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Introduction

Panchromatic luminescent D—n—A benzothiazoles
with different n-bridging modulation: design,
synthesis and application in WLED devicest

Yuwei Song, Yue He, Lai Hu, Qian Cheng, Zhiyuan Chen, Rui Liu, @2'*
Sengiang Zhu 2 * and Hongjun Zhu

White light-emitting diodes (WLEDs) are gradually replacing traditional lighting devices and are
becoming a mainstream photosource, as they have advantages of low energy consumption and high
efficiency. However, a higher brightness and color purity are still required for the development of
WLEDs. In this work, we have constructed donor (D)-m—acceptor (A)-type fluorescent small
molecules using simple benzothiazole and dimethylamine as electron donor/acceptor groups,
respectively. Six compounds with full-color luminescence have been obtained by introducing
benzene, thiophene, and C—C double-bond units to modulate the m-bridge length. These six
compounds covered the entire visible spectrum, not only in solution, but also in the aggregation
state. Moreover, most of the compounds had a high luminescence efficiency. The fluorescence
quantum yields of PLB2 and PLB3 are even close to 1.0. We have used PLB1, PLB3, PLB4, and PLB6,
which display good luminescence properties in both the aggregated and dispersed states, to
fabricate LEDs. Two PLB4-based WLEDs have also been prepared, designated as warm-white and
cool-white devices. Their luminous efficiencies were measured as 115.81 Im W~! and 95.31 Im W!
and their color rendering indices (CRI) were evaluated as 60 and 80, respectively. These key
parameters exceeded those of commercial WLEDs. In addition, four compounds have been utilized
to prepare blue, green, yellow, and near-infrared LEDs, all of which surpassed the performances of
existing commercial LEDs.

means of obtaining standard white light. However, the compo-
nents can interfere with each other at high operating voltage,

According to the United States Department of Energy, lighting
consumes 15% of the world’s energy and accounts for 5% of the
world’s greenhouse gas emissions." Light-emitting diodes
(LEDs) and organic LEDs (OLEDs) have attracted wide attention
by virtue of their advantages of low energy consumption and
high efficiency.”™ Thus, white LEDs (WLEDs) are gradually
replacing traditional lighting devices, such as incandescent
and fluorescent lamps.”” In general, white light emission is
obtained by combining the three primary colors (red, green,
and blue) or two complementary colors (red-cyan, green-
magenta, and blue-yellow/orange).® The strategy of using a
combination of three primary colors seems to be the easiest
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1 Electronic supplementary information (ESI) available: Experimental details and
additional characterization and analysis of PLB1-PLB6. CCDC 2232818 (for
PLB1), 2232819 (for PLB2), 2232820 (for PLB3), and 2232821 (for PLB4). For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d3qm00189j

destabilizing the emission spectrum, and thereby affecting the
efficiency of the device.”' Existing commercial WLED pro-
ducts mainly contain a blue LED as the primary light source,
together with a light-conversion material to convert blue light
into complementary yellow light."" One of the most striking
examples is the WLED prepared by incorporating a yellow
phosphor (Y3Al;04,:Ce*") in blue chips.”> The simplest and
most effective method for preparing WLEDs is to coat sample
films or gels on the surfaces of commercial blue LED chips/
bulbs.”® An efficient yellow/orange luminescent material is
essential for this preparation strategy.

Small organic molecules, which are simple to synthesize and
easy to regulate, are undoubtedly the best choice for light-
conversion materials in WLEDs. Moreover, these materials have
been widely used as color conversion layers in organic WLEDs
(WOLEDs)."**® However, higher brightness and color purity
are still issues that need to be addressed for these WLEDs."”
It is easier to screen for materials required for higher color
purity WLEDs among compounds with tunable full-color
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luminescence."®™° In recent years, researchers have been work-
ing with D-n-A-type molecules to fabricate materials with
panchromatic luminescence.”’ >* A common strategy is to use
different electron donor/acceptor groups to modify the mate-
rial, such that its emissions are red-shifted or blue-shifted.?* 2°
Moreover, n-bridge modulation is also an effective strategy and
permits the production of materials with high quantum
yields.?” The introduction of polymethylene chains as m-bridges
can modulate the luminescence color to the near-infrared
region.”®*® To maintain the stability of the material, a benzene
or thiophene unit is often used in combination with poly-
methylene chains to build n-bridges.>**' Such materials have
been widely reported for applications in LEDs,*** fluorescent
probes,*” and bioimaging.?$™*°

Benzothiazole is a chromophore with easily tunable lumi-
nescence properties.*’ ™ In our previous work, materials of this
class were shown to be suitable for application in WLEDs.** For
this work, we have selected simple benzothiazole and dimethyl-
amine as electron donor/acceptor groups, respectively, to
construct D-n-A-type fluorescent small molecules. Benzene,
thiophene, and C—=C double-bond units have been introduced
to regulate the n-bridge conjugates. In this way, we designed
and synthesized six fluorescent small molecules (Scheme 1).
Their absorption and emission wavelengths were progressively
red-shifted with increasing length of the n-bridge. These six
compounds covered the entire visible spectrum, not only in
solution, but also in the solid state. Notably, most of these
compounds had high luminescence efficiency. The fluores-
cence quantum yields of PLB2 and PLB3 in solution were even
close to 1. PLB1, PLB3, PLB4, and PLB6, which displayed good
luminescence properties in both the aggregated and dispersed
states, have been utilized to fabricate LEDs. Two WLEDs have
been successfully prepared by adjusting the chip and doping
concentrations. These two devices based on PLB4 had high
luminous efficiencies (LE) and color rendering indices (CRIs).
In comparison with commercial WLEDs, these two devices had
some superior properties. In addition, four compounds were
used to prepare blue, green, yellow, and near-infrared LED
devices, all of which outperformed commercial LEDs to some
extent. This work is informative for breaking through the
limitations of existing LED materials.

Scheme 1 Structure of target molecules PLB1-PLB6.
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Results and discussion
Synthesis and characterization

The key reactions in the synthesis of these compounds are
those for the construction of benzothiazoles and C—C double
bonds (Scheme S1, ESIt). Benzothiazoles (PLB1, PLB2, and
intermediates 2a and 2b) were constructed by acetal reactions
between 2-aminothiophenol and aromatic aldehydes. Dimethyl
sulfoxide was added as both an oxidizing agent and a solvent.
Most of the reaction yields were relatively high, reaching
97.46% at best. For the construction of C=C double bonds
(PLB4-PLB6 and intermediate 8), we chose the Wittig reaction.*
Yields were in the range 38.52-81.47%. Benzyl phosphite in the
Wittig reaction is produced by the Arbuzov reaction. Intermedi-
ates 5 and 7 were obtained according to this protocol. Most of the
aldehyde compounds were procured from suppliers. However,
aldehyde intermediate 9 is produced by Bouveault aldehyde
synthesis. PLB3 was obtained by a Suzuki coupling reaction.
All target molecules were characterized by '"H NMR, *C NMR,
and high-resolution mass spectrometry (Fig. S8-S31, ESIY).

UV/Vis absorption

Experimentally, we observed that PLB1 and PLB2 were pale-
yellow solids, PLB3 and PLB4 were yellow/orange solids, and
PLB5 and PLB6 were red solids (Fig. S1, ESIT). Accordingly, we
tentatively determined that PLB1 and PLB2 absorbed in the
near-UV region (<400 nm), PLB3 and PLB4 absorbed in the
blue region (around 450 nm), while PLB5 and PLB6 absorbed in
the green region (around 520 nm). This was in line with the
expectation that the absorption is gradually red-shifted as the
n-bridge is extended. The UV/Vis absorption spectra of all six
compounds in CH,CI, solution (1 x 107> mol L") were
recorded (Fig. 1). Each spectrum featured a strong absorption
peak at around 265 nm and a weak absorption peak in the
range of 290-350 nm. These absorption peaks could be mainly
attributed to the 'n-n* transition. Each of the six compounds
also showed a strong absorption peak in the range 350-500 nm,
at 357 nm, 388 nm, 410 nm, 433 nm, 470 nm, and 475 nm for
PLB1-PLB6, respectively. Evidently, the absorption peaks of the

——PLB1
1x10° PLB2
PLB3
8x10% PLB4
PLB5

£ (L.cm™.mol™)

280 350 420 490 560
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Fig. 1 The UV-vis absorbance spectra of PLB1-PLB6 in CH,Cl, solution
(1 x 107° mol L™Y measured at room temperature.
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six compounds in this range were gradually red-shifted with
extension of the m-bridge. Therefore, these absorption peaks
were mainly attributed to intramolecular charge transfer (ICT).
This was corroborated by the absorption spectra of the six
compounds in different polar solvents. As shown in Fig. S2
(ESIT), the absorption peaks of the six compounds above
350 nm were gradually red-shifted with increasing solvent
polarity, whereas the absorption peaks below 350 nm did not
change significantly. A comparison of the absorption spectra
of PLB1 and PLB2 revealed that the replacement of benzene
by thiophene favored the absorption red-shift of these com-
pounds. A similar conclusion was drawn by comparing PLB4
and PLB5. Moreover, comparison of PLB3 and PLB4 revealed
that the insertion of a double-bond unit also facilitated the
absorption red-shift of these compounds. Comparing PLB4 and
PLB6, it can be found that the extension of the n bridge will
greatly promote the redshift of absorption. The same conclu-
sion can be drawn after comparing PLB5 and PLB6. Therefore,
n-bridge modification substantially modulated the absorption
properties of these D-n-A compounds.

Photoluminescence

The six compounds exhibited different luminescence colors
in CH,Cl, solution (Fig. 2d), namely blue-violet, blue, green,
yellow, orange, and red, under irradiation with a UV lamp
(365 nm). From the emission spectra of PLB1-PLB6 in CH,Cl,
solution (Fig. 2a), their maximum emission wavelengths were
determined to be 408 nm, 446 nm, 513 nm, 570 nm, 614 nm,
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and 638 nm, respectively (Table 1). This was consistent with the
observed phenomena. To confirm their luminescence colors,
we calculated the CIE (Commission Internationale de 'Eclairage)
of the six compounds based on their emission spectra. As shown
in Fig. 2b, the CIE of the six compounds in CH,Cl, solution were
evaluated as (0.16, 0.02), (0.15, 0.06), (0.24, 0.59), (0.47, 0.52),
(0.59, 0.40), and (0.62, 0.38), respectively. The colors were con-
sistent with the initial judgment. The spectra of the six com-
pounds covered the whole visible region from blue to red.
Moreover, the spectral region of PLB6 included a certain near-
infrared interval (>780 nm). This variation trend proved to
be consistent with the absorption spectra. That is to say, the
emission wavelength was gradually red-shifted with extension
of the n-bridge. Therefore, we surmised that the luminescence
of these compounds originated from intramolecular 'n~r* transi-
tions and was accompanied by ICT processes.

Fluorescent molecules with ICT properties usually show a
significant solvatochromic effect. We recorded the emission
spectra of PLB1-PLB6 in hexane, toluene, tetrahydrofuran,
CH,Cl,, and acetonitrile, respectively (Fig. S3, ESIY). All six
compounds showed a significant solvatochromic effect. Among
them, PLB3-PLB6 displayed rich color variations in all five
solvents. PLB3 showed a color variation from blue to yellow,
while PLB6 showed a color variation from green to red, as
shown in the insets in Fig. 3. PLB4 and PLB5 also showed
distinct color change effects (insets in Fig. S3d and e, ESIf).
The emission wavelength variations of PLB3-PLB6 in hexane
and acetonitrile were 93 nm, 128 nm, 122 nm, and 149 nm,
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Fig. 2 (a) Photoluminescence spectra of PLB1—PLB6 in CH,Cl, solution (1 x 107> mol L™, (b) Chromaticity coordinate chart of the six compounds in
CH,Cl, solution (1 x 107> mol L™ and solid state. (c) Photoluminescence spectra of PLB1, PLB3, PLB4, and PLB6 in the solid state. (d) Images of the six
compounds in CH,Cl, solution (1 x 107> mol L™) and solid state under the irradiation of a 365 nm UV-lamp.
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Table 1 UV-visible absorption and photoluminescence parameters of PLB1-PLB6 in CH,Cl, solution (sol.) and solid powder (pow.)

Jex/NM Aem/NM Stokes shift/nm Doy t/ns
Cpd. Jabs/nm (£/10* L mol " em™") Sol. Pow. Sol. Pow. Sol. Pow. Sol. Pow. Sol. Pow.
PLB1 265 (2.71), 357 (5.45) 338 400 408 465 70 65 0.97 0.08 1.71 2.83
PLB2 265 (10.14), 322 (0.81), 388 (4.43) 396 — 446 — 50 — 0.99 — 2.41 —
PLB3 265 (1.62), 300 (0.86), 410 (3.74) 396 467 513 535 117 68 0.99 0.99 2.55 4.09
PLB4 264 (1.87), 326 (1.48), 433 (3.23) 434 467 570 605 136 138 0.64 0.40 1.92 3.64
PLB5 264 (2.07), 345 (0.77), 470 (3.07) 468 — 614 — 146 — 0.11 — 0.74 —
PLB6 263 (2.07), 291 (1.69), 475 (6.30) 459 467 638 631 179 164 0.28 0.16 1.27 3.77
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Fig. 3 Photoluminescence spectra of PLB3 (a) and PLB6 (b) in different

polar solvents (1 x 10~° mol L™) and luminescence images (inset) under
the irradiation of a 365 nm UV-lamp.

respectively. Such variations make them valuable for applica-
tions in solvent probes*®™*® and biomarkers.*® The observations
were consistent with an increase in conjugation of the n-bridge
promoting the ICT effect. Most of these compounds showed
strong luminescence intensity. This was also evidenced by the
measured fluorescence quantum yields (Table S1, ESIT). PLB2
and PLB3 were particularly notable for their dazzling lumines-
cence. They both had fluorescence quantum yields close to 1.
PLB1, PLB4, and PLB6 also had bright luminescence, with
fluorescence quantum yields of 0.965, 0.635, and 0.280 in
CH,Cl, solution, respectively. We found that the chosen highly
polar solvents had a significant negative effect on the fluores-
cence quantum yields of PLB1 and PLB6. This may be due to
dipole-dipole interactions between the excited-state molecules

and the solvent molecules.’® Such interactions resulted in

twisted intramolecular charge transfer (TICT), which in turn
led to luminescence quenching.®® The fluorescence quantum
yield of PLB5 in CH,Cl, was only 0.11, whereas that of PLB4,
which had a similar structure, was almost six times higher. This
may be due to reductive quenching,® which was supported by
electrochemical analysis (vide infra).

Compounds showing luminescence in the aggregated state
are more convenient for application in LEDs. We found that
four of the studied compounds, PLB1, PLB3, PLB4, and PLB6,
maintained good luminescence in the solid state (Fig. 2d). The
luminescence colors of the four compounds in the powder state
were red, yellow, green, and blue, respectively. The emission
peaks of PLB1, PLB3, PLB4, and PLB6 were located at 513 nm,
570 nm, 614 nm, and 631 nm, respectively (Fig. 2c). This was
consistent with the observed luminescent color of the powder,
and the spectra of the four compounds covered the entire
visible region. These compounds also exhibited panchromatic
luminescence in the aggregated state. We compared the emis-
sion wavelengths of these four compounds in CH,Cl, solution
and in the aggregated state (Table 1). The results showed a
significant variation in the emission of PLB1 in the respective
states. PLB3 and PLB4 also showed some variation, amounting
to 22 nm and 35 nm, respectively, whereas PLB6 showed almost
no variation. This indicated that the radiative transitions of the
two states are very similar. Therefore, the source of the lumi-
nescence in the aggregated state was also an intramolecular
'n-m* transition accompanied by an ICT process. The slight
red-shift may be caused by vibrational relaxation due to inter-
molecular interactions.>® Moreover, we found that PLB3, PLB4,
and PLB6 maintained luminescence in the aggregated state
similar to that in the dispersed state, whereas luminescence in
the aggregated state of PLB1 was substantially attenuated. The
luminescence of PLB2 varied in the same way as that of PLB1.
Its luminescence in the aggregated state was even completely
quenched. From the data in Table 1, it was evident that the
excitation wavelength of PLB1 was relatively close to its emis-
sion wavelength, which meant that the emitted light re-excited
other molecules. The probability of this occurring would be
greater in the aggregated state, in which the distance between
molecules was smaller.>® Therefore, the attenuation of the
luminescence of PLB1 may be due to an insufficient Stokes
shift. Photons released by the radiative transition were re-
absorbed by other ground-state molecules and energy was
gradually dissipated through several emission-absorption
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cycles. The luminescence of PLB2 in the aggregated state was
similar to that of PLB1, and its Stokes shift was even smaller.
Therefore, its luminescence in the aggregated state was more
completely quenched. This phenomenon may also be caused by
specific crystal stacking, which needs to be elaborated by crystal
structure analysis. PLB5 shows a large Stokes shift in solution,
similar to those of PLB4 and PLB6. Therefore, it may also
maintain a large Stokes shift in the aggregated state, making
secondary excitation less likely. In contrast, compounds with a
strong ICT effect tend to have dipole-dipole interactions
between molecules in the solid state,> thus suppressing the
luminescence of the CT state. PLB4 and PLB6, which are structu-
rally similar to PLB5, also have weak luminescence decay.

Theoretical calculations and electrochemistry

To further investigate the ground-state and low-level singlet-
excited-state properties and their relationship with molecular
structure, density functional theory (DFT) calculations were
performed on PLB1-PLB6 at the B3LYP/6-31G* level.*>*” The
ground-state geometries of PLB1-PLB6 were fully optimized.
The calculated results (Fig. 4) showed that the lowest unoccu-
pied molecular orbital (LUMO) electron clouds of all six com-
pounds had significant ICT compared to the highest occupied
molecular orbitals (HOMOs). This phenomenon became
increasingly pronounced with extension of the m-bridge. For
example, the electron cloud of PLB6 at the HOMO energy level
was distributed over the n-bridge and dimethylamine group,
with almost no electron density on the benzothiazole moiety.
At the LUMO energy level, however, all electron density on the
dimethylamine group and the connected benzene ring was
transferred to the benzothiazole moiety. In contrast, only the
electron density on the methyl group moved to the benzothia-
zole moiety when PLB1 undergoes the transition. The energy
gaps (AE,) between the HOMO and LUMO levels of the six
compounds were evaluated as 3.95 €V, 3.57 eV, 3.10 eV, 2.78 eV,
2.62 eV, and 2.32 eV, respectively. Thus, AE, decreased
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incrementally with extension of the m-bridge. This implied
that for transitions between the HOMO and LUMO the corres-
ponding absorption or emission wavelengths gradually
increased with extension of the n-bridge. This was consistent
with the results of UV absorption and photoluminescence
studies.

We investigated the electrochemical properties of PLB1-PLB6
by cyclic voltammetry. Cyclic voltammograms of these com-
pounds are shown in Fig. 5. According to the literature, the
HOMO and LUMO energy levels and energy gaps were estimated
according to the following equations:>*>°

Enomo = (—Egnser + 4.4) eV
ABgap = 1240/ jcgge

ELUMO EHOMO + AEgap

The electrochemical potentials and energy levels of the six
compounds are shown in Table S2 (ESIt). It can be seen that
with extension of the conjugated n-bridge, the HOMO energy
levels of the six compounds gradually increased, while their
energy gaps gradually decreased. This variation in trend is
consistent with the results of the UV/Vis absorption and
photoluminescence. Although the E§" values obtained from
theoretical calculations (3.32-3.95 eV) were significantly higher
than the AE, values (2.25-3.16 €V) obtained from ground-state
absorption and electrochemical calculations, the trend in
the energy gaps of the compounds remained consistent. This
difference most likely arose because the computational model
was related to a vacuum environment, whereas the cyclic
voltammograms and UV/Vis spectra were measured in solution.
Notably, the onset oxidation potentials of structurally similar
PLB4 and PLB5 were 1.15 V and 0.68 V, respectively. That of
PLB4 was significantly higher, such that PLB5 was more sus-
ceptible to oxidation. This further supported the conjecture
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Fig. 4 Contour plots of electron density distribution and energy values of the HOMO and LUMO for PLB1-PLB6.
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Fig. 5 The cyclic voltammograms of PLB1-PLB6 (1 x 107> mol L™} in
THF at 298.

that the low fluorescence quantum yield of PLB5 was due to
reductive quenching.®®

Crystal structure analysis

We analyzed single crystals of the compounds to further
explore the relationship between intermolecular interactions
and luminescence in the aggregated state. We only obtained
single crystals of PLB1-PLB4, the crystal structures of which are
shown in Fig. S4 (ESIt). The crystals of the four compounds
were all orthogonal crystal systems, belonging to the space
groups Pbca, Pna2,, Pna24, and P2,2,2,, respectively. The single-
crystal parameters are shown in Table S3 (ESIY).

The molecular stacking structures of the four compounds
are shown in Fig. 6. The molecules of PLB1, PLB3, and PLB4
were mainly stacked in J-aggregation (misaligned stacking).®"%*
PLB2 crystals had both J-aggregation and H-aggregation

) | M

Sy
Ve 2,884

2867 2 662

.T stack

Fig. 6 The molecular stacking structure and interactions between mole-
cules of (a) PLB1, (b) PLB2, (c) PLB3, and (d) PLB4.
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(parallel stacking), in which two molecules in the H-aggregated
state were stacked in a “face-to-edge” manner.®* Both J-aggre-
gation and the “face-to-edge” arrangement effectively prevented
n-n stacking and thereby promoted intermolecular charge trans-
fer. Such compounds can maintain their luminescent properties,
and even show enhanced luminescence.®*®® In addition, inter-
molecular interactions such as C-H---n were present in the
crystals of all four compounds, with interaction distances greater
than 2.5 A. These interactions maintained a certain distance
between molecules and prevented m-m stacking. In summary,
the four molecules were stacked in a way that is favorable for
luminescence in the aggregated state. PLB3 and PLB4 in the
aggregated state maintained luminescence close to that in the
dispersed state. However, PLB1 and PLB2 in the aggregated state
showed significantly suppressed luminescence, and that of PLB2
was even completely quenched. Therefore, we again determined
that the reason for the suppressed luminescence in the aggre-
gated state for these two compounds was that their Stokes shifts
were too small. The light emitted by the radiative transition was
absorbed by other ground-state molecules, and the energy is
gradually dissipated after several emission/absorption cycles. In
addition, there were intermolecular interactions such as C-H: - -«
in all of the crystals, which led to vibrational relaxation.”® This
contributed to a weak red-shift of the solid-state luminescence
compared to the dispersed state.

Assembly of LED devices

PLB1, PLB3, PLB4, and PLB6 have good luminescence proper-
ties in both the aggregated and dispersed states. Therefore, we
prepared LED devices from these four compounds to demon-
strate their luminescence properties and to verify their practi-
cality. We chose the solution deposition method to prepare the
LEDs by first dispersing the compounds in commercial A/B gel
and then coating them on blue or UV LED chips. This process
was more energy-efficient, environmentally friendly, and sim-
ple to operate, compared to the conventional vapor deposition
method,®*®” and it was suitable for small organic molecules.
The fabrication of WLEDs required yellow/orange-emitting
materials as the color conversion layer. PLB3 and PLB4 both
had luminescent colors close to yellow, so they were chosen
to prepare the WLEDs. LEDs with an emission wavelength
of 450 nm were selected as the chips, which can excite both
compounds while supplying the blue light component of the
WLEDs. To tune the absorption/transmission ratio of the light
source, devices with five different doping ratios were prepared
to screen for the best WLED. The two compounds were then
doped in A/B gel and coated on the chips. In this way, ten LED
devices were successfully prepared. We also tried to fabricate
full-color LEDs. Four LEDs with emission wavelengths of
365 nm, 395 nm, 425 nm, and 450 nm were selected as chips
in devices based on the four compounds according to their
optimal excitation wavelengths. They are named UV-365, UV-
395, Blue-425, and Blue-450, accordingly. The four compounds
have different luminescence properties in the aggregated and
dispersed states. Therefore, we controlled the doping ratio to
select the best LED devices. In total, 17 such LED devices were
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prepared. For convenience of presentation, we numbered the
above 27 devices in order of compound structure from small to
large, doping concentration from high to low, and chip wave-
length from short to long. The device appearances, lumines-
cence effects, and doping amounts are summarized in Fig. S5
(ESIT). The photographs showed that the luminescence of PLB3
and PLB4 were close to white at a doping level of about 0.1.
The emission spectra of all of the devices were measured
(Fig. S6, ESIt), and their spectral parameters are collected in
Table S4 (ESIY).

To determine the luminescence colors more accurately, we
plotted the CIE of these devices (Fig. S7, ESI{). Devices 17 and
22, prepared from PLB4 at a doping concentration of 0.1, fall in
the white region on the chromaticity coordinate diagram. Their
CIE were (0.37, 0.36) and (0.28, 0.27), respectively. Their emis-
sion spectra (Fig. 7) had a dual-emission structure covering
the entire visible band. This further proved that it was white
light emission. It is worth noting that their LE reached
115.81 Im W' and 95.31 Im W, respectively, far exceeding
those of similar WLEDs. Their CRIs were evaluated as 60 and
80, respectively. The latter parameter was indicative of illumi-
nation that meets the requirement for color discrimination.
Device 17 is a warm white LED, while device 22 is a cool white
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Fig. 7 Spectra, energized/unenergized photos (inset), and chromaticity
coordinate chart (inset) of device 17 (a) and device 22 (b).
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Table 2 The electroluminescent data of device 17, device 22, whitel, and
white2

CIE CCT (K) CRI LE (Im W™ %)
Device 22 (0.28, 0.27) 11580 80 95.31
White1 (0.28, 0.27) 8397 78 109.52
Device 17 (0.37, 0.36) 4290 60 115.81
White2 (0.37, 0.37) 4160 63 122.79

LED, based on correlated color temperatures (CCT) of 4290 and
11 580, respectively. Warm light makes people relaxed, and so
it is suitable for home and entertainment lighting, while cool
light tends to make people more focused, and is suitable
for work and study environments. Both devices had their
strengths. To better illustrate the superiority of their properties,
two commercial WLEDs were purchased for comparison. The
properties of these commercial WLEDs were tested under the
same conditions as the two LEDs mentioned above. The results
are shown in Table 2 and Table S4 (ESIt). White1l was a cool
white LED and white2 was a warm white LED. The CIE and LE
of device 22 are very close to those of whitel. And the CRI is
slightly higher. The warm white device 17 closely resembled
white2 in all parameters. Indeed, we found that the absorption/
transmission ratio of the chip was perfectly suited for white
light emission when the mass fraction of PLB4 was around 9%.
These devices with excellent performance may be considered
valuable for commercial development.

PLB3 was an extremely bright emitter, with a fluorescence
quantum yield close to 1. Most devices prepared from it also
have high luminescence efficiency, and most of them outper-
form commercial LEDs. PLB3-based device 11 gave a very good
approximation of white light emission and had a higher LE
than device 17. However, its color was greenish in terms of
CIE (Fig. S7, ESIf), making it unsuitable for use in WLEDs.
However, devices 4-6 and 9 prepared from it were yellow LEDs
with a very high LE, and were significantly superior to com-
mercial yellow LEDs (Table S4, entry 31, ESIT). Device 10 was a
green LED, which also had high LE and is comparable to
commercial green LEDs (Table S4, entry 30, ESIT). The lumi-
nescence efficiency of device 16 prepared from PLB4 was also
better than that of commercial yellow LEDs. PLB1 was a
molecule with high luminescence in the dispersed state, and
the luminescence efficiency of device 1 prepared from it was
much better than that of commercial blue LEDs (Table S4, entry
29, ESI). Device 24, prepared from PLB6, was a near-infrared
LED device. Overall, this series of panchromatic luminescent
compounds may have good potential for application in pan-
chromatic LEDs.

To further verify the practicality of these materials, the four
compounds applied in LEDs were tested for thermal stability.
Thermogravimetric analysis traces for PLB1, PLB3, PLB4, and
PLB6 are shown in Fig. 8. We have marked the temperatures at
which the four materials maintained 95% of the original mass.
The four compounds remained stable at temperatures of
210.0 °C, 298.8 °C, 287.7 °C, and 324.5 °C, respectively, showing
them to have good thermal stability. In particular, PLB3 and
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Fig. 8 Thermogravimetric analysis curve of PLB1, PLB3, PLB4, and PLB6.
The five compounds are labeled at 95% mass temperature.

PLB6 maintained good stability at around 300 °C. LED devices
fabricated from these materials should thus show stable long-
term luminescence.

Conclusions

We have constructed D-n-A-type fluorescent small molecules
using simple benzothiazole and dimethylamine as electron-
donor and -acceptor groups, respectively. Six compounds with
panchromatic luminescence were obtained by introducing
benzene, thiophene, and C—C double-bond units to modulate
the n-bridge length. The six compounds covered the entire
visible spectrum, not only in solution, but also in the solid
state. The conformational relationships of the compounds have
been systematically investigated through photoluminescence
spectroscopy, quantitative calculations, and single-crystal ana-
lysis. We found that incremental adjustment of the degree
of conjugation of the bridging unit resulted in a series of
compounds with significant variation in luminescence color.
However, too long a m-bridge may lead to a decrease in
fluorescence quantum yield. We used PLB1, PLB3, PLB4, and
PLB6, which have good luminescence properties in both the aggre-
gated and dispersed states, to fabricate LEDs. Two PLB4-based
WLEDs were successfully prepared by adjusting the chip and
doping concentrations. One was a warm WLED, while the other
was a cool WLED. Their LEs were measured as 115.81 Im W~ " and
95.31 Im W%, and their CRIs were evaluated as 60 and 80,
respectively. Some of their properties exceeded those of commer-
cial WLEDs. In addition, the four compounds were used to prepare
blue, green, yellow, and near-infrared LEDs, all of which exceeded
the performance of existing commercial LEDs to some extent. This
research work was of reference value to break through the limita-
tions of existing LED materials.
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