radiative decay of
the radiative excitons generated before the voltage is off in the
EL device. Obviously, the TADF material 4CZTPN-PH shows
very flat EL decay curve, which should be attributed to the time-
consuming TADF process for the exciton conversion from tri-
plet to singlet. As a comparison, TBPMCN demonstrates very
sharp EL decay curve in the same time range, indicating that
almost all of the radiative excitons in TBPMCN are short-lived
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Figure 5. Transient EL measurement for 4CZTPN-PH and TBPMCN.
The EL device structures are constructed as ITO/4, 4-bis[N-(1-naphthyl)-
N-phenylamino]-biphenyl (a-NPD, 35 nm)/4CZTPN-PH:4, 4-9-bis
(carbazol-9-yl)-biphenyl (CBP) (5 £ 1 wt %) (15 nm)/TPBI (65 nm)/LiF
(0.8 nm)/Al (70 nm) for 4CZTPN-PH and ITO/a-NPD (30 nm)/TBPMCN
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (120 nm) for TBPMCN.
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component without TADF contribution. In a whole, the high 7
in TBPMCN suit neither TTA nor TADF mechanisms.

As for a possible mechanism, tentatively, we propose that
the triplet excitons can be converted into the singlet excitons in
TBPMCN through a ultrafast RISC process along a high-lying
excited state, namely, the “hot” CT channels.®4”] As a matter of
fact, the “hot” CT channels are beneficial to the effective triplet
exciton conversion in EL process without any delayed fluores-
cence. In EL process, the intermolecular CT excitons are initially
generated with very weak binding energy on the higher excited
states, and the triplet exciton can be more easily converted into
the singlet one along the “hot” CT channel.?% As a result, a
near 100% exciton utilization can be harvested in TBPMCN-
like phosphorescent materials and TADF materials. Ultimately,
the quasi-equivalently hybridized material TBPMCN exhibits
much better device performances than nonequivalently hybrid-
ized TPMCN, as a result of fine modulation in excited states:
near threefold np; (from 13% to 40%) and a slightly improved
N, (from 85% to 97%) are achieved, due to the enhanced LE
component in the presence of an extra middle phenyl ring and
more sufficient hybridization between LE and CT components
according to the theoretical calculations. In other words, the
coexisting LE and CT characters in TBPMCN could ensure not
only high np; but also high n, in EL device, and their golden
combination causes the best efficiency of OLEDs.

3. Conclusion

In summary, we reported a highly efficient pure blue electro-
fluorescent material TBPMCN, harvesting a nearly fourfold EL
efficiency upon the insertion of only one phenyl ring. Based
on the CT-dominated material TPMCN, a fine modulation on
emissive state was performed between LE and CT components
to form a quasi-equivalent hybridized HLCT state in TBPMCN.
The LE component contributes a high np;, while the CT com-
ponent facilitates a high 7, derived from the enhanced RISC
(T—S). It is confirmed by theoretical calculations and photo-
physical experiment that for TBPMCN, more sufficient hybridi-
zation of LE and CT components are in its excited states, and
this golden combination of LE and CT finally leaded to the
dramatically enhanced EL performance as a maximum cur-
rent efficiency of 10.5 cd A7}, a maximum EQE of 7.8%, and
a nearly 100% exciton utilization in nondoped EL device.
This approach would be an ideal strategy to design the next-
generation high-efficiency, low-cost organic EL materials with
simultaneous high PL efficiency and high exciton utilization in
nondoped OLEDs by a golden combination between LE and CT
components.

4. Experimental Section

General Methods: All of the reagents and solvents used for synthesis
were purchased from Aldrich or Acros and used as received. All of the
reactions were performed under a nitrogen atmosphere. The "H-nuclear
magnetic resonance (NMR) and '>*C-NMR spectra were recorded
on an AVANCZ 500 spectrometers at 298 K by utilizing deuterated
dimethyl sulfoxide (DMSO) as solvents and tetramethylsilane (TMS)
as a standard. The elemental analysis was implemented on a Flash
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EA 1112, CHNS-O elemental analysis instrument. The matrix-assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-
TOF-MS) were recorded using an AXIMA-CFRTM plus instrument.
The UV-vis absorption spectra were recorded on a UV-3100
spectrophotometer. The fluorescent spectra were carried out with a
RF-5301PC. The room-temperature lifetimes were measured on an
Edinburgh FLS-980 with an EPL-375 optical laser. The film PL efficiencies
were measured on a Gliden Fluorescence System. The time-resolved
PL spectra were measured on an Edingburg LP-920. The temperature-
dependent spectra and lifetimes were measured on an Edingburg
FLS-920. For the transient EL experiments, we used an Agilent 8114A
pulse generator (100 V/2 A) to generate rectangular pulse voltages
to our devices. The pulse repetition rate was 1 kHz with the width of
200 ps. The emission was collected by a lens coupled with the optical
fiber connected to a Hamamatsu photomultiplier (H10721-20) with time
resolution of 0.57 ns. The photomultiplier was connected to one of the
channel of a digital oscilloscope (Tektronix DPO7104, sampling rate:
5 GS s7'; resolution: 100 pV) with 50 Q input resistance.

Synthesis  of  4-(2-(4-Bromophenyl)-1H-Phenanthro[9, 10-d]Imidazol-
1-yl) Benzonitrile (BrBPMCN):'"81 A mixture of 5.0 mmol (920 mg)
4-bromobenzaldehyde, 5.0 mmol (1.04 g) phenanthrenequinone,
20 mmol (2.36 mg) 4-aminobenzonitrile, and 25 mmol (1.85 g)
ammonium acetate with 15 mL acetic acid were added into a clean
100 mL flask and refluxed under N, in a 120 °C oil bath for 2 h. After
cooling down, the solid product was filtrated and washed with 30 mL 1:1
water/acetic acid and 30 mL water successively, dissolved in CHCl; and
dried in MgSO, overnight, purified by thin layer chromatography and 2.08
g (4.4 mmol) white product was obtained, yield 88%: MS: 474.6 (M(H")),
TH NMR (500 MHz, DMSO) &= 8.96 (d, J = 8.2, TH), 8.90 (d, J = 8.3,
TH), 8.69 (d, J = 7.2, TH), 8.20 (d, / = 8.3, 2H), 8.01 (d, J = 8.4, 2H), 7.79
(t,J=751H), 7.72 (t, J = 7.2, TH), 7.61 (t, ] = 9.3, 3H), 7.47 (d, J = 8.5,
2H), 7.42 (t, ) = 7.7, TH), 7.07 (d, J = 8.2, 1H). The product was directly
used as the reactant of the next step without further purification.

Synthesis of TBPMCN: A mixture of 2.0 mmol (912 mg) BrBPMCN,
20 mmol (740 mg) N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)aniline, 20 mmol (2.16 g) potassium carbonate,
and 60 mg (0.052 mmol) tetrakis-(triphenylphosphine)-palladium(0)
(Pd(PPh3),) with 8 mL deionized water and 10 mL toluene were
added into a clean 50 mL flask and refluxed for two days under N,
atmosphere. The organic phase was washed with 20 mL water and
extracted with CHCl;, then was dried in MgSO, overnight and purified
by thin layer chromatography. Finally, 700 mg (1.1 mmol) pure dry
white product was obtained, yield 55%: MS: 639.8 (M(H")), "TH-NMR
(500 MHz, DMSO) & = 8.97 (d, J = 8.5, 1H), 8.91 (d, J = 8.7, TH),
8.71 (d, ) = 7.5, TH), 8.22 (d, J = 8.4, 2H), 8.05 (d, J = 8.5, 2H), 7.80 (d,
J =70, 1H), 7.74-7.63 (m, 5H), 7.59 (d, J = 8.0, 3H), 7.42 (s, TH),
7.35 (t,J = 7.9, 4H), 7.09 (dd, J = 14.3, 7.4, 7H), 7.04 (d, J = 8.7, 2H),
BC.NMR (126 MHz, CDCl3), § = 150.55, 147.83, 147.51, 142.70,
141.48, 134.03, 133.38, 130.29, 129.90, 129.42, 128.42, 127.63, 126.60,
126.60-125.80, 125.35, 124.64, 124.54, 123.60, 123.35-122.65, 122.39,
120.49, 117.68, 113.95. Elemental analysis: calculated for C,sH3oNy:
C, 86.49; H, 4.73; N, 8.77; found: C, 86.66; H, 4.59; N, 8.72.
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