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Abstract: A novel white-light-emitting organic molecule,
which consists of carbazolyl- and phenothiazinyl-substituted
benzophenone (OPC) and exhibits aggregation-induced emis-
sion-delayed fluorescence (AIE-DF) and mechanofluorochro-
mic properties was synthesized. The CIE color coordinates of
OPC were directly measured with a non-doped powder, which
presented white-emission coordinates (0.33, 0.33) at 244 K to
252K and (0.35, 0.35) at 298 K. The asymmetric donor—
acceptor-donor’ (D-A-D’) type of OPC exhibits an accurate
inherited relationship from dicarbazolyl-substituted benzophe-
none (O2C, D-A-D) and diphenothiazinyl-substituted benzo-
phenone (O2P, D'-A-D’). By purposefully selecting the two
parent molecules, that is, O2C (blue) and O2P (yellow), the
white-light emission of OPC can be achieved in a single
molecule. This finding provides a feasible molecular strategy to
design new AIE-DF white-light-emitting organic molecules.

White-light-emitting organic materials and devices have
attracted considerable interest because of their great poten-
tial in various lighting applications. Most white-light organic
emitters reported thus far rely on a combination of several
components that emit different colors of light to completely
span the entire visible spectrum.'!' Compared with these
multicomponent emitters, a single-component white-light
organic emitter (that is, a white-light-emitting molecule)
exhibits many advantages such as improved stability and
reproducibility, as well as a simpler fabrication process.*?!
However, single white-light-emitting molecules are currently
limited, and few strategies, if any, for guiding white-light-
emitting fluorescence from a single molecule are concluded at
the molecular stage.”’
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Delayed fluorescence (DF) is a promising approach for
converting electricity into light at an internal quantum
efficiency of nearly 100 %. Thus, DF materials are regarded
as the next-generation luminescent materials after fluorescent
and phosphorescent materials, and considerable effort has
been devoted to their syntheses and investigations.'** How-
ever, the search for single-component white-light DF materi-
als remains as an urgent challenge, although a multicompo-
nent white-light emitter developed by DF doping technology
has been reported recently.')" Moreover, common DF
molecules can easily aggregate through m—smt interactions,
which results in exciton concentration quenching (CQ)
caused by singlet—triplet and triplet-triplet annihilations.
Thus, these DF molecules can only exhibit efficient DF in
doping systems.

A significant approach for synthesizing asymmetric D-A-
D’ type of AIE-DF compounds with efficient triplet harvest-
ing in non-doped solid state was recently reported by our
group (SFPC; Figure 1).°* Afterward, dual-emission SFPC
properties were determined by careful characterization.
Further investigations focused on analyzing the origin of the
dual-emission. Interestingly, the blue and yellow—green
emission wavelengths are similar to the emission wavelengths
of the parent molecules (SF2C and SF2P; Figure 1).

In the present study, we purposely explored another
asymmetric D-A-D’ molecule, namely OPC. The component
moieties of this molecule came from different parent mole-
cules, namely, O2C and O2P (Figure 1). O2C was selected
because its DF molecules were reported as the blueprint of
blue emission,') and O2P was a model moiety of yellow
emission.”! OPC, which is a butterfly-shaped molecule, has
blue and yellow emission wings. This molecule is expected to
exhibit dual emission because of the parent molecules (O2C
and O2P). OPC is found to exhibit AIE-DF nature and white
emission in non-doped solid state.

To express the design strategy, our previously reported
photoluminescence (PL) spectra of SF2C and SF2P are

Figure 1. Molecular structures of SF2P, SFPC, SF2C, and butterfly-
shaped O2P, OPC, and O2C compounds.
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Figure 2. PL spectra of a) SF2C and SF2P, b) SFPC, d) O2C and O2P,
and e) OPC in tetrahydrofuran (THF)/water mixtures with different f,.
The HOMO, LUMO, and conformations of ¢) SF2P, SFPC, and SF2C,
and f) O2C, O2P, and OPC were optimized and calculated at B3LYP/6-
31G(d,p).

depicted in Figure 2a, and the AIE attribute of SFPC was
measured at the same concentration (10.0 um). As shown in
Figure 2b, SFPC exhibited dual emission; that is, the blue
emission demonstrated twisted intramolecular charge trans-
fer (TICT)-CQ behavior with increasing water fraction (fy).
Interestingly, its (TICT)-CQ behavior was similar to that of
SF2C (Figure 2a, black lines), whereas the yellowish-green
emission simultaneously exhibited typical AIE nature, and its
PL spectra under different f, values were a clone of SF2P
(Figure 2a, gray lines).

To confirm the origin of the dual emission of SFPC, the
photophysical properties of SF2C, SFPC, and SF2P were
further analyzed. Their UV/Vis spectra were measured in
toluene solution (Supporting Information, Figure S2a). Inter-
estingly, the absorption spectrum of SFPC showed the
characteristic absorptions of both SF2C and SF2P. This
observation further indicated a form of molecular inheritance
in SFPC from SF2C and SF2P. Compared with the CT
absorption of SF2C and SF2P, this result implied that the CT
absorption of SFPC is mainly associated with electron
transfer from carbazole moiety (C) to sulfobenzide moiety
(SF) and from phenothiazine moiety (P) to SF moiety,
respectively. Thus, the dual emission wavelengths correspond
to the emitted wavelengths of SF2C and SF2P. Accordingly,
the dual emission was probably two CT fluorescence." As
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shown in the Supporting Information, Figure S2b,c, the
transient PL decay curves caused by the oxygen-sensitive
behavior and the PL spectra of SFPC and SF2P in toluene are
similar. To further confirm this finding, Gaussian09 software
was used to calculate the conformers by directly optimizing
structures from energy-minimizing and single-crystal struc-
tures (Supporting Information, Figures S3 and S4).®! The
electron density distributions of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) show a remarkable similarity between SF2C
and “quasi-axial” SFPC or “quasi-equatorial” SFPC and
SF2P (Figure 2c¢). The anastomotic phenomenon has
attracted tremendous interest in tuning dual emission wave-
lengths to cover the visible range of 400 nm to 700 nm and
thus synchronously obtain a single white-light-emitting mol-
ecule with a suitable AIE-DF attribute.

Accordingly, two complementary colors (blue/yellow)
emissions with an AIE attribute were selected. Based on
our previously reported AIE-DF molecules,* phenothiazine
was introduced to achieve a yellow-emission parent molecule
with AIE attributes. The challenge to obtain blue-emission
parent molecule with an AIE attribute was solved by
introducing carbazole, which was frequently used to produce
blue AIE materials."”’

As shown in Figure 2d (f,;: 0% to 60 %, black lines), O2C
exhibited TICT, which was featured with a red-shifted
emission and weakened emission intensity with increasing
solvent polarity.'”! Light emission was intensified after 60 %
of f,, and the maximum emission was blue-shifted to 460 nm
at 90 %. That is, the TICT-AIE properties of O2C indicated its
potential as a blue-emission source in solid state. As shown in
Figure 2d (gray line), the spectral profile was virtually
unchanged with increasing f,, of 0% to 70%. Emission
intensity was sharply enhanced after 80% of f, and the
maximum wavelength was 554 nm at 90 %. These typical AIE
properties implied that O2P succeeded in performing
a yellow-emission parent molecule function.

As predicted, OPC exhibited a TICT-AIE attribute at the
blue-emission region (Figure 2¢), which was retained from
the TICT-AIE of its parent form, that is, O2C.[""l Analogously,
the maximum emission of the blue-emission region was blue-
shifted to 467 nm at 80%.The AIE attribute of OPC was
further measured in a dilute concentration (Supporting
Information, Figure S5). The yellow-emission region of
OPC exhibited typical AIE properties, and the emission
maximum was 552nm at 95% (Supporting Information,
Figure S5). Consequently, the dual-emission OPC with AIE
properties at both the blue- and yellow-emission regions was
successfully developed. Meanwhile, pure white emission was
also produced (Supporting Information, Figure S1 with an
inset of Figure 2¢). Furthermore, the CIE coordinates were
measured (0.35, 0.35) with a solid powder at room temper-
ature.

To illustrate the strategy further, UV/Vis and PL spectra
were measured (Supporting Information, Figure S2d—f). Fur-
thermore, the electron-density distributions of the HOMO
and the LUMO were calculated (Figure 2f). The results
further indicated that the white-light emission strategy was
completely developed in D-A-D’ type.
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With a goal-directed DF design, AEsr values were
calculated at the B3LYP/6-31G* level. The O2C value was
reported to be 0.32 eV, and DPEPO was selected as the host
to produce DFE!'Y The newly calculated values of “quasi-
axial” OPC, “quasi-equatorial” OPC, and O2P were 0.56,
0.01, and 0.01 eV, respectively. These results suggested
a nearly prohibited reverse intersystem crossing (RISC) in
“quasi-axial” OPC, and by contrast a potentially efficient
RISC in “quasi-equatorial” OPC and O2P.

In general, the up-conversion of triplet excitons that are
necessary to produce DF can be characterized by transient PL
decay curves and further confirmed by oxygen-sensitive
behavior with PL spectra.*” Given that O2P and OPC
exhibited AIE attributes, DF was simultaneously measured in
solution and in non-doped solid powder. As shown in
Figure 3a and b, an increasing single-exponential lifetime of
DF ranging from 14 ns to 86 ns for O2P and 16 ns to 75 ns for
the yellow emission of OPC at 300 K was observed after
oxygen degassing by nitrogen. This observation indicated that
a typical oxygen-sensitive behavior in toluene solution was
characterized, and the corresponding PL spectra are shown in
the insets.

Notably, the transient PL decay curves of O2P and the
yellow emission of OPC were multi-exponential decays in the
solid state (Figure 3¢ and d). A similar discovery was recently
reported and explained with b3 in doped CBP films by
Adachi.® These findings implied that multi-exponential
decays may result from different rotamers in solid state.*!
To confirm the DF, the results are amplified in the insets of
Figure 3¢ and d, which presented remarkable temperature
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Figure 3. Transient PL decay curves of a) O2P and b) OPC in toluene
solution (10.0 um). Temperature dependence of transient PL decay
curves of ¢) O2P and d) OPC in the non-doped solid state. e),f) PL
spectra of vacuum/oxygen. Insets of (a) and (b) depict PL spectra of
nitrogen/oxygen in toluene solution.
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dependence with increasing DF from 77K to 300 K.
Furthermore, the evident oxygen-sensitive PL spectra in
non-doped solid state were measured (Figure 3¢ and f). These
findings indicated that T, excitons could be deactivated by
triplet oxygen in the solid state. By contrast, efficient RISC
was further maintained by AIE properties from the solution
to the solid state, which demonstrated various application
fields by breaking doping restrictions.’! Accordingly, the
overall fluorescence efficiency (@g) of O2P (13.9%, in air)
and OPC (23.3 %, in air) were underestimated. Meanwhile, as
predicted by their AEg; values, the DF of O2C and the blue
light of OPC in non-doped solid state was not observed
(Figure 3d and f; Supporting Information, Figure S6). Thus,
blue emission was confirmed to be normal AIE fluorescence.
Based on the preceding observations, O2P and O2C exhibited
an accurate inherited relationship in OPC. That is, O2C
demonstrated normal AIE fluorescence in non-doped solid
state (Supporting Information, Figure S6), and O2P pre-
sented AIE-DF. Correspondingly, the blue and yellow
emissions of OPC were confirmed to be normal AIE
fluorescence and AIE-DF, respectively.

As mentioned, the 460 nm emission in the non-doped
solid state of OPC was normal AIE fluorescence, which
increased PL intensity with decreasing temperature."
However, the 580 nm emission was proven to be a typical
AIE-DF, which presented different temperature dependence
degrees.”! Accordingly, the temperature dependence of PL
characteristics was determined (Figure 4a). Interestingly, the
PL intensity of yellow emission was nearly stable, which was
mainly ascribed to DF. Consequently, white emission (0.35,
0.35) at room temperature from OPC could be tuned to a pure
white emission with decreasing temperature. The correspond-
ing CIE coordinates were calculated and shown in Figure 4b.
Considering the AIE attribute, the CIE coordinates of OPC
were further measured in non-doped solid state and presented
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Figure 4. a) PL spectra of OPC in non-doped solid state with temper-
ature increasing from 77 K to 300 K and b) calculated PL emission
color coordinates in the CIE 1931 chromaticity diagram. c) PL spectra
and d) corresponding XRD of OPC in the solid state with different
grounding time and its amorphous state. Insets of (a): images 1) in
liquid nitrogen and 2) at room temperature.
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(0.32,0.32) at 234 K to (0.35,0.35) at 298 K with (0.33, 0.33) at
244 K to 252 K. In general, the AIE fluorescence is stable
before glass transition temperature (7,) is reached. The
thermal properties of OPC were measured (7,=97°C;
Supporting Information, Figure S7).

To further understand dual emission from two ground-
state conformations, the mechanical stimulus of grinding was
used to break the balance.'!! The PL characteristics and XRD
were used for analysis (Figure 4c and d). The original OPC
showed a dual emission of 456 nm and 554 nm and the
crystalline component was gradually obliterated with increas-
ing grinding time, whereas the corresponding PL intensity of
blue emission simultaneously declined, which indicated that
OPC was also a mechanofluorochromic compound.[''?
Accordingly, the blue emission of 456 nm was ascribed to
a crystallographic state, which probably exhibited “quasi-
axial” conformer (Supporting Information, Figures S3 and
$6).7" Furthermore, the yellow emission of 554nm was
attributed to an amorphous state, which probably adopted
“quasi-equatorial” conformer. Interestingly, the two ground-
state conformations of phenothiazine derivatives probably
sequentially coexisted at equal proportions in solid state
because the two conformers of PTZ-TRZ differed only by
0.02 eV and 0.06 eV for SFPC and 0.04 eV for OPC (Support-
ing Information, Figure S4).7

In conclusion, according to the strategy of our previously
reported systems of D-A-D (SF2C, doped DF), D-A-D’
(SFPC, AIE-DF), and D'-A-D’ (SF2P, AIE-DF) molecules,
we produced a single white-light-emitting AIE-DF molecule,
namely OPC, with a constant phenathazine donor. The
molecular design strategy proved its feasibility. OPC and
O2P were established as new types of rare AIE-DF molecules
that generate both white and yellow emissions in non-doped
solid state. Furthermore, dual emission was successfully
developed with the D-A-D’ type, which presented a novel
strategy for tuning luminescence by properly selecting parent
molecules (that is, D-A-D and D’-A-D’). Single white-light-
emitting DF molecules exhibited considerable significance for
future display and lighting applications. Furthermore, this
design strategy provides a novel direction for producing
white-light organic compounds. OPC also exhibits a unique
mechanofluorochromic nature. Further design and synthesis
of new single white-light-emitting DF molecules are currently
being developed using the proposed strategy.

Keywords: aggregation-induced emission -
delayed fluorescence - dual emission - white-light emission
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