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A purely organic [34_TD$DIFF]D-p-A-p-D type emitter showing thermally activated delayed fluorescence (TADF) and
room temperature phosphorescence (RTP) was designed and synthesized by utilizing the benzophenone
as an acceptor and the N-phenyl-2-napthylamine as a donor moiety. It exhibits considerable TADF
character in doped PMMA film and room temperature phosphorescence with a long lifetime of 74ms at
466 nm in solid state. The devices with the configuration of ITO/Mo2O3 (4 nm)/mCP (30 nm)/mCP: x wt%
NP2BP/TmTyPB (60 nm)/LiF (1.5 nm)/Al (100 nm) were prepared by vacuum evaporation to explore their
electroluminescent performance. Interestingly, the non-doped device has obtained near-white emission
with a fluorescence emission peak at 475 nm and a phosphorescence emission peak at 563 nmhaving the
CIE coordinate of (0.23, 0.32) and the maximum external quantum efficiency of [35_TD$DIFF]1.09%.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Organic luminescent materials with the various donor (D) and
acceptor (A) structure has attracted great attention owing to their
potential application in organic light-emitting diodes (OLEDs) that
can be the candidate for the next generation displays and advanced
white lightings [1–4]. As known that, white organic light-emitting
diodes (WOLEDs) reported so far are mainly prepared by utilizing
the device structure of multiple emitting layers with double- or
triple-color luminophores [5,6] or by doping multiple lumino-
phores into the single emitting layer [7,8], leading to serious
interface problems, phase separation and high cost of fabrication
for high-quality WOLEDs. In contrast, single-molecular white light
emitters can avoid such problems. It is worth mentioning that
single molecular polymer incorporating double- or triple-colors
functional groups showed excellentwhite light electroluminescent
(EL) performance [9,10]. But the reproducibility of the polymer-
based materials was not always satisfied for the devices because
the repeatability and stability in the EL process cannot be ensured.
In view of this, developing small single-molecular white light
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emitters with wide emission band covering the whole visible
region would be an effective strategy to overcome the above
mentioned problems. However, such materials were rarely
reported suffering from the narrow emission band of small
molecule light-emitting materials [11–13].

Recently, small single-molecular white light-emittingmaterials
with D-A structure have been reported because of the existence of
multiple excited states [14,15]. In 2017, Yan [37_TD$DIFF]et al. put forwarded a
class of o-carborane-based luminophores based on the donor (D)-
acceptor (A) structure with strong charge transfer state which
could realize multiple emission for double-color white light [16].
Meanwhile, Tang [38_TD$DIFF]et al. reported a single organicmoleculewith dual
phosphorescence at room temperature, which realized white light
emission [17]. Moreover, Chi [39_TD$DIFF]et al. also reported a small single
molecule with white light emission consisting a blue fluorescent
emission and yellow phosphorescent emission [18]. In 2018, Lee
and coworkers designed and synthesized a thermally activated
delayed fluorescence (TADF) emitter with dual conformations. One
conformation showed the blue light emission and the other
processed the orange light emission, which could be regulated and
controlled by doping in host materials [19]. The device exhibited
warm white light emission with a high maximum external
quantum efficiency of [40_TD$DIFF]16.34%. In 2019, Yamamoto et al. identified
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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carbazole-dibenzofuran dyads that showed two phosphorescence
emission bands in the visible region. In the EL device, it exhibited
good white light emission with a CIE coordinate of (0.319, 0.270)
and a maximum external quantumyield of [41_TD$DIFF]0.6% [20]. On this basis,
small single-molecular luminescent materials with multiple
excited states could provide another radiative transition path to
broaden the emission band for white light emission, especially in
pure organic luminescent materials with room temperature
phosphorescence (RTP) [21] and TADF character, which could
simultaneously utilize the singlet and triplet excitons [22] to
obtain the considerable luminous efficiency in the EL device.
Moreover, these materials are heavy metal-free, which decreased
the cost of materials and ensured the sustainable development. In
addition, they exhibited good stability and processability perfor-
mance to the benefit of high-quality luminescent devices.

Herein, we designed and synthesized a donor-p-acceptor-
p-donor (D-p-A-p-D) typemolecules inwhich benzophenone acts
as acceptor and N-(2-naphthyl)aniline acts as donor (Fig. 1), which
exhibited TADF character in doped PMMA film and RTPin solid
state. More interestingly, in the EL device the phosphorescence
emission can enhance that constitutes to the complementary color
white light with external quantum efficiency (EQE) of [42_TD$DIFF]1.09%,
indicating the potential application of RTP materials in the OLEDs.

The target compound was synthesized from 4,40-dibromo-
benzophenone and N-(2-naphthyl)aniline by coupling reaction as
shown in Scheme S1 (Supporting information) and fully charac-
terized by 1H NMR and 13C NMR spectra (Figs. S1 and S2 in
Supporting information). Thermal properties of NP2BP were
characterized by thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) under nitrogen atmosphere
(Fig. S3 in Supporting information). The decomposition tempera-
ture (Td, corresponding to 5% weight loss) is 440 �C and the glass
transition temperature (Tg) is 99 �C (Table 1), indicating its
excellent thermal stability for high-quality OLEDs. The electro-
chemical properties of NP2BP were investigated by cyclic
voltammetry (CV) (Fig. S4 in Supporting information). The highest
occupied molecular orbital (HOMO) energy level (-5.508 eV) was
calculated according to the oxidation potentials (1.010 V) against
ferrocenium/ferrocene (Fc+/Fc). The lowest unoccupied molecular
orbital (LUMO) energy level (-2.604 eV) was obtained from the
[(Fig._1)TD$FIG]

Fig. 1. The chemical structure and theoretical calculations of HOMO and LUMO
distributions of NP2BP molecule.
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equation of ELUMO = EHOMO + Eg (the intersection of the absorption
and emission spectra).

The compound exhibited excellent solubility in different
solvents. There existed a distinct absorption band at about
385 nm attributed to the charge transfer state from the donor
N-(2-naphthyl)aniline to the acceptor benzophenone (Fig. 2a and
Table 1). From PL spectra, we can see that NP2BP shows a
solvatochromic effect [23,24] from low-polarity hexane (422 nm)
to high-polarity acetonitrile (545 nm) (Fig. 2b). So, there is a large
red-shift of 123 nm in fluorescence, and the full width at half
maximum (FWHM) also increased with the increasing solvent
polarity. Their Lippert-Mataga plot (Fig. 2c) shows a linear
relationship, and the locally excited (LE) state and charge transfer
(CT) state were well hybridized with the molecular dipole
moments (me) of 22.96 D [25]. From the density functional theory
(DFT) calculations at the B3LYP/6-31 G(d) level based on Gaussian
03 package (Fig. 1), HOMO dispersed on N-(2-naphthyl) aniline
groups and benzene ring of benzophenone, and LUMO was mainly
distributed on benzophenone moieties, implying the effective CT
state from the donor to the acceptor. On this basis, it convinces that
this compound is a typical CT molecule and process stable
composition and property upon the solvent polarizations [26].
Moreover, the lifetimes primarily prolonged and subsequently
decreased with the increasing solvent polarity dominated by the
transition from LE state to CT state (Fig. 2d). The photolumines-
cence and phosphorescence spectra in 2-MeTHF solution at low
temperature were also measured (Fig. S5 in Supporting informa-
tion). The triplet energy level was calculated to be 2.47 eV [27].

Owing to the large twisted configuration of the compound, we
have investigated its TADF character ([43_TD$DIFF]Figs. 3a–c). From the
photoluminescence spectra at 77 and 298 K (Fig. 3a), we found
that photoluminescence emission band had no obvious change,
but phosphorescence emission band has a blue-shift with the
increasing temperature closed to the photoluminescence emission
band. It could be explained as that phosphorescence emission at
298 K was mainly from delayed fluorescence. According to the
photoluminescence spectrum at 298 K and phosphorescence
spectrum at 77 K, the singlet-triplet energy gap (DEST) was
0.19 eV, which could realize the reverse intersystem crossing
(ISC) from T1 to S1 with the prolonged lifetime (Fig. 3b). However,
the lifetime was in ms magnitudes longer than general TADF
materials (ms magnitudes). [44_TD$DIFF]It could be explained as that largeDEST
makes against the effective ISC process. [45_TD$DIFF]Therefore, we investigated
the photoluminescence spectra to verify the TADF character at
different temperature (Fig. [46_TD$DIFF] 3c and Fig. S6 in Supporting informa-
tion). The photoluminescence emission peak enhanced with the
increasing temperature from 100 K to 250 K, and then it decreased
gradually when the temperature continued to increase. [47_TD$DIFF]With the
increasing temperature, the triplet excitons would be quenched
[28]. [48_TD$DIFF]Furthermore, photophysical properties of the compound in
solid state were also recorded and depicted in [43_TD$DIFF]Figs. 3d–f. At low
temperature, there is a strong phosphorescence emission band
(582 nm) with a weak phosphorescence emission (465 nm)
observed after delaying 5ms (Fig. 3d). At the room temperature,
photoluminescence emission band at blue light region has no
significant change but the intensity of phosphorescence emission
band at 582 nm decreased due to the increasing temperature.
Moreover, the delayed curves shown in Fig. 3e were measured at
466 nm and 570 nm. Both emission peaks exhibited the millisec-
ond lifetimes of 73.93ms [49_TD$DIFF](33.28%) and 17.42ms [50_TD$DIFF](28.61%),
respectively. It can be found that the lifetime at 466 nm was
longer than that at 570 nm because triplet excitons at longer
wavelength are more sensitive to the temperature. From the
excitation-fluorescence mapping (Fig. 3f), we can see that there is
no obvious change of emission peaks by increasing the excitation
wavelength which is always located at 466 nm with a lifetime of



Table 1
The photophysical, thermal and electrochemical properties of NP2BP.

labs
a

(nm)
lPL (nm) t (ms) DEST

b

(eV)
Fc

(%)
Td/Tg
(�C)

Eg
(eV)

EHOMO/ELUMO

(eV)
Solutiona PMMAb Solid PMMAc Solidd

313, 381 488 477 466 143.79 73.93/17.42 0.19 16.3 440/99 2.90 �5.51/-2.60

a In 10�5 mol/L THF solution.
b PMMA film with 8 wt% doped concentration.
c Measured at 477 nm in PMMA film.
d Measured at 466nm and 570nm, respectively, in the solid state.

[(Fig._2)TD$FIG]

Fig. 2. Photophysical properties of NP2BP in different polar solvents. (a) UV–vis absorption spectra. (b) PL spectra. (c) Solvatochromic Lippert-Mataga models. (d) time-
resolved decay curves of the emission band. a is in 10�5 mol/L solution; b and d are in 10-4 mol/L solution.
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1.4 ns (Fig. S4). Meanwhile, it shows that the blue light (l =
430 nm) can effectively excite the compound. However, total
quantum yield (Ftotal) of the compound was only [51_TD$DIFF]16.3%.
Furthermore, suffering from the large steric hindrance, the
compound was difficult to cultivate the single crystal, therefore
powder XRD were used to character the crystallization in the solid
state. From the XRD pattern (Fig. S8 in Supporting information), it
exhibited obviously sharp diffraction peaks (2u) in the region of
(10��30�) indicating that considerable crystallization in the solid
powder existed. The solid state provided a rigid environment to
stabilize the triplet excitons and restrain the exciton quenching by
molecular vibration and oxygen [29–31].

To evaluate the EL properties, non-doped and doped devices
with the structure of ITO/Mo2O3 (4 nm)/mCP (30 nm)/mCP: x
(x = 0, 5, 10 and 15) wt% NP2BP (30 nm)/TmTyPB (60 nm)/LiF
(1.5 nm)/Al (100 nm) were prepared by evaporation process. In the
non-doped devices (Fig. S9 in Supporting information), the
compound acted as the single emitting layer. Interestingly, EL
spectrum exhibited nearly white light emission consisting of
double color with a blue emission at 475 nm and orange emission
at 563 nmwith a CIE coordinate of (0.23, 0.32) (Fig. 4a and Table 2).
In the photoluminescence spectra, there is no exciplexes emission
in the region from 500 nm to 600 nm excited by 365 nm UV lamp.
Combined with the previous photophysical analysis, emission
band at 563 nm in the EL process could be attributed to the
phosphorescence signal that could effectively capture the triplet
excitons to undergo radiative transitions from T1 to S0 [32–34].
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Notably, maximum current efficiency, maximum power efficiency
and external quantum efficiency ([43_TD$DIFF]Figs. 4b and c) of the non-doped
device were 2.29 cd/A, 1.37 lm/W and [42_TD$DIFF]1.09%, respectively. In order
to investigate the EL properties, we also prepared the doped
devices in which the compound was dispersed in the host
materials of mCP maintaining the mono-molecular state. EL
spectrum only shows blue emission at around 460 nmwith a blue-
shift compare with the non-doped devices because of the
molecular aggregation. With increasing the doped concentration,
blue emission shows a little red-shift due to the aggregation at the
higher doping concentration (Fig. 4d) and it exhibited decent
spectral stability at different driving voltages (Fig. S10 in
Supporting information). Furthermore, the device with the
concentration of 5% NP2BP possessed the best blue emission with
the CIE coordinate of (0.15, 0.16) attributed to the local excited
emission from themono-molecular state in the doped devices [35].
However, its EL performance is not the best. In contrast, the device
with the doped concentration of [52_TD$DIFF]15% NP2BP (Figs. 4e and f)
exhibited the maximum current efficiency of 2.74 cd/A, the
maximum power efficiency of 2.20 lm/W and external quantum
efficiency of [53_TD$DIFF]1.69%, respectively. It could be attributed to the more
effective utilization of triplet excitons in the high concentration
which realize the delayed fluorescence by reverse ISC. Even though
the doped film shows TADF character, its lifetime is too long
because of large energy gap between S1 and T1 that leads to the low
efficiency.
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Fig. 3. Photophysical properties of NP2BP. (a) Photoluminescence and phosphorescence spectra of NP2BP doped in PMMA film at 77 K and 298 K. (b) Time-resolved decay
curvesmeasured at the emission band of 477 nm in PMMA film at room temperature. (c) The changes of luminescent intensity at variable temperature (From 77K to 347 K) in
doped PMMA film. (d) Photoluminescence and phosphorescence spectra of NP2BP solidmeasured at 77 K and 298 K. (e) Time-resolved decay curvesmeasured in solid state at
466 nm and 570 nm at room temperature (Inset: Photographs under daylight and UV light). (f) The excitation-fluorescence mapping of solid at room temperature.

[(Fig._4)TD$FIG]

Fig. 4. EL performance. (a) EL spectra, the inset is CIE coordinates. (b) Current efficiency-luminance-power efficiency (CE-L-PE) curves. (c) The external quantum efficiency
(EQE) curve of the non-doped devices. (d) EL spectra of devices with the concentration of 5%, [24_TD$DIFF]10% and 15%. (e) Current density-current efficiency-power efficiency (CE-J-PE)
curves. (f) External quantum efficiency (EQE) curves (the concentration of 5%, [25_TD$DIFF]10% and 15%) of the doped devices.
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In summary, we reported a donor-p-acceptor-p-donor (D-p-A-
p-D) type blue fluorescent compound which exhibited excellent
charge transfer characteristic in different polarity solvents. In
particular, it possessed thermally activated delayed fluorescence
(TADF) character in the doped PMMA film and considerable room
temperature phosphorescence (RTP) in the solid state.
1370
Interestingly, the solid could be excited by the visible blue light
(430 nm). Notably, the non-doped device using NP2BP as the single
emitting layer exhibited the double-color near-white light
emission with a CIE coordinate of (0.23, 0.32) and a maximum
external quantum efficiency (EQE) of [54_TD$DIFF]1.09%. The doped devices
(NP2BP:mCP = 5wt%) also exhibited excellent blue light emission



Table 2
EL performance of non-doped and doped devices.

Devices lEL (nm) Vturn-on [28_TD$DIFF](V) Lmax (cd/m2) CEmax (cd/A) PEmax (lm/W) EQE (%) CIE

D0 475, 563 3.6 2395 2.29 1.37 1.09 (0.23, 0.32)
D5 457 3.6 1080 2.07 1.97 1.61 (0.15, 0.16)
D10 461 3.6 1994 1.90 1.55 1.30 (0.15, 0.17)
D15 465 3.9 1387 2.74 2.20 1.69 (0.16, 0.21)

J. Sun et al. Chinese Chemical Letters 32 (2021) 1367–1371
with a CIE coordinate of (0.15, 0.16) and a maximum EQE of 1.61%.
These results will provide guidance for their potential application
in the OLEDs and further investigation based on pure organic
compound with TADF and RTP characters is ongoing.
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