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The design of an organic molecule that inherently — single
exhibits multiple emissive channels provides an elegant strategy for Monomer component
structurally simple yet spectrally broad white organic light-emitting XD white
diodes (OLEDs). Herein, we report the rational design and NQ ..
synthesis of a donor—z-acceptor luminophore (DBP-PXZ), S —° emission
comprising a phenoxazine donor moiety and a tetrahydrodibenzo- Q‘ N D

phenanthridine acceptor fragment linked through a twisted
phenylene bridge. The photoluminescence (PL) spectrum of the
solid sample of the compound exhibits dual emission bands,
resulting in single-component white emission with CIE coor-
dinates of (0.31, 0.38). PL spectral analysis of the solid solutions in
polar host matrices and in a PMMA matrix demonstrates that
controlled modulation of intermolecular proximity selectively activates or suppresses a low-energy emissive channel. Close
chromophore packing activates intermolecular charge transfer (CT)-type excimer emission, while spatial isolation suppresses this
pathway and yields purely blue emission from the monomeric CT state. Computational calculations support the stabilization of an
intermolecular CT excited state of dimeric models relative to the monomeric ones. Leveraging this dual-emissive nature, host-free
OLEDs based on a thin layer of DBP-PXZ as emissive layer exhibit a broadband electroluminescence spectrum spanning the range
of ca. 385—800 nm. The device with an emissive layer of diluted DBP-PXZ with a wide-bandgap host effectively suppresses excimer
formation and enables a pure blue EL spectrum. This work highlights DBP-PXZ as a single-component emitter enabling tunable
blue-to-white emission via monomeric and excimer CT states, offering a compositionally simplified and heavy-metal-free emitter
approach inspired by a sustainability-driven OLED design.
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and is governed by inter-emitter interactions and complex

Single-component white emitters have emerged as compelling
organic materials for advanced white organic light-emitting
diodes (WOLEDs), offering a transformative alternative to
conventional device structures that rely on multiple emissive
layers."”” The conventional WOLED designs are typically
based on the separated red, green, and blue (RGB) emitting
layers™® or on stacked emissive layers with complementary
emissions (e.g., blue combined with yellow/orange).”® While
the implementation of these approaches can result in achieving
high color quality, these approaches inevitably introduce
structural complexity of the devices, interfacial exciton losses,
color instability, and increased fabrication costs.® An
alternative strategy involves co-dispersion of two complemen-
tary emitters (blue and yellow/orange) within a single emissive
layer to achieve nominally single-layer white emission.
However, this approach remains inherently multicomponent
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energy-transfer dynamics.”® Chen et al.” reported a warm-
white OLED based on an active monolayer comprising
dibenzofuran and a carbazole derivative of diphenyl triazine
exhibiting blue thermally activated delayed fluorescence
(TADF). It served as a blue emissive host. The phenoxazine
derivative of dipyridophenazine exhibiting orange-red TADF
was used as a dopant. The device showed an external quantum
efficiency (EQE) of 32.8%, CIE coordinates of (0.41, 0.46),
and a low turn-on voltage of 2.6 V.” Despite the proficient
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device performance achieved with host—dopant mixed
emissive layers, such devices intrinsically suffer from exciton
redistribution and concentration-dependent energy transfer
processes, which frequently lead to color instability and, most
importantly, increased fabrication complexity and cost.'’ In
contrast, harvesting of multiple emissive states within a single
molecular framework enables white emission to be obtained
from a single emissive layer, effectively eliminating interfacial
energy barriers, suppressing exciton (}uenching, and substan-
tially simplifying device structures."'" The strategies toward
single-component white emission have been reported,
encompassing intriguing photophysical phenomena includin

dual fluorescence,'”"® fluorescence and phosphorescence,’

and dual phosphorescence from the radiative relaxation of two
distinct triplet excitons followed by non-Kasha phosphor-
escence.'” Dual-fluorescent organic fluorophores, exhibiting
high-energy monomer emission and low-energy excimer
emission, have been explored for single-component white
emission.'®” However, achievement of broadband single-
component white emission remains challenging, as the delicate
balance between high-energy monomer emission and low-
energy excimer emission is highly sensitive to various intrinsic
and extrinsic physicochemical factors, often leading to
dominance of low-energy emission and spectral imbalance.
Excimer denotes an excited-state complex between identical
molecules, whereas exciplex is an excited state complex formed
between spatially separated donor and acceptor molecules via
intermolecular interactions."® Owing to spatial separation of
electron (on acceptor) and hole (on donor) density, exciplexes
often exhibit TADF benefiting from a sufficiently small single—
triplet gap.'” Li et al.”’ reported on a highly twisted molecular
system comprising a triphenylamino donor moiety, a pillar[S]-
arene bridge, and a triphenylacrylonitrile acceptor fragment, in
which the pillar[S]arene induces strong donor—acceptor
decoupling. The emitter displayed dual emission, with blue
light originating from a monomeric locally excited (LE) state
and yellow emission arising from the intramolecular through-
space charge-transfer (TSCT) state. Balanced white emission
(CIE coordinates of (0.30, 0.36)) was achieved only by
externally modulating the microenvironment via a DMF/
glycerol viscosity gradient, highlighting the sensitivity of
emission balance to environmental conditions. Lee et al.”!
reported a dual-emissive luminophore comprising a diphenyl
triazine acceptor and benzofurocarbazole donor units, further
functionalized with a conjugation-broken diphenothiazine-
benzene moiety. Blue emission originated from intramolecular
CT between the benzofurocarbazole donor moiety and the
diphenyl triazine acceptor unit, whereas formation of an
intermolecular excited-state complex between diphenothiazine-
benzene and diphenyl triazine units generated a lower-energy
yellow TADF. The neat films showed excimer emission and
suppressed blue emission through efficient energy transfer.”’
Consequently, white electroluminescence was achieved only at
low dopant concentrations (5%) in a host, with CIE
coordinates of (0.25, 0.31).

In this context, we introduce a donor—sm-acceptor type
luminophore (DBP-PXZ) comprising a phenoxazine donor
moiety linked via a phenylene bridge to a tetrahydrodibenzo-
phenanthridine (DBP) acceptor fragment.”” Excimer emission
from the derivative of phenoxazine was previously reported.
The diphenyl sulfone derivative of phenoxazine showed
excimer emission. The enhanced short-range intermolecular
interactions, revealed by crystal structures, facilitated excimer

formation. This short-range interaction derived excimer
emission was not observed for the analogous diphenyl sulfone
derivative of an acridine donor.>” In contrast, derivatives of the
DBP acceptor exhibited only blue monomeric emission, with
no prior reports of excimer states.>>** However, N-
heterocyclic frameworks emerged as privileged frameworks in
organic optoelectronics” owing to their modular syntheses,
tunable frontier orbital energies, and inherent structural
diversity."”**” Many of the N-heterocyclic frameworks can
be synthesized via concise or multistep protocols that align
with green-chemistry synthesis approaches.”*™>" Derivatives of
N-heterocyclic frameworks have been widely explored as
single-component white emitters.”>”> Furthermore, the de-
rivatives of carbazole and pyridine exhibit blue fluorescence
and low-energy excimer emission, resulting in single-
component white light emission.”* White emission was also
achieved from the derivatives of carbazole and diphenylamino-
substituted phenylquinazoline.”> In these frameworks, acid-
induced protonation of the acceptor enhanced intramolecular
charge transfer, causing a red-shifted emission that coexisted
with the simple blue emission. This allowed achieving dual-
band white electroluminescence.*®

In the present study it is shown that, due to the twisted
D—n—A geometry of DBP-PXZ, it exhibits localization of the
highest occupied molecular orbital (HOMO) on the
phenoxazine unit and the lowest unoccupied molecular orbital
(LUMO) on the acene-like DBP framework, establishing a
well-defined intramolecular CT monomer state that shows
blue fluorescence. In the solid state or in aggregated form, the
electron-rich phenoxazine unit and extended DBP framework
engage in specific short-range intermolecular interactions to
generate a lower-energy excimer CT state that emits in the
greenish-yellow spectral region. The balanced coexistence of
these monomeric and excimer emissive channels enables
intrinsic single-component white emission from the solid
samples of DBP-PXZ with CIE coordinates of (0.31, 0.37).
The DBP acceptor framework is critical in achieving balanced
emissions. Its fused heterocyclic structure, disrupted con-
jugation by sp*-hybridized benzylic methylene units, results in
the reduction of excessive planarity and modulates short-range
intermolecular interactions. This allows cooperative excimer
formation with the electron-rich phenoxazine donor while
preserving monomeric blue emission, enabling intrinsic single-
component white emission of DBP-PXZ. The key aspect of
this work is a molecular design that deliberately balances two
emissive channels within a single component, ie, a blue
emission from an intramolecular CT monomer and a lower-
energy emission from excimer-like CT that becomes accessible
only in the solid state. The quantum chemical calculations of
monomer/dimer electronic structures were performed to
analyze the nature of dual-emissive excited states. Combined
steady-state and time-resolved PL spectroscopy data allow
establishing that the white emission originates from controlled
intermolecular contact formation, enabling single-component
white electroluminescence without the need for multiemitter
blending or engineered donor—acceptor exciplex interfaces.

Nuclear magnetic resonance (NMR) measurements were acquired on
a Bruker Ascend 400 spectrometer to confirm the molecular structure.
The samples were dissolved in CDCIl;, and tetramethylsilane
(Si(CH;),) was used as the internal chemical-shift reference for
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both 'H and '*C NMR analyses. The melting behavior was examined
with an Electrothermal MEL-TEMP apparatus. Thermal endurance
and phase transitions were evaluated under an inert nitrogen
atmosphere using complementary thermogravimetric and calorimetric
protocols: TGA was performed on a PerkinElmer TGA 4000 at a
heating rate of 20 °C min™', while DSC scans were collected on a
PerkinElmer DSC 8500 at 10 °C min~'. UV—vis—NIR absorption
spectra of dilute toluene and THF solutions, as well as vacuum-
deposited neat films, were recorded with a PerkinElmer Lambda 950
spectrophotometer. Steady-state photoluminescence spectra and
absolute photoluminescence quantum yield of dilute solutions, neat
films, and molecularly dispersed solid-state films were obtained using
an Edinburgh Instruments FLS980 spectrometer. Electrochemical
measurements were carried out at 25 °C on an Autolab potentiostat—
galvanostat in a three-electrode configuration. A 2 mm diameter
carbon disk, platinum wire, and silver wire were employed as working,
counter, and quasi-reference electrodes, respectively. Dry dichloro-
methane containing 0.1 M tetrabutylammonium hexafluorophosphate
served as the supporting electrolyte; the analyte concentration was
1073 M, and the scan rate was 50 mV s™". The photoelectron emission
spectra were recorded in air employing a 6517B Keithley electro-
meter, an ASBN-D130-CM deep UV deuterium light source, a
CMI110 1/8 m monochromator, and a personal computer installed
with the appropriate software. The time-of-flight method was used for
hole and electron mobility measurements using an EKSPLA NL300
Nd:YAG laser (third-harmonic of 355 nm and pulse duration of 3—6
ns), Keithley 6517B electrometer, and Tektronix TDS 3032C
oscilloscope. TOF measurements were determined in air and at
room temperature. The thickness of the vacuum-evaporated layer was
measured using the Profilm3D pyrophotometer. All potentials were
internally calibrated against the ferrocene/ferrocenium (Fc/EFct)
redox couple. For the fabrication of OLEDs, a vacuum chamber
equipped with a multisource thermal evaporator was utilized to
deposit high-quality organic thin films and metal electrodes under an
ultrahigh vacuum of (2—5) X 107° mbar. The deposition was
performed sequentially on a prepatterned indium tin oxide (ITO)
glass substrate, which has a sheet resistance of 20 Q/square and was
provided by Ossila. The eight pixels with the active OLED area of 4.5
mm”* were obtained on each substrate. Before the OLED deposition,
the ITO glass substrate was subjected to pretreatment with an oxygen
plasma to enhance the work function and diminish the hole injection
barrier. For measuring the electroluminescent characteristics of
OLEDs, luminance—current density—voltage curves were recorded
using a multisource meter (Keithley 2400), a spectrometer (Avantes
AvaSpec-2048XL), a certified photodiode (PH100-Si-HA-DO)
operated via the PC-based 11S-LINK power and energy monitor
(from STANDA), and a computer equipped with the relevant
software.

Organic compounds based on donor—acceptor type structures
frequently generate CT excited states, presenting significant
challenges in accurately describing their excited-state energies,
electron density distributions, and intermolecular couplings. In such
systems, the spatial separation of frontier orbitals often leads to a
detailed balance between local excitation and CT character, making
conventional hybrid functionals inadequate for reliable excited-state
modeling.]’6 To achieve reliable predictions, long-range corrected
hybrid functionals combined with an optimally tuned range-
separation parameter (@) are required. In this study, the electronic
geometry of DBP-PXZ was optimized to the ground state using
density functional theory (DFT) employing the ®B97XD func-
tional®”*® with the 6-31G** basis set, using the Gaussian 16
program.”’ The range-separation parameter @ was subsequently
tuned for time-dependent DFT (TD-DFT) calculations following a
nonempirical tuning protocol based on Koopmans’ theorem as stated
in eqs 1 and 2.%

“E, =P = Ef 0

—E =EA=E, - E, (2)

Here, Eyy and E; represent the energies of the HOMO and LUMO, IP
and EA are ionization potential and electron affinity, while E,, Ej, and
Ej are the ground-state energy of neutral, cation, and anion electronic
systems. To satisfy these conditions, @ was determined by minimizing
the function J*, defined as a measure of deviation between orbital
energies and their corresponding computed IP and EA (eq 3).*' ™%

](u — [Eg) + IP(;J]Z + [EZJ + EAm]Z (3)

The conductor-like polarizable contintum model (CPCM) was
employed to account for solvent polarization effects, with both
toluene and tetrahydrofuran (THF) considered as dielectric media.
Optimal @ values were determined for each solvent environment,
yielding an @ of 0.039 Bohr™" for toluene and an w of 0.0013 Bohr™
for THF. Since, excimer formation is also a crucial focus of this work,
the dimer of DBP-PXZ was also optimized at the ®wB97XD/6-31G**
level. For the dimer, the optimal value of @ under CPCM/THF
solvation was found to be 0.0007 Bohr™'. Natural transition orbital
(NTO) analysis was subsequently performed to visualize electronic
excitations.

Compound DBP-PXZ was obtained in two steps (Scheme 1).
First, 4-(10H-phenoxazin-10-yl)benzaldehyde was synthesized

Scheme 1. Synthesis Scheme of DBP-PXZ“
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“Conditions: Cul, K,CO;, DMF, N,, 100 °C (a); NH,0AC, EtOH
(b).

via Cul-catalyzed Ullmann C—N coupling of phenoxazine with
4-bromobenzaldehyde in dimethylformamide with 43% yield.
The subsequent condensation of this aldehyde with 3,4-
dihydronaphthalen-2(1H)-one in ethanol in the presence of
ammonium acetate yielded DBP-PXZ as a pale-yellow solid in
10% vyield. Full experimental procedures along with the
corresponding 'H and "*C NMR spectroscopy data and mass
spectrum of DBP-PXZ are provided in the Supporting
Information (Figures S1—S5).

Implementing the density functional theory (DFT) approach,
the ground-level optimized geometry of DBP-PXZ at the
wB97XD/6-31G** level reveals a conspicuously twisted
donor—acceptor structure (Figure 1). The DBP unit and the
phenylene ring adopt a dihedral angle of ca. 49°, while the
phenylene—phenoxazine twist is nearly orthogonal (ca. 76°).
This high torsion effectively attenuates 7-conjugation across
the D—n—A framework and enforces spatial separation of the
frontier orbitals. Hence, the HOMO is predominantly localized
on the phenoxazine moiety, with only minor extension onto
the phenylene ring, whereas the LUMO is largely confined to
the DBP acceptor framework. This pronounced donor-
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Figure 1. Optimized geometry (a) and the HOMO (b) and LUMO
(c) of DBP-PXZ at the @B97XD/6-31G** level.

localized HOMO and acceptor-localized LUMO pattern
evidences a prominent intramolecular CT. Notably, the DBP
fragment exhibits an extended, polycyclic framework reminis-
cent of archetypal acenes such as anthracene®** and
perylene,46 which are well-known for their strong intermo-
lecular 7—7 interactions and propensity to form excimers and
other intermolecular interaction derived excited states.

Thermal robustness is an essential prerequisite for the practical
deployment of organic luminophores in long-lived optoelec-
tronic devices. The thermal stability and morphological
transitions of DBP-PXZ were studied by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
(Figure 2a,b, Table 1). The 5% weight loss temperature (T;**)
of DBP-PXZ was observed at ca. 361 °C. DSC analysis showed
a pronounced melting transition at 263 °C in the first heating
scan. After the cooling scan, the glass transition at 122 °C was
observed during the second heating scan of DBP-PXZ. High
T;** and glass transition temperature underscore the suitability
of DBP-PXZ for vacuum-deposited thin-film fabrication.

The redox characteristics and frontier energy levels of DBP-
PXZ were elucidated by cyclic voltammetry (CV) of a
dichloromethane solution of DBP-PXZ and photoelectron
emission (PE) spectroscopy of a vacuum-deposited thin film of
DBP-PXZ. The CV voltammogram exhibited a well-resolved
and reversible oxidation scan with an onset of oxidation
potential of 0.71 V versus Fc/Fc* (Figure 2c). Using the
standard relationship,”” IPoy = +5.1, the corresponding
ionization energy (IPcy) was determined to be S5.81 eV
(Table 1 and Figure 3a).

Photophysical Properties of Solutions. The UV—vis
absorption spectra of toluene and THF solutions of DBP-PXZ
(Figure 3a) display closely analogous dual absorption bands,
consistent with a separation between locally excited and

Table 1. Thermal and Electrochemical Characteristics of
DBP-PXZ“*

T, T, T E° IPqy IEpg EApg
Compound (°€) (°C) (°C) (V) (V) (eV) (V)

DBP-PXZ 122 263 361 295 5.81 6.0 3.05
“Glass transition temperature (T,) and melting temperature (T,,), the
5% weight loss temperature (T;>*), optical bandgap (E;Pt) measured
from the onset of the absorption spectrum of the neat film, ionization
energy (IP), cyclic voltammetry (CV), ionization energy (IE),
photoelectron emission (PE) spectroscopy, and electron affinity (EA).

charge-transfer manifolds. A pronounced high-energy band at
ca. 318 nm is assigned primarily to a 7—z* transition localized
on the conjugated molecular framework. The weaker lower-
energy shoulder extending across 360—400 nm is attributed to
an intramolecular CT transition from the phenoxazine unit to
the DBP segment. The experimentally observed absorption
spectrum is further corroborated by time-dependent DFT
(TD-DFT) calculations implementing the long-range-cor-
rected hybrid functional @B97XD. The range-separation
parameter (@) was nonempirically optimized in the presence
of implicit solvation using the conductor-like polarizable
continuum model (CPCM) with toluene as the solvent. This
solvent-influenced tuning procedure yielded an optimal @
value of 0.039 Bohr™'. The calculations revealed that the high-
energy band belongs to S;—Ss and S;—S, transitions (Table
S1). The natural transition orbitals (NTOs) of these
transitions revealed the localization on the DBP unit and
major localization on the phenoxazine unit with minor CT to
DBT, respectively (Figure S9). The low-energy weak
absorption band belongs to an Sy;—S; transition, which
revealed CT from the phenoxazine unit to the DBP fragment.
The UV—vis absorption spectrum of the neat DBP-PXZ film
remains largely unchanged compared to its solutions,
displaying similar bands with only a modest red shift of ca. 2
nm (Figure 3a). The low-energy absorption tail slightly
extended up to ca. 500 nm can be ascribed to weak electronic
coupling between adjacent chromophores in the solid state.
The toluene solution of DBP-PXZ exhibits blue emission
with a PL maxima at ca. 488 nm and a PL lifetime of 5.45 ns
with the monoexponential fit of the PL decay curve (Figure 3b,
Tables 2, S2). The PL spectrum of a THF solution is markedly
red-shifted to a greenish-yellow range with a PL maximum at
ca. 545 nm. It shows a slightly longer emission lifetime of 7.91

00 ————— 95%, wf 1.0+ DBP-PXZ
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~ 801 S 15t Heating 20'8'
N = =
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Figure 2. TGA (a), DSC (b), and CV (c) curves of DBP-PXZ.
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Figure 3. UV—vis absorption spectrum of DBP-PXZ (a); steady-state PL spectra of toluene and THF solutions (b); and time-resolved PL decay

curves of toluene and THF solutions of DBP-PXZ (c).

Table 2. Photophysical Characteristics of DBP-PXZ“

Aals: AL PLQY
Compound Medium (nm) (nm) (%) 7 (ns)
DBP-PXZ Toluene 318 488 19.3 5.45
THF 317 545 14.5 791
Neat film 320 488,545 76 54,91
1 wt % in - 460 13.9 4.4
PMMA

“Wavelengths of UV—vis absorption maxima (47j+"), wavelengths of
PL maxima (A}{*), PL quantum yield (PLQY), PL lifetime (7).

ns. The substantial red shift of ca. 52 nm observed upon
changing the solvent from nonpolar toluene to the
comparatively polar THF provides compelling evidence for
the CT nature of the emissive S, state. This observation can be
attributed to polarity-induced stabilization of the intra-
molecular CT excited state, resulting in a lowered excited-
state energy in polar media. Consistent with this interpretation,
the photoluminescence quantum yield (PLQY) decreases from
19.3% for a toluene solution to 14.5% for a THF solution
(Table 2).

Photophysical Properties of Dispersions of Lumino-
phores in the Mixtures of Miscible Solvents. The steady-
state PL spectra of toluene and THF solutions of DBP-PXZ
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reveal a strong sensitivity of the emission to polarity. To
further examine the influence of changes in the local
environment on the emission characteristics, we investigated
the steady-state PL spectra under aggregation-inducing
conditions. PLQYs of the solutions of DBP-PXZ are higher
than that of the neat film, indicating the absence of
aggregation-induced emission enhancement (Table 2). Never-
theless, the emission spectra of the dispersions of the
compound in THF—water mixed solvents were further
investigated with gradually increasing water fractions (f,, %),
which progressively induced aggregation (Figure 4a,b). This
strategy enables systematic modulation of both solvent polarity
and the extent of aggregation, allowing direct assessment of
influence of molecular packing and restricted conformational
relaxation on the emissive pathways.”® From a pure THF
solution of DBP-PXZ to its dispersions in intermediate water
fractions (f,, of 0—60%), the emission remains dominated by a
single emissive band with the gradual bathochromic shift of PL
maxima from 545 to 596 nm, respectively. These modest and
gradual spectral shifts can be attributed primarily to the
changes in the dielectric constant of the local environment.
Upon further increasing the water fraction (f,, of 70—90%),
nanoaggregation became prominent, and the emission
progressively blue-shifted from yellow to green and eventually
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Figure 4. PL spectra and visual representation under UV excitation of dispersion of DBP-PXZ in the different THF—water mixtures (a) and impact
of water fraction in the dispersion of DBP-PXZ in THF—water mixture on PL intensity and wavelength of PL maxima (b).
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cyan (PL maxima at 540—498 nm, respectively). These spectra
are indicative of suppressed geometric relaxation of the CT
excited state due to gradual progressive aggregation, favoring
higher-energy emissive states.”” At the highest water fraction
(fw = 99%), DBP-PXZ exists predominantly in a highly
aggregated state, leading to a pronounced modulation of the
PL spectrum. The primary PL maxima undergo a substantial
blue-shift to ca. 478 nm, indicative of higher-energy emission
associated with rigidly confined molecules. Concurrently, a
distinct lower-energy emissive shoulder emerges at ~545 nm.
This low-energy emission can be reasonably ascribed to
excimer emission originating from densely packed molecules,
where close intermolecular proximity enables the formation of
relaxed intermolecular excited states. The PL evolves into a
nearly white emission comprising balanced emissive high- and
low-energy emissions. Such behavior is consistent with
previous reports of white emission arising from the
simultaneous contribution of monomeric and excimer
emissions in structurally heterogeneous organic assemblies.>
TD-DFT calculations were performed to gain molecular-
level insight into the origin of the low-energy emissive
component observed under highly aggregated conditions. For
the isolated molecule of DBP-PXZ, TD-DFT calculations at
the TD/w*B97XD/6-31G** level incorporating CPCM
solvation (THF) vyielded an S, state energy of 3.10 eV
(Table S1, Figure S10). To approximate the effect of close
intermolecular contacts, a representative dimeric DBP-PXZ
assembly was optimized at the wB97XD/6-31G** level
(Figure S11), followed by excited-state calculations at the
same TD-DFT level (TD/w*B97XD/6-31G**, CPCM/THF)
(Figure S). Notably, the dimer exhibits a significantly stabilized
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Figure S. Energy level diagram based on the computed S, excited
state of the monomer and dimer of DBP-PXZ and their
corresponding NTOs at w*B97XD/6-31G**.

S, state at 2.93 eV, corresponding to an energetic stabilization
of 0.17 eV relative to the isolated molecule (Figure S, Table
S1). This magnitude of stabilization may indicate the
emergence of a low-energy emissive band arising from an
intermolecular interaction induced excited state. Further
insight is provided by the NTO analysis of the dimer excited
state (Figure S), which reveals pronounced intermolecular CT
character. Specifically, the hole density is predominantly
localized on the phenoxazine donor unit of one molecule,
while the electron density is mainly distributed over the BDT
acceptor unit of the neighboring molecule. This spatial
separation of hole and electron densities across two molecular
units provides compelling evidence for an intermolecular CT

excited state, characteristic of an excimer state formed in
aggregates. The neat film of DBP-PXZ exhibits a closely
analogous dual emission, with high-energy blue and low-energy
greenish-yellow emission bands concurrently giving near-white
emission. The emergence of the low-energy emissive channel is
consistent with intermolecularly influenced emission of the
solid state. These contributions are further probed through PL
analysis of the solid solutions of DBP-PXZ in a host This is
done in the following section to elucidate the interplay
between distinct emissive pathways.

Photophysical Properties of the Neat Film and of the
Solid Solution in a Polymeric Host. The neat film of DBP-
PXZ exhibits dual emission with PL maxima at ca. 488 and 545
nm, respectively. As a result, the film emits white light, with
CIE coordinates of (0.31, 0.38) (Figure 6a,c), approaching the
coordinates of natural white emission (0.33, 0.33). The dual-
band PL spectrum of the film can be assigned to high-energy
blue emission from the intramolecular CT S; state and low-
energy greenish-yellow emission from the excimer CT state. A
multiexponential fit to PL decay further revealed an intensity-
averaged lifetime of 5.4 ns for the 488 nm band and 9.1 ns for
the 545 nm band (Figure 6b, Tables 2 and S2). This
observation is in line with the generally longer lifetimes
expected for relaxed excimer CT states relative to those of the
monomeric CT-state emission.

Further support for intermolecular-interaction-mediated
excimer formation was gained from the investigations of
photophysical properties of host—guest systems. A series of
solid solutions comprising DBP-PXZ dispersed in the polar
DPEPO host matrix were prepared with gradually increasing
dopant concentrations (10—90 wt %) (Figure S12). As the
concentration of DBP-PXZ increased, the enhanced proximity
among chromophores facilitated stronger intermolecular 7-
interactions, thereby promoting excimer formation. Consistent
with this trend, the PL spectra of the host-containing films
display a progressively intensified low-energy excimer emission,
characterized by a band appearing with a maximum at ca. 570
nm. Notably, this excimer emission band is red-shifted by ca.
25 nm relative to the excimer emission observed for the neat
film of DBP-PXZ (ca. 545 nm). This bathochromic shift is
readily rationalized by additional stabilization of the excimer
CT state in the more polar DPEPO environment, which
stabilizes the excimer excited state and causes a bathochromic
shift. To isolate the intrinsic monomeric emission and fully
suppress intermolecular interactions, a film of dilute (1 wt %)
solid solution of DBP-PXZ in a PMMA was prepared. The
chromophores were spatially well-separated, effectively elimi-
nating excimer formation. The resulting film of the molecular
dispersions in PMMA displayed a blue emission with a PL
maximum at ca. 460 nm, accompanied by a PL lifetime of 4.4
ns and CIE coordinates of (0.17, 0.20) (Table 2, Figure 6a—c).
These results are consistent with a purely monomeric
intramolecular CT state. Taken together with the results
observed for a neat film and for the film of the solid solution of
DBP-PXZ in a DPEPO host, these findings unambiguously
demonstrate that DBP-PXZ supports two distinct emissive
excited states, i.e., a high-energy monomeric CT state emission
and a lower-energy excimer CT state emission. This dual-state
emission underscores the versatility of the compound and
highlights its potential for single-component host-containing
blue and white host-free OLED applications.

In air, a film of neat DBP-PXZ showed a PLQY of 7.6%.
This value is lower than those of both toluene and THF
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Figure 6. Steady-state PL spectra of neat and host-based films (a); corresponding PL decay curves (b) and CIE chromaticity coordinates (c) of
neat films and of the films of a 1 wt % solid solution of DBP-PXZ in PMMA.

solutions, which can be explained by excitonic distribution into
two distinct emissive states that are monomeric and an excimer
state, causing white emission (Table 2). Each state has
radiative and nonradiative relaxations with a PLQY of merely
7.6%. The PLQY value of 13.9% observed for the film of
PMMA molecularly doped with DBP-PXZ was also evidence
of high excitonic recombination from one emissive pathway,
i.e., from the monomeric CT state. The comparably low PLQY
of the neat film is attributed to the distribution of excitons into
two distinct pathways.

To emphasize the charge-injecting capabilities of the film of
DBP-PXZ, photoelectron emission (PE) spectroscopy was
used to determine the ionization energy (IEp;) and electron
affinity (EApg). Energy levels of solid films are crucial for the
design of electroluminescent devices. An IEp; of 6.0 eV was
observed (Figure S6), accompanied by an EAp; of 3.05 eV
determined using EApg = IEpg — Eg"Pt, where E,°" is the optical
bandgap determined from the onset energy of UV-—vis
absorption spectra of the neat film of DBP-PXZ (Figure 3a).
Analyzing the obtained values of IEp; of 6.0 eV and EAp; of
3.05 eV, it is evident that either hole-injecting or hole-
transporting layers should be used between the anode (ITO
with a work function of 4.7 eV) and the layer of DBP-PXZ for
the reduction of the energy barrier between the ITO and DBP-
PXZ. Electron injection from the cathode (e.g., LiF/Al with
the work function of 2.9 eV) into the DBP-PXZ layer is
predicted to be eflicient due to the negligible energy barrier
between DBP-PXZ and LiF/Al

The charge-transporting properties of DBP-PXZ were
examined according to the time-of-flight (TOF) method-
ology.”">* The layer of DBP-PXZ, with the thickness (d) of
2.592 pym, was deposited in a vacuum on an ITO-covered glass
substrate (Figure S7). By top Al electrode deposition, the TOF
sample with the structure ITO/DBP-PXZ/Al was completed.
Upon excitation of the layer of DBP-PXZ by a laser pulse with
the emission wavelength of 355 nm through ITO, charges were
generated near the ITO/DBP-PXZ interface. Selectively, holes
or electrons moved through the layer of DBP-PXZ when
positive or negative voltages (V) were applied to ITO,
respectively. Transit times (t,) of holes or electrons were
used to calculate hole (u;,) and electron (u,) mobility values at
the different electric fields using the formula y = d*/Vt,,. The t,,
values for holes and electrons were determined from the slope

intersections of the current transit curves plotted on log—log
scales (Figure S8).

DBP-PXZ showed very balanced hole and electron transport
over a wide range of electric fields. For example, at the electric
field (E) of 7.4-10° V/cm, p, of 1.17:107° cm?/(V s) and p, of
2.33:107° cm’/(V s) were recorded (Figure 7). Such charge
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Figure 7. Plots of hole and electron mobilities of DBP-PXZ versus
electric field.

balance is beneficial for OLED emitters.”® It should be noted
that electron mobility is slightly higher than hole mobility at
the same electric fields. At an E higher than 1 X 10° V/cm, g,
values reached 1.8 X 10™* cm?/(V s). The analysis of hole and
electron mobilities as the Poole—Frenkel function of electric
fields revealed a relatively high field effect parameter fs of 7.2
X 107 cm/V and 8.9 X 1073 cm/V for holes and electrons,
respectively. As a result, the low zero field hole and electron
mobility values of 2.3 X 107® V/cm and gy, of 1.2 X 107% cm?/
(V s), respectively, were obtained. Such dependences of charge
mobility values are expected for charge-transporting materials
with high dipole moments.”*>> Charge-transporting materials
with high dipole moments, such as DBP-PXZ, have limited
potential for use as OLED hosts.”® DBP-PXZ as an OLED
emitter may require selecting an appropriate host.

Taking into account the white emission and bipolar charge
transport of DBP-PXZ, we aimed to investigate whether the
single-component dual emission of DBP-PXZ originating from
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Figure 8. Energy level diagram of devices with three distinct emissive layers (a), normalized EL spectra at 10 V (b), the plots of current density and
brightness vs voltage (c), and brightness—external quantum efficiency characteristics of ES1—ES3 (d).

Table 3. EL Parameters of Devices ES1—ES3

Maximum Current Power CIE
Von brightness efficiency efficiency EQE  Wavelength of EL  fwhm coordinates

Device Emissive layer V) (cd/m?) (cd/A) (Im/W) (%) maxima (nm) (nm) (% y)
ES1 DBP-PXZ 3.9 1219 2.81 1.27 1.11 510 145 0.278, 0.409
ES2 DBP-PXZ (10%):mCBP 5.3 619 1.99 0.85 1.61 450 89 0.173, 0.166
ES3 DACT-II (3%):DBP-PXZ 4.6 10632 4.59 2.73 1.90 500 134 0.235, 0.382

monomeric CT and excimers enables the direct fabrication of a
host-free white electroluminescent device depositing merely
the layer of DBP-PXZ as the emissive layer. In addition,
dilution of DBP-PXZ in a wide-bandgap host effectively
suppresses intermolecular interactions, confining exciton
recombination to the monomeric CT state and yielding pure
blue electroluminescence (EL), thereby enabling emission
tunability from a single molecular system. To clarify these
expectations, host-free and host-containing OLEDs with the
emitter DBP-PXZ were studied using the device structure of
ITO/HAT-CN (5 nm)/NPB (40 nm)/mCBP (8 nm)/EML
(30 nm)/TSPO1(4 nm)/TPBi (40 nm)/LiF/Al (Figures 8a,
S13). In this structure, the layers of 1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HAT-CN) and N,N’-
di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine

(NPB) serve as the hole-injection and hole-transport layers,
respectively. A thin layer of 3,3’-di(9H-carbazol-9-yl)-1,1'-
biphenyl (mCBP) was introduced as an exciton-blocking layer
to suppress exciton diffusion toward the hole-transporting
region. Diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide
(TSPO1) and 2,2/,2"-(1,3,5-benzenetriyl)-tris(1-phenyl-1H-
benzimidazole) (TPBi) functioned as the hole-blocking and
electron-transport materials, respectively. Three devices (ES1—
ES3) with distinct emissive layers were fabricated.

In the fabrication of device ES], the layer of DBP-PXZ was
deposited as the host-free EML. Device ES1 exhibited a broad
EL spectrum spanning the range of ca. 385—800 nm, with CIE
coordinates of (0.278, 0.409) (Figure 8b, Table 3). Never-
theless, the EL spectrum remained essentially invariant with
increasing applied voltage (Figure S14a). This observation
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indicates that the relative contributions of the monomeric CT
and excimer emissive states are dictated by intrinsic excited-
state energetics rather than by field-induced exciton redis-
tribution. This statement is also supported by the relatively
high full width at half- maximum (fwhm) of 145 nm estimated
for device ES1. To weigh the contributions of the monomeric
CT and excimer emissive states, we fitted normalized EL
spectra of devices ES1—ES3 with two peaks using the Gaussian
model (Figure S15). The cumulative spectra closely matched
the recorded EL spectra of devices ES1—ES3, with low fitting
errors (R* > 0.997). According to the fitting results, the
contribution of excimer emissive states was found to be higher
than that of monomeric CT states. The area under the peak fit
2 (ca. 91.8) was larger than that of peak fit 1 (ca. 60.7). Device
ES1 displayed a turn-on voltage of 3.9 V. It delivered a peak
external quantum efficiency (EQE) of 1.11% (Figure 8c,d).
The relatively high EQE (taking into account the relatively low
PLQY of 7.6% of the neat film of DBP-PXZ) of device ES1 is
mainly attributed to the balanced hole and electron transport
of the host-free EML DBP-PXZ. In device ES2, the DBP-PXZ
was doped at 10% into the mCBP host. It exhibited a
comparatively narrow-band blue EL spectrum with EL maxima
at ca. 450 nm and CIE coordinates of (0.173, 0.166) (Figures
8b, S14D). An fwhm of 89 nm was obtained for the EL
spectrum of device ES2. This spectral profile confirms the
selective harvesting of the blue-emissive intramolecular CT
excited state of DBP-PXZ, enabled by effective suppression of
intermolecular interactions in the dilute solid solution in the
host matrix. Nevertheless, the EL spectrum of ES2 exhibited
long tails with low intensities. These tails are attributed to the
excimer emissive states. For instance, the area under peak fit 2
(ca. 31.7) was smaller than that of peak fit 1 (ca. 70.8),
indicating that excimer state emission should not be eliminated
from the electroluminescence of DBP-PXZ molecularly
dispersed in the low-polarity host mCBP. Compared with
ES1, device ES2 showed a higher turn-on voltage of 5.3 V. This
observation can be explained by the higher electron affinity of
mCBP (2.4 eV) than that of DBP-PXZ (3.05 eV) (Figure 8a).
In addition, the hole—electron balance of DBP-PXZ is better
than that of the 10% solid solution of DBP-PXZ in mCBP.
Compared with ES1, the slightly enhanced maximum EQE of
ES2 (1.61%) can be attributed to the improved exciton
confinement within the mCBP host and the intrinsically higher
PLQY of the monomeric blue CT emission. Device ES3
contains DBP-PXZ as the primary emissive component, with a
low co-deposition of DACT-II (3 wt %) to modulate charge
balance and exciton recombination within the emissive layer.
The resulting EL spectrum exhibits an EL maximum at ca. 500
nm with CIE coordinates of (0.235, 0.382) without perturbing
much the intrinsic emission balance of DBP-PXZ. According
to the fitting results shown in Figure S15, the contribution of
excimer emissive states is higher than that of monomeric CT
states because the area under peak fit 2 (ca. 91.6) is larger than
that of peak fit 1 (ca. 47.9). The trend of fitted peaks of the EL
spectrum of device ES3 is close to that of device ES1. A slightly
narrower EL spectrum recorded at 10 V with an fwhm of 134
nm was obtained for device ES2 in comparison to that of
device ES1. Device ES3 showed the best overall performance,
achieving a maximum EQE of 1.9% and a peak luminance
exceeding 10000 cd/m? (Table 3). This result indicates that a
low concentration of DACT-II allows enhancing device
efficiency without significantly perturbing the intrinsic
emission balance of DBP-PXZ.

We synthesized and investigated a D—z—A type luminophore,
having a phenoxazine donor moiety and a tetrahydrodibenzo-
phenanthridine acceptor fragment linked through a twisted
phenylene bridge. The compound manifests controllable dual-
emission within a single-component molecular system. The
electron-rich phenoxazine donor coupled with the acene-like
tetrahydrodibenzophenanthridine acceptor via a partially
twisted phenylene bridge enables a delicate balance between
intramolecular charge-transfer and intermolecular interactions,
giving rise to dual emission bands. Consequently, the neat film
of the newly synthesized compound exhibits white emission
with CIE coordinates of (0.31, 0.38). The spectral analysis of
the film of the molecular mixture of the compound with a host
corroborates the high-energy blue emission from the
monomeric charge-transfer state and the low-energy green-
ish-yellow band from the dimeric charge-transfer state.
Exploiting these distinct dual-emissive channels, host-free
OLEDs exhibit broad electroluminescence spanning the
range of ca. 385—800 nm. The controlled dilution in a wide-
bandgap host selectively yields pure blue emissive devices with
the intensity maxima of electroluminescence at ca. 450 nm.
This work establishes a robust strategy for engineering of a
single molecular framework with tunable multiemissive
channels and underscores the potential of molecular-level
control to comprehend structurally simple yet spectrally
versatile OLEDs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.6c00161.

Detailed description and characterization of the syn-
thesis, additional electrooptical, computational, and
photophysical characteristics, and detailed electrolumi-
nescent device characteristics (PDF)

Sathiyanarayanan Kulathu Iyer — School of Advanced
Sciences, Vellore Institute of Technology University, Vellore
632 014, India; Email: sathiyanarayanank@vit.ac.in

Juozas V. Grazulevicius — Department of Polymer Chemistry
and Technology, Faculty of Chemical Technology, Kaunas
University of Technology, LT-51423 Kaunas, Lithuania;

orcid.org/0000-0002-4408-9727;
Email: juozas.grazulevicius@ktu.lt

Ehsan Ullah Rashid — Department of Polymer Chemistry and
Technology, Faculty of Chemical Technology, Kaunas
University of Technology, LT-51423 Kaunas, Lithuania

Rishika Suresh — School of Advanced Sciences, Vellore
Institute of Technology University, Vellore 632 014, India

Dmytro Volyniuk — Department of Polymer Chemistry and
Technology, Faculty of Chemical Technology, Kaunas
University of Technology, LT-51423 Kaunas, Lithuania;

orcid.org/0000-0003-3526-2679

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaom.6c00161

https://doi.org/10.1021/acsaom.6c00161
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaom.6c00161/suppl_file/ot6c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaom.6c00161/suppl_file/ot6c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaom.6c00161/suppl_file/ot6c00161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaom.6c00161?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsaom.6c00161/suppl_file/ot6c00161_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sathiyanarayanan+Kulathu+Iyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sathiyanarayanank@vit.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juozas+V.+Grazulevicius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4408-9727
https://orcid.org/0000-0002-4408-9727
mailto:juozas.grazulevicius@ktu.lt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ehsan+Ullah+Rashid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rishika+Suresh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmytro+Volyniuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3526-2679
https://orcid.org/0000-0003-3526-2679
https://pubs.acs.org/doi/10.1021/acsaom.6c00161?ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.6c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The authors declare no competing financial interest.

This work is supported by Horizon Europe, the European
Union’s framework program for research and innovation
(R&I) for 2021—2027, project HELIOS, grant agreement
No. 101155017. Asta Dabuliene is thanked for DSC and TGA
measurements.

(1) Chen, Z; Ho, C. L.; Wang, L.; Wong, W. Y. Single-Molecular
White-Light Emitters and Their Potential WOLED Applications. Adv.
Mater. 2020, 32 (11), 1903269.

(2) Tian, X; Xia, Y;; Li, J.; Sun, J; Wang, H. Recent Progress in
Organic Dual-Emission Materials for White Organic Light Emitting
Diodes (WOLEDs) from Single Small-Molecule Components. J.
Mater. Chem. C Mater. 2025, 13 (22), 11017—11039.

(3) Sun, Y.; Giebink, N. C.; Kanno, H,; Ma, B.; Thompson, M. E,;
Forrest, S. R. Management of Singlet and Triplet Excitons for Efficient
White Organic Light-Emitting Devices. Nature 2006 440:7086 2006,
440 (7086), 908—912.

(4) Yan, B. P,; Cheung, C. C. C; Kui, S. C. F,; Xiang, H. F.; Roy, V.
A. L; Xu, S. J; Che, C. M. Efficient White Organic Light-Emitting
Devices Based on Phosphorescent Platinum(II)/Fluorescent Dual-
Emitting Layers. Adv. Mater. 2007, 19 (21), 3599—3603.

(5) Chen, J; Zhao, F; Ma, D. Hybrid White OLEDs with
Fluorophors and Phosphors. Mater. Today 2014, 17 (4), 175—183.

(6) Liu, B; Wang, L.; Gao, D.; Xu, M.; Zhu, X;; Zou, J; Lan, L;
Ning, H.,; Peng, J; Cao, Y. Harnessing Charge and Exciton
Distribution towards Extremely High Performance: The Critical
Role of Guests in Single-Emitting-Layer White OLEDs . Mater.
Horiz 2015, 2, 536.

(7) Cao, C.; Chen, W. C.; Chen, J. X.; Yang, L.; Wang, X. Z.; Yang,
H.; Huang, B.; Zhuy, Z. L.; Tong, Q. X,; Lee, C. S. Bipolar Blue Host
Emitter with Unity Quantum Yield Allows Full Exciton Radiation in
Single-Emissive-Layer Hybrid White Organic Light-Emitting Diodes.
ACS Appl. Mater. Interfaces 2019, 11 (12), 11691—11698.

(8) Zhao, J.; Yang, Z.; Chen, X; Xie, Z.; Liu, T.; Chi, Z.; Yang, Z;
Zhang, Y.; Aldred, M. P,; Chi, Z. Efficient Triplet Harvesting in
Fluorescence-TADF Hybrid Warm-White Organic Light-Emitting
Diodes with a Fully Non-Doped Device Configuration. J. Mater.
Chem. C Mater. 2018, 6 (15), 4257—4264.

(9) Chen, J. X.;; Wang, K.; Xiao, Y. F.; Cao, C; Tan, J. H.; Wang, H,;
Fan, X. C; Yu, J; Geng, F. X;; Zhang, X. H; Lee, C. S. Thermally
Activated Delayed Fluorescence Warm White Organic Light Emitting
Devices with External Quantum Efficiencies Over 30%. Adv. Funct.
Mater. 2021, 31 (31), 2101647.

(10) Liu, X. K; Zheng, C. J.; Lo, M. F,; Xiao, J.; Chen, Z.; Liu, C. L;
Lee, C. S;; Fung, M. K;; Zhang, X. H. Novel Blue Fluorophor with
High Triplet Energy Level for High Performance Single-Emitting-
Layer Fluorescence and Phosphorescence Hybrid White Organic
Light-Emitting Diodes. Chem. Mater. 2013, 25 (21), 4454—4459.

(11) Liu, B; Wang, L.; Gao, D.; Xu, M,; Zhu, X,; Zou, J; Lan, L;
Ning, H.; Peng, J; Cao, Y. Harnessing Charge and Exciton
Distribution towards Extremely High Performance: The Critical
Role of Guests in Single-Emitting-Layer White OLEDs. Mater. Horiz.
2018, 2 (), 536—544.

(12) Ty, D; Leong, P.; Guo, S.; Yan, H; Lu, C,; Zhao, Q. Highly
Emissive Organic Single-Molecule White Emitters by Engineering o-
Carborane-Based Luminophores. Angew. Chem., Int. Ed. 2017, 56
(38), 11370—11374.

(13) Xie, Z.; Huang, Q.; Yu, T.; Wang, L.; Mao, Z.; Li, W.; Yang, Z.;
Zhang, Y.; Liu, S.; Xu, J.; Chi, Z,; Aldred, M. P. Hydrogen-Bonding-
Assisted Intermolecular Charge Transfer: A New Strategy to Design
Single-Component White-Light-Emitting Materials. Adv. Funct. Mater.
2017, 27 (47), 1703918.

(14) Wang, J.; Gu, X; Ma, H,; Peng, Q; Huang, X;; Zheng, X,;
Sung, S. H. P.; Shan, G.; Lam, J. W. Y.; Shuai, Z.; Tang, B. Z. A Facile
Strategy for Realizing Room Temperature Phosphorescence and
Single Molecule White Light Emission. Nat. Commun. 2018 9:1 2018,
9 (1), 2963.

(15) He, Z.; Zhao, W.; Lam, J. W. Y,; Peng, Q.; Ma, H,; Liang, G;
Shuai, Z.; Tang, B. Z. White Light Emission from a Single Organic
Molecule with Dual Phosphorescence at Room Temperature. Nat.
Commun. 2017 8:1 2017, 8 (1), 416.

(16) Tian, X.; Xia, Y.; Li, J.; Sun, J.; Wang, H. Recent Progress in
Organic Dual-Emission Materials for White Organic Light Emitting
Diodes (WOLEDs) from Single Small-Molecule Components. J.
Mater. Chem. C 2025, 13 (22), 11017—11039.

(17) Kukhta, N. A.; Bryce, M. R. Dual Emission in Purely Organic
Materials for Optoelectronic Applications. Mater. Horiz. 2021, 8 (1),
33-SS.

(18) Yin, Y.; Lai, X.; Ma, Q.; Ma, H.; Zhu, W.; Lee, J. Y,; Wang, Y.
HLCT-Type Acceptor Molecule-Based Exciplex System for Highly
Efficient Solution-Processable OLEDs with Suppressed Efficiency
Roll-Offs. Adv. Mater. 2024, 36 (19), 2313656.

(19) Lai, X; Wang, J; Liu, X;; Hua, L;; Li, B.; Zhu, W.; Lee, J. Y,;
Wang, Y. Effective Exciplex System with High Emission Efficiency via
Intramolecular Hydrogen Bonding for Efficient Solution Processable
OLEDs. Sci. China Mater. 2024 67:11 2024, 67 (11), 3543—3552.

(20) Li, Q; Wu, Y; Cao, J.; Liu, Y.; Wang, Z.; Zhu, H.; Zhang, H.;
Huang, F. Pillararene-Induced Intramolecular Through-Space Charge
Transfer and Single-Molecule White-Light Emission. Angew. Chemie -
Int. Ed. 2022, 134 (19), No. e202202381.

(21) Lee, H. L.; Jang, J.; Lee, J. Y. Single Molecule White Emission
by Intra-and Inter-Molecular Charge Transfer f. J. Mater. Chem. C
2020, 8, 10302.

(22) Zhao, C.; Ding, Z.; Zhang, Y.; Ni, Z,; Li, S.; Gong, S.; Zou, B,;
Wang, K; Yu, L. Thermally Activated Delayed Fluorescence with
Dual-Emission and Pressure-Induced Bidirectional Shifting: Cooper-
ative Effects of Intramolecular and Intermolecular Energy Transfer.
Chem. Sci. 2023, 14 (5), 1089—1096.

(23) Balijapalli, U.; Udayadasan, S.; Shanmugam, E.; Kulathu Iyer, S.
Synthesis, Photophysical and Acidochromic Properties of a Series of
Tetrahydrodibenzo[a,i]Phenanthridine Chromophores. Dyes Pigm.
2016, 130, 233—244.

(24) Kunchala, D.; Sa, S.; Nayak, P.; Ponniah, J. S;
Venkatasubbaiah, K. Tetrahydrodibenzophenanthridine-Based
Boron-Bridged Polycyclic Aromatic Hydrocarbons: Synthesis, Struc-
tural Diversity, and Optical Properties. Organometallics 2019, 38 (4),
870—878.

(25) Zhang, Y.; Wang, Y.; Gao, C; Ni, Z.; Zhang, X.; Hu, W.; Dong,
H. Recent Advances in N-Type and Ambipolar Organic Semi-
conductors and Their Multi-Functional Applications. Chem. Soc. Rev.
2023, 52 (4), 1331—-1381.

(26) Fertig, R; Leowsky-Kiinstler, F.; Irrgang, T.; Kempe, R.
Rational Design of N-Heterocyclic Compound Classes via Regener-
ative Cyclization of Diamines. Nat. Commun. 2023 14:1 2023, 14 (1),
59s.

(27) Bunz, U. H. F.; Freudenberg, ]J. N-Heteroacenes and N-
Heteroarenes as N-Nanocarbon Segments. Acc. Chem. Res. 2019, 52
(6), 1575—1587.

(28) Miklés, F.; Fiilop, F. “Dry” and “Wet” Green Synthesis of 2,2’
-Disubstituted Quinazolinones. Eur. J. Org. Chem. 2010, 2010 (S),
959—-965.

(29) Zhou, J.; Li, W.; Zheng, H.; Pei, Y.; Liu, X,; Cao, H. Visible
Light-Induced Cascade Cyclization of 3-Aminoindazoles, Ynals, and
Chalcogens: Access to Chalcogen-Containing Pyrimido[1,2-b]-
Indazoles. Org. Lett. 2021, 23 (7), 2754—2759.

(30) Chen, Z; Liang, P.; Ma, X;; Luo, H.; Xu, G; Liu, T.; Wen, X;
Zheng, J; Ye, H. Catalyst-Free Annulation of 2-Pyridylacetates and
Ynals with Molecular Oxygen: An Access to 3-Acylated Indolizines. J.
Org. Chem. 2019, 84 (3), 1630—1639.

(31) Patel, D. P; Patel, V. K;; Singh, S. K. Visible Light-Induced
Cross-Dehydrogenative Coupling of N-Heterocyclic Compounds:

https://doi.org/10.1021/acsaom.6c00161
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


https://doi.org/10.1002/adma.201903269
https://doi.org/10.1002/adma.201903269
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1038/nature04645
https://doi.org/10.1038/nature04645
https://doi.org/10.1002/adma.200602683
https://doi.org/10.1002/adma.200602683
https://doi.org/10.1002/adma.200602683
https://doi.org/10.1016/j.mattod.2014.04.002
https://doi.org/10.1016/j.mattod.2014.04.002
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1021/acsami.9b01105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b01105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b01105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8TC01210E
https://doi.org/10.1039/C8TC01210E
https://doi.org/10.1039/C8TC01210E
https://doi.org/10.1002/adfm.202101647
https://doi.org/10.1002/adfm.202101647
https://doi.org/10.1002/adfm.202101647
https://doi.org/10.1021/cm403318r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm403318r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm403318r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm403318r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1039/C5MH00051C
https://doi.org/10.1002/anie.201703862
https://doi.org/10.1002/anie.201703862
https://doi.org/10.1002/anie.201703862
https://doi.org/10.1002/adfm.201703918
https://doi.org/10.1002/adfm.201703918
https://doi.org/10.1002/adfm.201703918
https://doi.org/10.1038/s41467-018-05298-y
https://doi.org/10.1038/s41467-018-05298-y
https://doi.org/10.1038/s41467-018-05298-y
https://doi.org/10.1038/s41467-017-00362-5
https://doi.org/10.1038/s41467-017-00362-5
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1039/D5TC00981B
https://doi.org/10.1039/D0MH01316A
https://doi.org/10.1039/D0MH01316A
https://doi.org/10.1002/adma.202313656
https://doi.org/10.1002/adma.202313656
https://doi.org/10.1002/adma.202313656
https://doi.org/10.1007/s40843-024-3067-x
https://doi.org/10.1007/s40843-024-3067-x
https://doi.org/10.1007/s40843-024-3067-x
https://doi.org/10.1002/ange.202202381
https://doi.org/10.1002/ange.202202381
https://doi.org/10.1039/D0TC02205E
https://doi.org/10.1039/D0TC02205E
https://doi.org/10.1039/D2SC05792A
https://doi.org/10.1039/D2SC05792A
https://doi.org/10.1039/D2SC05792A
https://doi.org/10.1016/j.dyepig.2016.03.024
https://doi.org/10.1016/j.dyepig.2016.03.024
https://doi.org/10.1021/acs.organomet.8b00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CS00720G
https://doi.org/10.1039/D2CS00720G
https://doi.org/10.1038/s41467-023-36220-w
https://doi.org/10.1038/s41467-023-36220-w
https://doi.org/10.1021/acs.accounts.9b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.200901052
https://doi.org/10.1002/ejoc.200901052
https://doi.org/10.1021/acs.orglett.1c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5QO01346A
https://doi.org/10.1039/D5QO01346A
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.6c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Green and Efficient Synthetic Strategies. Org. Chem. Front. 2026, 13
(2), 597—-655.

(32) Pal, K; Sharma, V.; Koner, A. L; Li, R; Chemcomm, /;
Communication, C.. Single-Component White-Light Emission via
Intramolecular Electronic Conjugation-Truncation with Perylenemo-
noimide. Chem. Commun. 2017, 53 (56), 7909—7912.

(33) Molla, M. R; Ghosh, S. Hydrogen-Bonding-Mediated J-
Aggregation and White-Light Emission from a Remarkably Simple,
Single-Component, Naphthalenediimide Chromophore. Chem.—Eur.
J. 2012, 18 (S), 1290—1294.

(34) Wang, P,; Fan, H. L; He, Y. B.; Huang, H. F.; Zhu, C. C.; Gao,
X. C; Xu, H; Wei, B. Small Molecules with Pyridine Backbone
Modified with Carbazole, Fluorine and Bromine for White Light-
Emitting Diode Applications. Displays 2013, 34 (4), 320—325.

(35) Liu, D.; Zhang, Z.; Zhang, H.; Wang, Y. A Novel Approach
towards White Photoluminescence and Electroluminescence by
Controlled Protonation of a Blue Fluorophore. Chem. Commun.
2013, 49 (85), 10001—10003.

(36) Brédas, J. L. Organic Electronics: Does a Plot of the HOMO-
LUMO Wave Functions Provide Useful Information? Chem. Mater.
2017, 29 (2), 477—478.

(37) Chai, J. Da; Head-Gordon, M. Systematic Optimization of
Long-Range Corrected Hybrid Density Functionals. J. Chem. Phys.
2008, 128 (8), 84106.

(38) Chai, J. Da; Head-Gordon, M. Long-Range Corrected Hybrid
Density Functionals with Damped Atom-Atom Dispersion Correc-
tions. Phys. Chem. Chem. Phys. 2008, 10 (44), 6615—6620.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.;
Ehara, M,; Toyota, K; Fukuda, R; Hasegawa, J; Ishida, M,;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K;; Montgomery, J. A, Jr.; Ogliaro, F.; Bearpark, M. J;
Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T.
A.; Kobayashi, R.;; Normand, J; Raghavachari, K; Rendell, A. P,;
Burant, J. C,; Iyengar, S. S;; Tomasi, J.; Cossi, M.; Millam, J. M,;
Klene, M.; Adamo, C.; Cammi, R;; Ochterski, J. W,; Martin, R. L.;
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16,
Revision A.03; Gaussian: Wallingford, CT, 2016.

(40) Salzner, U.; Baer, R. Koopmans’ Springs to Life. J. Chem. Phys.
2009, 131 (23), 231101.

(41) Stein, T.; Kronik, L.; Baer, R. Prediction of Charge-Transfer
Excitations in Coumarin-Based Dyes Using a Range-Separated
Functional Tuned from First Principles. J. Chem. Phys. 2009, 131
(24), 244119.

(42) Kronik, L.; Stein, T.; Refaely-Abramson, S.; Baer, R. Excitation
Gaps of Finite-Sized Systems from Optimally Tuned Range-Separated
Hybrid Functionals. ]. Chem. Theory Comput. 2012, 8 (5), 1515—
1531.

(43) Manna, A. K; Lee, M. H.; McMahon, K. L,; Dunietz, B. D.
Calculating High Energy Charge Transfer States Using Optimally
Tuned Range-Separated Hybrid Functionals. J. Chem. Theory Comput.
2015, 11 (3), 1110—1117.

(44) Chen, Y. H; Tang, K. C; Chen, Y. T; Shen, J. Y.; Wy, Y. S,;
Liu, S. H; Lee, C. S.; Chen, C. H; Lai, T. Y,; Tung, S. H.; Jeng, R. J;
Hung, W. Y,; Jiao, M,; Wu, C. C; Chou, P. T. Insight into the
Mechanism and Outcoupling Enhancement of Excimer-Associated
White Light Generation. Chem. Sci. 2016, 7 (6), 3556—3563.

(45) Lee, J.; Kim, B.; Kwon, J. E.; Kim, J.; Yokoyama, D.; Suzuki, K;
Nishimura, H.; Wakamiya, A.; Park, S. Y.; Park, J. Excimer Formation
in Organic Emitter Films Associated with a Molecular Orientation
Promoted by Steric Hindrance. Chem. Commun. 2014, S0 (91),
14145—14148.

(46) Brown, K. E; Salamant, W. A.; Shoer, L. E.; Young, R. M,;
Wasielewski, M. R. Direct Observation of Ultrafast Excimer

Formation in Covalent Perylenediimide Dimers Using Near-Infrared
Transient Absorption Spectroscopy. J. Phys. Chem. Lett. 2014, S (15),
2588-2593.

(47) Cardona, C. M,; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan, G.
C. Electrochemical Considerations for Determining Absolute Frontier
Orbital Energy Levels of Conjugated Polymers for Solar Cell
Applications. Adv. Mater. 2011, 23 (20), 2367—2371.

(48) Wang, J.; Yang, Y,; Jiang, C; He, M,; Yao, C; Zhang, J.
Ultrapure Deep-Blue Aggregation-Induced Emission and Thermally
Activated Delayed Fluorescence Emitters for Efficient OLEDs with
CIE y o 0.1 and Low Efficiency Roll-Offs 1. J. Mater. Chem. C 2022,
10, 3163.

(49) Wang, J.; Zhang, J.; Jiang, C.; Yao, C.; Xi, X. Effective Design
Strategy for Aggregation-Induced Emission and Thermally Activated
Delayed Fluorescence Emitters Achieving 18% External Quantum
Efficiency Pure-Blue OLEDs with Extremely Low Roll-Off. Cite This:
ACS Appl. Mater. Interfaces 2021, 13, 57724.

(50) Wei, Y. C.; Zhang, Z.; Chen, Y. A; Wu, C. H; Liu, Z. Y,; Ho, S.
Y,; Liy, J. C; Lin, J. A; Chou, P. T. Mechanochromism Induced
through the Interplay between Excimer Reaction and Excited State
Intramolecular Proton Transfer. Commun. Chem. 2019 2:1 2019, 2
(1), 10.

(51) Bratina, G.; Pavlica, E. Characterisation of Charge Carrier
Transport in Thin Organic Semiconductor Layers by Time-of-Flight
Photocurrent Measurements. Org. Electron. 2019, 64, 117—130.

(52) Chan, C. Y. H; Tsung, K. K; Choi, W. H,; So, S. K. Achieving
Time-of-Flight Mobilities for Amorphous Organic Semiconductors in
a Thin Film Transistor Configuration. Org. Electron. 2013, 14 (S),
1351-138S8.

(53) Py, Y. J; Nakata, G.; Satoh, F.; Sasabe, H.; Yokoyama, D.;
Kido, J. Optimizing the Charge Balance of Fluorescent Organic Light-
Emitting Devices to Achieve High External Quantum Efficiency
beyond the Conventional Upper Limit. Adv. Mater. 2012, 24 (13),
1765—1770.

(54) Young, R. H.; Fitzgerald, J. J. Dipole Moments of Hole-
Transporting Materials and Their Influence on Hole Mobility in
Molecularly Doped Polymers. J. Phys. Chem. 1995, 99 (12), 4230—
4240.

(55) Young, R. H.; Sinicropi, J. A.; Fitzgerald, J. J. Dipole Moments,
Energetic Disorder, and Charge Transport in Molecularly Doped
Polymers. J. Phys. Chem. 1995, 99 (23), 9497—9506.

(56) May, F.; Al-Helwi, M.; Baumeier, B.; Kowalsky, W.; Fuchs, E.;
Lennartz, C.; Andrienko, D. Design Rules for Charge-Transport
Efficient Host Materials for Phosphorescent Organic Light-Emitting
Diodes. J. Am. Chem. Soc. 2012, 134 (33), 13818—13822.

https://doi.org/10.1021/acsaom.6c00161
ACS Appl. Opt. Mater. XXXX, XXX, XXX—XXX


https://doi.org/10.1039/D5QO01346A
https://doi.org/10.1039/C7CC02873C
https://doi.org/10.1039/C7CC02873C
https://doi.org/10.1039/C7CC02873C
https://doi.org/10.1002/chem.201103600
https://doi.org/10.1002/chem.201103600
https://doi.org/10.1002/chem.201103600
https://doi.org/10.1016/j.displa.2013.06.002
https://doi.org/10.1016/j.displa.2013.06.002
https://doi.org/10.1016/j.displa.2013.06.002
https://doi.org/10.1039/c3cc45991h
https://doi.org/10.1039/c3cc45991h
https://doi.org/10.1039/c3cc45991h
https://doi.org/10.1021/acs.chemmater.6b04947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2834918
https://doi.org/10.1063/1.2834918
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1063/1.3269030
https://doi.org/10.1063/1.3269029
https://doi.org/10.1063/1.3269029
https://doi.org/10.1063/1.3269029
https://doi.org/10.1021/ct2009363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct2009363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct2009363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct501018n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct501018n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC04902D
https://doi.org/10.1039/C5SC04902D
https://doi.org/10.1039/C5SC04902D
https://doi.org/10.1039/C4CC05348F
https://doi.org/10.1039/C4CC05348F
https://doi.org/10.1039/C4CC05348F
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5011797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1039/D1TC05497J
https://doi.org/10.1039/D1TC05497J
https://doi.org/10.1039/D1TC05497J
https://doi.org/10.1021/acsami.1c17449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c17449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c17449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c17449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-019-0113-8
https://doi.org/10.1038/s42004-019-0113-8
https://doi.org/10.1038/s42004-019-0113-8
https://doi.org/10.1016/j.orgel.2018.09.049
https://doi.org/10.1016/j.orgel.2018.09.049
https://doi.org/10.1016/j.orgel.2018.09.049
https://doi.org/10.1016/j.orgel.2013.02.007
https://doi.org/10.1016/j.orgel.2013.02.007
https://doi.org/10.1016/j.orgel.2013.02.007
https://doi.org/10.1002/adma.201104403
https://doi.org/10.1002/adma.201104403
https://doi.org/10.1002/adma.201104403
https://doi.org/10.1021/j100012a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100012a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100012a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305310r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305310r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305310r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.6c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

