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ABSTRACT 

3,5-Dicyanopyridine and phenothiazine derivatives exhibit attractive mechanochromic properties that enable multicolour 
emissions and single-molecular white emission. Large hypsochromic shifts of up to 190 nm (from red to deep blue) were observed 
in the developed mechanochromic compounds in response to various external stimuli. These derivatives exhibit record-breaking 
solid-state emission enhancement factors of up to 755, indicating that the emission intensity of their solids is substantially higher 
than that of solutions. Single-molecular white light emitting samples were obtained by the tuning of the substituent nature in the 
pyridine ring and physical approaches (different treatments of aggregate-containing liquids and solid samples). The developed 
compounds possess different conformational states, with emissions ranging from deep blue to red. The amorphous states exhibit 
single-colour emissions, while crystalline states of various packing arrangements show white or multicoloured emissions. They 
can be used as down-conversion white emitters in white light-emitting diodes exhibiting colour coordinates of (0.32, 0.34), (0.28, 
0.30) and (0.32, 0.38), colour rendering index (CRI) of 75–78 and colour temperatures in the range from 5368 to 6668 K. 
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 Introduction 

ingle-molecular white-light emitters (SMWLEs) can offer signif-
cant sustainability benefits by replacing multicomponent white-
ight emitters in various applications. The SMWLE applications
nclude solid-state lighting [ 1–4 ], visible light communication
 5, 6 ], information encryption [ 7 ], sensing [ 8 ], medical research
 9 ], and bioimaging [ 10 ]. The development of highly efficient
MWLEs can lead to decreased energy consumption, reduced
reenhouse gas emissions, and minimized climate change [ 11 ].
ll rights reserved, including rights for text and data mining and training of artificial inte
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Importantly, the synthesis of SMWLEs may requires less solvents
and lower energy consumption compared to the synthesis of con-
ventional multicomponent white-light emitters. For example, the
solvent consumption for column chromatography and the energy
consumption for purification by sublimation of single-molecular
white-light emitters are expected to be lower than those required
for the purification of multicomponent conventional emitters
that yield white light. End-of-life recycling of a single white-
light emitter should be simpler and/or more efficient than that
of recycling multicomponent conventional white-light emitters. 
lligence technologies or similar technologies. 
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re
he conventional emitters have monochromatic blue/green/red
r sky-blue/orange emissions that can produce white light in
own-converting white light-emitting diodes (WLEDs) and white
rganic light-emitting diodes (WOLEDs) [ 12–14 ]. One of the key
haracteristics of organic SMWLEs is their potential to elimi-
ate/reduce the use of expensive and/or toxic elements (such as
r3 + -based emitters, cadmium or selenium-based quantum dots,
r yttrium aluminium garnet doped with rare earth elements,
tc.) [ 15, 16 ] which are commonly used in commercial WLEDs
nd WOLEDs. To utilize these advantages, some approaches
ave been proposed for the development of heavy-metal-free
MWLEs, including SMWLEs with dual fluorescence from differ-
nt states or a combination of fluorescence and room-temperature
hosphorescence (RTP) [ 17–20 ]. 

n the case of many solid-state applications, the main require-
ents for SMWLEs are high photoluminescent quantum yields
PLQYs) in the solid state. This can be achieved for compounds
ith enhanced emission in the solid state (so-called aggregation-
nduced emission enhancement (AIEE) effect) [ 21 ]. Despite the
uge potential to increment PLQYs, there are very few reports
n SMWLE materials with AIEE effect. Only a single example is
entioned in the review article on materials with AIEE published
n 2022 [ 22 ]. Recently, white emission with the tuned CIE1931
oordinates from (0.29, 0.33) to (0.30, 0.36) was achieved by
hanging the solvent viscosity for an SMWLE with AIEE [ 23 ]. A
ignificantly higher emission intensity was observed for the solid
amples than for the solutions. 

or optoelectronic applications, the ability to harness the non-
missive triplet excitons for light generation is also required. This
an be implemented by exploiting organic materials that exhibit
TP [ 24 ], thermally activated delayed fluorescence (TADF) [ 25 ]
r doublet emission of radicals [ 26 ]. For instance, a radical
nion-forming dynamic self-assembly of photo-reduced perylene
iimide demonstrated white light emission with PLQYs of 5.33
nd 3.97% and CIE1931 colour coordinates of (0.33, 0.32) and
0.29, 0.27) in solutions and polymer films, respectively [ 27 ].
MWLEs can exhibit a high-quality white RTP with CIE1931
oordinates close to those of daylight (0.33, 0.33) [ 28 ]. Their
LQY values are usually below 10%. The crystalline powder of
he xanthone and diphenylamine derivatives as SMWLE showed
hite TADF with PLQY of 40% and the CIE1931 coordinates of
0.27, 0.35) [ 29 ]. Recently, the diindolophenthiazine derivatives
ere characterized by TADF with the CIE1931 coordinates of
0.31, 0.33) [ 30 ]. X. Yin et al. reported single-molecular white-light
mitters for white OLEDs with EQE of 0.49% and CIE coordi-
ates of (0.31, 0.33) [ 31 ]. Single-emitter-based OLEDs emit white
lectroluminescence only at 5.3 V with relatively low brightness,
hereas increasing the voltage results in the shifts of the colour
oordinates into the orange region. Z. Chi et al. reported single-
olecular white-light emitters exhibiting both TADF and AIEE

 32 ]. However, their applicability remains unclear. Despite the
reat potential of TADF/AIEE-based SMWLEs intended for the
evelopment of white-emitting optoelectronic devices, there are
ery few studies on these materials. 

mart organic materials that can change their emission
olour under the influence of various phenomena such as
echanochromism, thermochromism, electrochromism, and
hotochromism are widely explored as the components of
of 19
optoelectronic devices, but typically not for white-light emitting
devices [ 33 ]. Many materials that change their emission colour
in response to mechanical forces, known as mechanochromic
materials, are characterised by a wide range of emission colours
[ 34 ]. Organic MC materials are characterised by various emission
phenomena, including constant or switchable TADF, RTP,
or AIEE [ 35–37 ]. For example, we have recently developed
mechanochromic materials with yellowish-orange TADF that
can be hypsochromically shifted to blue emission by up to 92 nm
under thermally controllable tuning [ 38 ]. The yellowish-orange
TADF and the blue fluorescence result from the relaxation of
charge transfer (CT) states of two different conformers of the
donor-acceptor-type compounds. It is predictable that these
compounds can emit white light when their different emission
colours overlap. However, white emission has not been observed
in a similar way to many other mechanochromic emitters
under different external treatments [ 39, 40 ]. Over the last 10
years, we have been working on the idea of developing a pure
organic SMWLE that exhibits improved TADF in the solid-
state with mechanochromic properties. To achieve the desired
chromaticity coordinates of equal-energy white (0.333, 0.333),
we have studied numerous scaffolds, but the most promising
ones were 3,5-dicyanopyridines. For example, a series of 4-
carbazolylphenyl- substituted, symmetrical and unsymmetrical
3,5-dicyanopyridines showed deep-blue to yellow emissions
with PLQYs of up to 98% for oxygen-free toluene solutions
[ 41 ]. Carbazole- or phenothiazine-containing dicyanopyridines
substituted with multiple donors exhibited green or orange
TADFs, which enabled the fabrication of highly efficient
single-colour OLEDs with external quantum efficiencies of
up to 25% [ 42 ]. The electron-transporting materials with 3,5-
dicyanopyridine acceptor moiety were used as hosts in OLEDs
and showed considerably better performance (EQE of 21.9%)
than that (EQE of 12.4%) of the conventional host 3,3 ′ -di(9 H -
carbazol-9-yl)-1,1 ′ -biphenyl [ 43 ]. Having successful examples,
we have chosen 3,5-dicyanopyridine core and decorated it with
phenothiazine moieties, resulting in donor-acceptor-donor-type
compounds. Both moieties were previously exploited for the
development of single-color AIEE and TADF emitters [ 41,
44 ]. The phenothiazine moiety was selected in part for its
ability to form two distinct conformers (“quasi-equatorial”
(q-e) and “quasi-axial” (q-a)) that can cause mechanochromic
luminescence [ 46–48 ]. 

Herein, we report results confirming that phenothiazine-
decorated 3,5-dicyanopyridines exhibit pronounced dual charge
transfer emission, mechanochromic luminescence tunability,
and solid-state-enhanced emission. This property is characterized
by the shift of the emission colour between red and deep blue,
which corresponds to a shift of the emission spectrum by
up to 190 nm. To the best of our knowledge, such shifts are
rather exceptional for organic mechanochromic materials. The
synthesized compounds exhibit TADF and AIEE. Using different
approaches, high-quality white emissions can be achieved from
the aggregate-containing liquids, powders, and films of the
newly designed 3,5-dicyanopyridines. This work provides deep
insights into the conversion of emitters with mechanochromic
luminescence into highly effective SMWLEs. The potential
applications of developed SMWLEs were demonstrated by
studying white down-conversion light-emitting diodes with
a single emitter. Those devices emit white light with colour
Advanced Optical Materials, 2026
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SCHEME 1 Preparation of 2,6-di(10 H -phenothiazin-10-yl)-4-arylpyridine-3,5-dicarbonitriles 4a–c . Reaction conditions: (a): cyanoacetamide, 
MeOH, piperidine, heating; (b): POBr3 , 170◦C, 1 h; c: 10H-phenothiazine, NaH, 60◦C, overnight . 
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 Results and Discussion 

.1 Synthesis 

he target compounds were prepared according to Scheme 1 .
ecessary piperidinium 3,5-diciano-6-hydroxy-4-(4-substituted
henyl)pyridin-2-olates 1 and appropriate 2,6-dibromo-4-(4-
ubstituted phenyl)-pyridine-3,5- dicarbonitriles 2 were obtained
y the previously published methods [ 41, 42 ]. Further intro-
uction of 10 H -phenothiazine groups in position 2 and 6 of
,6-dibromides 3a–c using sodium hydride as base resulted
n the corresponding 2,6-di(10 H -phenothiazin-10-yl) substituted
,5-dicarbonitriles 4a–c in good yields. 

.2 X-Ray Analysis of Single Crystals 

he molecular structures of derivatives 4b and 4c were clearly
onfirmed by X-ray analysis at different temperatures from
50 to 363K (Figure 1 ). It was found that the crystals of 4b
nd 4c are characterized by considerable thermal expansion.
e link variations in geometric characteristics to variations in
missions as discussed below. For 4b , the average volumetric
oefficient of thermal expansion ( αV ) in the temperature range
rom − 123◦C to + 90◦C is 1.408 ⋅10− 4 K− 1 . The average value of
V for 4c , in the temperature range from − 113◦C to 0◦C is
.391 ⋅10− 4 K− 1 . This slight difference in the thermal expansion
an be explained by the replacement of F by Br in 4c . The
arger bromine atomic radius affects the overall crystal packing
ensity and flexibility. Table 1 represents the main crystal data
nd structure refinement parameters for 4b and 4c estimated
t the different temperatures. Figure 1A–D shows a perspective
iew of molecules 4b and 4c with thermal ellipsoids (displace-
ent ellipsoids are drawn at the 50% probability level) and
he atom-numbering scheme followed in the text. The crystal
tructures of 4b and 4c are isomorphous. Crystal structures of
b and 4c show dynamic behaviour to temperature changes
dvanced Optical Materials, 2026
due to the nature of their intermolecular interactions ( π-hole
interactions, CH ⋅⋅⋅N, and CH ⋅⋅⋅F or CH ⋅⋅⋅Br hydrogen bonding
interactions). 

For compounds 4b and 4c , 1,4-thiazine rings have a characteristic
boat conformation (“quasi-axial” [ 40 ]). In molecule 4b , the
aromatic pyridine ring is not strictly planar but has a flattened
twist conformation. At 150 K, the deviations of atoms from the
least-squares plane of the pyridine ring are as follows: 0.016(1),
− 0.087(2), 0.060(2), 0.021(2), − 0.080(2), and 0.053(2) Å for N1,
C2, C3, C4, C5, and C6 atoms, respectively. This flattened twist
conformation is also preserved at higher temperatures and occurs
for the crystals 4c . This fact indicates that the nonplanar pyridine
ring is not a consequence of packing effects but is a consequence
of congestion in the molecular structures of 4b and 4c . The
significant packing effects are indicated by deviations of the
C23, C26, and F29 (or Br29) atoms from the line of atoms N1,
and C4. In a perfectly symmetrical molecular structure with
the point symmetry group C2 , these atoms should lie on the
N1, C4 line, but due to packing effects and congestion in the
molecular structure, the atoms deviate significantly from this
line. Table 1 lists deviations of these atoms from the N1, C4
line. 

The main feature of the 4b crystal structure estimated at 150
K is the presence of a strong intermolecular π-hole interaction
between the S39 atom of one molecule and the pyridine ring of
another. The distance between the sulphur atom and the centroid
of the pyridine ring is 3.284(2) Å; the shortest atom-atomic contact
of this interaction is S39 ⋅⋅⋅N1(1 − x , 2 − y , 1 − z ) with a length of
3.229(1) Å. By means of these strong interactions, molecules of
4b associate into centrosymmetric dimers in the crystal struc-
ture. Intermolecular atom-atomic contacts C18 ⋅⋅⋅F29(1 ½− x , ½+ y ,
1 ½− z ) and C16 ⋅⋅⋅N22(2 − x , 1 − y , 1 − z ) can be considered as weak
hydrogen bonds of the CH ⋅⋅⋅F and CH ⋅⋅⋅N types, respectively.
The molecular packing in the crystal structure with these π-hole
interactions and hydrogen bonds is shown in Figure 1C . With
increasing temperature, all these intermolecular contacts weaken
significantly since the thermal vibrations increase at elevated
temperatures, which leads to bond stretching and reduces the
strength of non-covalent interactions. This is a typical case
for crystal structures. Table 1 shows how these interactions
3 of 19
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FIGURE 1 Oak ridge thermal ellipsoid plots with the labels of atoms for molecular structures of 4b at 150 K (A) and 4c at 160 K (B); a fragment 
of molecular packing in the crystal structure of 4b showing π-hole interactions and hydrogen bonds (C); unit cell contents in the crystal structure of 4c 
(dashed lines show π-hole interactions) (D). 
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hange with increasing temperature. Since the crystal structure
f 4c is isomorphic to the structure of 4b , all the described
ntermolecular interactions are also characteristic for 4c , except
or the fact that instead of a fluorine atom F29, it contains a
romine atom (Br29). The inclusion of a large bromine atom
Br29) somewhat weakens the intermolecular interactions in 4c
ue to steric effects and less efficient hydrogen bond overlap.
hanges in these interactions are shown in Table 1 . Figure 1D
epresents the packing of molecule 4c in a unit cell. Moreover, we
ompared the molecular conformations in the crystal state with
he energy-minimised conformations obtained through time-
ependent density functional theory (TDDFT) optimisation as
iscussed below (Section 2.3.5 ). 
of 19
2.3 Photophysical Properties and Theoretical 
Model of Absorption and Emission Changes 

2.3.1 DFT/TDDFT Investigation of 
Conformer-Dependent Absorption, Emission, and 
Excited-State Properties 

The absorption and photoluminescence (PL) spectra of dilute
toluene and tetrahydrofuran (THF) solutions ( ∼ 10− 5 m ) as
well as films are summarised in Figure 2A,B . Compounds 4a –
c showed the absorption peak ( λabs ) at 320 nm, two shoulders
at 360 and 378 nm, and a low-intensity tail at wavelengths
above 400 nm. To explain the absorption character of 4a –c , we
Advanced Optical Materials, 2026
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TABLE 1 Geometric characteristics of the crystal structures 4b and 4c estimated at the different temperatures. 

Characteristic 

4b 4c 

at 150 K at 273 K at 363 K at 160 K at 273 K 

Atomic deviation from the line 
of N1, C4 atoms: 
ΔC23/Å 0.091(2) 0.091(2) 0.080(2) 0.137(3) 0.124(5) 
ΔC26/Å 0.370(2) 0.370(2) 0.313(4) 0.551(3) 0.514(7) 
ΔF29/Å 0.521(2) 0.521(2) 0.441(3) — —
ΔBr29/Å — — — 0.873(2) 0.814(2) 
S39 ⋅⋅⋅Cs 

a ) /Å 3.284(2) 3.338(2) 3.378(2) 3.243(2) 3.315(4) 
S39 ⋅⋅⋅N1/Å 3.229(1) 3.258(2) 3.283(2) 3.288(2) 3.314(3) 
C18 ⋅⋅⋅F29 (or Br29)/Å 3.261(3) 3.324(3) 3.377(3) 3.596(2) 3.643(3) 
H18 ⋅⋅⋅F29 (or Br29)/Å 2.56(2) 2.63 2.69 2.89(3) 2.97 
C18 − H18 ⋅⋅⋅F29 (or Br29)/◦ 130(2) 128 131 131(4) 129 
C16 ⋅⋅⋅N22/Å 3.528(3) 3.580(3) 3.623(4) 3.439(3) 3.477(5) 
H16 ⋅⋅⋅N22/Å 2.59(2) 2.64 2.71 2.52 2.58 
C16 − H16 ⋅⋅⋅N22/◦ 171(2) 170 169 163 162 

a Cs is centroid of the pyridine ring (N1, C2, C3, C4, C5, C6). 

FIGURE 2 Absorption and emission spectra of toluene (A) and THF (B) solutions and films (C) of 4a–c . PL decay curves (D) of films of 4a–c 
collected at 580 nm using laser excitation at 374 nm. 

Advanced Optical Materials, 2026 5 of 19
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FIGURE 3 DFT/wB97XD/6-31G(d,p) calculated structures of three conformers 1–3 for 4a with the corresponding energy differences relative to the 
most stable conformer 1 (A), TDDFT simulated absorption spectra of 4a–c obtained taking into account the THF effects (B), and molecular orbitals of 
4a in the ground S0 state (C). HOMO represents the highest occupied molecular orbital, and LUMO is the lowest unoccupied molecular orbital. The 
black line in the absorption spectra corresponds to the convolution profile of all the simulated spectra. 
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odelled three structural conformers for each molecule using
he DFT/wB97XD/6-31G(d,p) method (Figure 3A and Table S1 ).
he main structural difference between these conformers lies in
he spatial orientation of the phenothiazine fragments (Table S2 ).
onformer 1 represents the most sterically stable conformation
or 4a –c , as it was confirmed by X-ray analysis (Figure S1 ). The
ther two conformations 2 and 3 are higher in energy (Table
1 ). For 4a , the energy differences are 3.91 and 4.55 kcal mol− 1
or conformers 1 and 2, respectively, relative to the most stable
onfiguration (Figure 3A ). This means that conformer 1 is the
ominant form for 4a –c , while the higher-energy conformers 2
nd 3 are less populated, but still present and may contribute
o the overall properties, especially in solutions where multiple
onformers 1–3 can coexist and affect the absorption and emission
of 19
spectra. TDDFT computations reproduced the experimentally
observed low-intensity tail for 4a –c calculated in the 400–430 nm
range (Figure 3B and Table S3 ). This tail is mainly due to weakly
allowed CT-dominated transitions into the S1 , S2 , S3 , and S4 states
in conformer 2, and transitions to the S1 state in conformer
3 (Figure 3B ). These transitions correspond to the combina-
tion of HOMO-1→LUMO, HOMO→LUMO, HOMO→LUMO + 1,
and HOMO-1→LUMO + 1 configurations in conformer 2, and
the HOMO→LUMO configuration in conformer 3 (Figure 3C
and Tables S3–S6 ). The involved molecular orbitals (MOs) for
conformers 1 and 2 are partially spatially separated between
the donor-localized occupied MOs and the acceptor-centered
unoccupied MOs, which reduces the transition energy and
explains the red-shifted, broad, weak absorption in the range
Advanced Optical Materials, 2026
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f 400–430 nm. This absorption results from CT-dominated
ransitions with a mixed local-excited (LE)/CT character in
hich the electron density is transferred from the phenothiazine
onor fragments to the 3,5-dicyanopyridine acceptor moiety. The
xperimentally observed two shoulders at 360 and 378 nm can
e mostly attributed to the second absorption band in conformer
 (Figure 3B ). For example, for conformer 3 of 3a the shoulder
t 378 nm is associated with the calculated S0 →S2 and S0 →S3
ransitions at 379 and 374 nm, respectively, while the shoulder at
60 nm corresponds to the calculated S0 →S4 transition at 350 nm
Tables S3 and S4 ). The transitions into the S2 and S3 states exhibit
he same orbital nature. Both correspond to the combination of
OMO-1→LUMO and HOMO→LUMO + 1 configurations with
ifferent wave function contributions. The transition to the S4
tate is due to the HOMO-1→LUMO + 1 configuration (Figure 3C ).
or 4b and 4c , the two shoulders are also attributed to the
bsorption of conformer 3, whose electronic nature is similar to
hat of conformer 3 of 4a (Tables S3–S6 ). 

he absorption band observed at 320 nm corresponds to the
alculated absorption of the most stable conformer 1 for com-
ounds 4a –c with the maxima at 326 nm for 4a , 327 nm for
b , and 330 nm for 4c (convolution line in Figure 3B ). This
bsorption band has a complex nature due to transitions into
1 , S2 , S3 , and S4 states in conformer 3 of 4a –c . The first S0 →S1
ransition in conformer 1 corresponds to the HOMO→LUMO
onfiguration, while the S0 →S2 , S0 →S3 , and S0 →S4 transitions
re attributed to HOMO→LUMO + 1, HOMO-1→LUMO, and
OMO-1→LUMO + 1 configurations with different wavefunction
ontributions (Figure 3C and Tables S3–S6 ). The increment of
olar absorption coefficients ( ε) at 320 nm was in the order
f 1.15 × 104 M− 1 cm− 1 for 4a , 1.56 × 104 M− 1 cm− 1 for 4b , and
.88 × 104 M− 1 cm− 1 for 4c (Figure 2B and Table 2 ). The TDDFT
alculations overestimate the ε values because of limitations of
he computational model, but reproduce the general tendency of
 slight increase in ε values for conformer 1 moving from 4a to 4c .
hus, the atoms of H, F, or Br slightly affect ε values of 4a–c but
o not visibly change their absorption wavelengths. The presence
f F and Br slightly modulates the electronic structure of 4b and
c by changing the electron density distribution and molecular
rbital energy levels (Figure 3C ). This results in the increase of
he electric transition dipole moment, which in turn increases ε. 

inor changes in the absorption and emission wavelengths are
bserved across the series 4a –c , while the ΔEST remain within
 relatively narrow range (0.35–0.42 eV experimentally; Table 2 ).
he slightly larger ΔEST value observed for 4c suggests that the
romine substituent influences the relative stabilization of the
inglet and triplet excited states through its electronic effect and
ncreased polarizability. 

he LUMO + 1 and HOMO-1 energies are close to LUMO and
OMO, respectively (Figure 3C and Tables S3–S6 ). This means
hat higher-order transitions also contribute to the observed
pectra, especially for conformers 2 and 3. The absorption spectra
f toluene solutions are similar to those of THF solutions, except
or the intensity of the tails observed at wavelengths longer
han 400 nm (Figure S7 ). The polarity of the solvent influences
he CT-dominated transitions responsible for absorption above
00 nm. The nonpolar toluene provides less stabilization of the
xcited charge-separated states, thus increasing the intensity of
dvanced Optical Materials, 2026
these transitions in the absorption spectra. This effect is more
pronounced for the fluoro-substituted 4b . The presence of the
strong electronegative fluorine atom in 4b lowers the LUMO
energy level (acceptor orbitals) more than the HOMO energy
level (donor orbitals), making the CT from the donor to the
acceptor more energetically favourable. In the nonpolar toluene
environment, this enhanced CT interaction is more noticeable
because the solvent does not hinder or mask it. At first glance,
the absorption spectra of doping-free films and of the films of
the molecular dispersions in a polymer were similar (Figure 2C
and Figure S8 ). However, the intensity of the tail at wavelengths
longer than 400 nm is stronger for films, which can be due to
the stronger contribution of conformer 2, which is supported for
the three conformers of 4a by the results of TDDFT calculations
(Figure 3 ). 

The peaks of PL spectra of THF solutions were observed in the
range of 416–436 nm (Figure 2B and Figure S7 and Table 2 ). In
contrast, most of the studied solutions, including the toluene solu-
tion (Figure 2A ), exhibit dual CT emissions (Figure S7 ). High- and
low-energy bands at 416–436 nm and at wavelengths longer than
600 nm were observed, respectively. These results are in good
agreement with the dual CT emissions of previously published
3,5-dicyanopyridine-containing multiple donor moieties [ 42 ]. 

TDDFT/wB97XD/6-31G(d,p) calculations accounting for THF
solvent effects indicate that the observed broad-range emission
in the range of 416–436 nm results from the formation of multiple
conformers in solution, which contribute to the overall emission
spectra. For example, the experimental emission observed at
416 and 437 nm (Table 2 ) for compound 4a corresponds to
the vertical S1 → S0 transition calculated for the two spatial
conformers at 525 and 533 nm (Table S7 ). These bands experience
red shifts compared to the experimental emission, which is a
typical overestimation for CT transitions within TDDFT calcu-
lations. The TDDFT/wB97XD/6-31G(d,p) calculations performed
for THF solutions indicate a small energy difference (0.03 kcal
mol− 1 , Figure S2 ) between conformers 1 and 2 of 4a in the excited
S1 state, i.e., these conformers are almost isoenergetic and can be
populated almost equally in the S1 state (Figure 4 ). Conformer 1
represents the most stable configuration. These conformers differ
in the orientation of the benzene fragment to the right (conformer
1) or the left (conformer 2) relative to the 3,5-dicyanopyridine core
and phenothiazine fragments (Figure S2 ). Both conformers are
stabilized with intramolecular CH ⋅⋅⋅N interactions with distances
of 3.307 and 3.337 Å for conformer 1 and of 3.295 and 3.375 Å
for conformer 2 (Figure S2 ). Compounds 4b and 4c show larger
energy differences between their conformers 1 and 2 (0.10 and
0.07 kcal mol− 1 for 4b and 4c , respectively, Figure S2 ), resulting
in a more selective population of conformers in the S1 state
and narrower individual contributions to the emission spectra.
However, the overall PL spectra of 4b and 4c remain to be
broadened by conformational diversity. The CT character of the
emission of all the conformers is evident due to the significant
spatial distribution of their MOs (HOMO, LUMO, etc., Figure S3 ).
The partial spatial overlap between the donor-localized occupied
MOs and the acceptor-centered LUMO indicates a mixed LE–
CT character rather than a purely CT excitation, consistent with
the experimentally observed relatively large ΔEST values (0.35–
0.42 eV, Table 2 ). This indicates that efficient TADF is unlikely
in the solution-phase conformations, which supports the idea
7 of 19
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TABLE 2 Thermal and photophysical characteristics of compounds 4a–c . 

Compound Sample 4a 4b 4c 

Tc /Tm 

/T5% , ◦C Powder 216/332/391 232/315/422 290/350/404 
CIE 1931 ( i/g) , (x, y) (0.245, 0.232)/(0.419, 

0.394) 
(0.222, 0.199)/(0.355, 

0.326) 
(0.333, 0.292)/(0.495, 

0.461) 
λabs , nm / ε, M− 1 cm− 1 THF solution 320/1.15 × 104 320/1.58 × 104 320/1.89 × 104 

λem 

, nm / Δυ, cm− 1 416, 437/7212 436/8314 432/8102 
S1 /T1 / ΔEST , eV 3.2/2.82/0.38 3.14/2.79/0.35 3.23/2.81/0.42 
CIE 1931 (fw of 70%), (x, y) a DMF/water (0.411, 0.457)/(0.290, 

0.281) 
(0.428, 0.472)/(0.288, 

0.297) 
(0.443, 0.467)/(0.287, 

0.375) 
I/I0 (fw of 90%) 100/115 461/555 530/755 
λem 

,b nm Neat film 586 586 586 
PLQY , % 9.6 5.8 8.8 
PLQY , % (fw of 90%) DMF/water e 6.2 4.8 5.4 
PLQY , % (fw of 90%) DMF/water f 8.4 7.6 8.6 
λem 

,c nm 1 wt.% Zeonex 
solution dispersions 

575 575 575 
PLQY , % 12.9 10.6 12.2 
λem 

,d nm 1 wt.% Zeonex powder 
dispersions 

435, 560 435, 542 459, 563 
PLQY , % 15.7 9.7 18 

a before and after thermal annealing. 
b taken from PL spectra collected in Figure 2c . 
c taken from PL spectra collected in Figure S8 . 
d taken from PL spectra collected in Figure S28 . 
e Before thermal annealing. 
f After thermal annealing. 

FIGURE 4 Molecular orbitals of the excited S1 state of the conformers 1 and 2 of 4a . (yellow and blue colours mean positive and negative signs of 
wave functions). 
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hat delayed emission arises predominantly from a solid-state
onformational confinement. The emission of 4a is determined
y the combination of LUMO→HOMO and LUMO→HOMO-
 configurations in both conformers 1 and 2 (Figure 4 ). This
orresponds to CT from the 3,5-dicyanopyridine accepting core
of 19
(LUMO) to the phenothiazine donor fragments (HOMO and
HOMO-2). The main difference in the CT of conformers 1 and 2
is that in the case of conformer 2, both phenothiazine fragments
are involved in CT, while for conformer 1, only one of the
phenothiazine fragments participates in the CT (Figure 4 ). This
Advanced Optical Materials, 2026
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eans that the CT is more delocalized in conformer 2, leading
o the more efficient CT. PL of 4b and 4c has the same CT-
ominated nature (Figure S3 ). The main trend in the calculated
DDFT PL spectra is a slight red shift from 4a to 4b (Table 2 and
able S7 ). This observation is consistent with the experimentally
bserved trend, indicating that the calculations qualitatively
apture the relative electronic properties and conformational
ffects of 4a and 4b . 

he optimized S1 state of conformer 2 has a total energy 0.54 eV
ower than that obtained by the vertical absorption calculations
Table S1 ). Thus, we easily predict a large Stocks shift for
he PL peak. In the region of 416–436 nm, the low-intensity
L bands were observed for the layers of doping-free 4a and
f polymer-hosted 4a . The most intense PL bands peaking at
85 nm were observed for the doping-free films, and at a close
avelength of 580 nm for the films of the molecularly doped
olymer. This observation indicates that the environment does
ot strongly influence the PL peak position of the solid samples.
he Stokes shifts ( Δυ) of THF solutions ranged from 7212 to
314 cm− 1 (Table 2 ). The large Stokes shifts confirm the substantial
elaxation of the molecules between the absorption and emission
rocesses, with significant geometry reorganization occurring in
he excited state (Figure S1 ) before the emission. 

he PL and phosphorescence (with 0.1 ms delay) spectra of dilute
HF solutions of 4a–c were recorded at low temperature (77 K)
o study the energy levels of the lowest excited singlet and triplet
tates (S1 and T1 ) (Figure 5A ). Taking the determined energies
f S1 and T1 states, the energy gaps ( ΔEST ) were found to be
.38 eV for 4a , 0.35 eV for 4b , and 0.42 eV for 4c (Table 2 ).
uch ΔEST values are generally considered too large to enable
fficient TADF. The experimental ΔEST values reported here were
btained exclusively from the low-temperature THF solution
ata, whereas the most direct evidence for small ΔEST relevant to
ADF originates from the thin-film measurements. The solution-
hase and solid-state ΔEST values reflect different molecular
onformations, packing environments, and degrees of structural
elaxation. 

he DFT/wB97XD/6-31g(d,p) calculated adiabatic ΔEST values
ere estimated to be 0.17 eV for 4a , 0.16 eV for 4b , and
.19 eV for 4c (Table S7 ). The significant difference between
he experimental and calculated ΔEST values in TADF systems
s attributed to the well-known limitations of conventional
DDFT in accurately describing CT excited states and electron
orrelation effects. The larger ΔEST of 4c compared to the
orresponding values of 4a and 4b can be explained by the
lectronic influence of the Br substituent on the excited-state
lectronic structure. The presence of Br is expected to enhance
pin-orbit coupling (SOC), thereby facilitating intersystem cross-
ng (ISC). Nevertheless, the 4a–c f ilms exhibited TADF-like
elayed fluorescence behaviour in the solid state (Figure 2D ),
lthough a full mechanistic confirmation across all environ-
ents was not performed. We studied the photophysical prop-
rties of the compounds at different temperatures (Figure 5B,C
nd Figure S9 ). These data support the TADF of 4a–c .
t should be noted that the shapes of PL spectra are similar at the
ifferent temperatures. The change in temperature to 77K does
ot affect the shape of PL spectra, since the phosphorescence
and is closely located to that of fluorescence. This is typical
dvanced Optical Materials, 2026
for TADF compounds with small single-triplet energy splitting.
The photoluminescence intensity increases upon oxygen removal
(Figure S10 ). The TADF of compounds 4a–c can be explained
by molecular packing features and intermolecular interactions in
the solid state, which facilitate charge transfer, leading to a lower
ΔEST value and effective TADF. 

The DFT/ ωB97XD/6-31G(d,p) dimer calculations for 4b indicate
that crystal packing induces conformational confinement and
intermolecular electronic coupling, resulting in increased con-
figurational mixing and enhanced intermolecular CT character
in the lowest excited states. These effects are expected to reduce
the exchange interaction responsible for singlet-triplet splitting
and therefore provide a plausible microscopic explanation for
the substantially smaller ΔEST observed experimentally in the
solid film compared with isolated molecules in solution. The
more detailed discussion is provided in the Supporting Infor-
mation (Section IV). Taken together, the temperature-dependent
PL spectra and PL decay measurements of the 4b films sup-
port this interpretation. A very small ΔEST value of 0.03 eV,
determined from the low-temperature fluorescence and phospho-
rescence spectra of the film (Figure 5D ), is fully consistent with
efficient reverse intersystem crossing and the observed TADF
behaviour. 

2.3.2 Mechanochromic Luminescence 

To support the above predictions, we investigated the
mechanochromic luminescence properties of powders 4a–c .
White emission was observed in the powders of the
synthesized compounds upon UV excitation (Figure 6A ).
The photoluminescence (PL) spectra of the initial powders
of compounds 4a–c showed two bands at 425/550, 434/567,
and 435/622 nm, respectively (Figure 6B ). CIE 1931 colour
coordinates of the emission of the powders, solutions, and films
of 4a–c can be tuned in a wide range, approaching the natural
white colour with CIE 1931 (0.33, 0.33) (Figure S11 and Tables
S8–S11 ). The PL bands were characterised by either prompt or
delayed fluorescence of different conformers of 4a–c (Figure 6C
and Figure S12 ). The decay curves of prompt fluorescence are
characterised by two to three components ( τ1 - τ3 ), while decay
curves of delayed fluorescence can be represented by single
exponential functions which disclose the lifetimes τ3 or τ4 (Table
S12 ). These data are in good agreement with the multi-colour
emission of 4a–c (Tables S8–S11 ). 

White emissions of the initial powders of 4a–c exhibited high
sensitivity to external stimuli. Upon exposure to mechanical
stress or melting, the samples of 4a–c displayed orange emissions
(Figure 6A ). The melting process was performed at the melting
temperatures (Tm 

) of 332◦C for 4a , 315◦C for 4b , and 350◦C
for 4c taken by differential scanning calorimetry (DSC) mea-
surements (Table 2 and Figure S13 ). Thermogravimetric analysis
(TGA) revealed high thermal stabilities of compounds 4a–c , with
5% mass loss temperatures (T5% ) of 391◦C, 422◦C, and 404◦C,
respectively (Table 2 and Figure S14 ). 

The changes in the emissions of 4a–c after the different treat-
ments can be explained by the differences in molecular packing
in the solid state, driven by structural/conformational changes.
9 of 19
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FIGURE 5 PL and phosphorescence (Phos.) spectra (A) of THF solutions. PL spectra (B) and PL decay curves (C) for the film of 4b recorded at the 
different temperatures. PL and phosphorescence (Phos) spectra (D) for the film of 4b at 77K. 
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his prediction perfectly agrees with theoretical results based on
he density functional theory (DFT) calculations and structural
ptimizations (Table S1 ). The following data can be used for
he explanation of the properties of the synthesized compounds
xhibiting mechanochromic luminescence of the studied com-
ounds [ 49 ]. The initial powders are characterised by certain
egrees of crystallinity, with degrees of crystallinity measured at
5% for 4a , 42.5% for 4b, and 27.4% for 4c (Figure 6D ). In contrast,
he grinding rendered the samples completely amorphous. Their
missions are primarily attributed to one conformer emitting
n the orange spectral region with PL intensity maxima at
93 nm for 4a , 600 nm for 4b , and 606 nm for 4c , respectively
Figure 6B ). Notably, the melted samples displayed similar PL
pectra, suggesting comparable molecular arrangements after
elting. 

he molecular packing of 4b –c was adjusted by treating the
rounded samples in saturated vapours of toluene. The fumed
amples of 4b –c demonstrated white, bluish-white, and orangish-
hite emissions, respectively (Figure 6A ). X-ray diffractograms
f the fumed samples revealed that the molecular packing is
elated either to crystallisation or to molecular arrangements
oward the most stable conformers (Figure 6D ). For instance,
he fumed sample of 4c was characterized by a crystallinity
f 29.5% (Figure 6D ). Meanwhile, the samples of 4a and 4b
ere still amorphous after toluene fuming. The fumed sample
0 of 19
of 4c showed whitish-orange emission with an unstructured
broad fluorescence spectrum featuring two bands at 445 and
586 nm. The fumed samples of 4a and 4b emitted in the deep-
blue region. PL spectra and PL decay curves of the heated
samples were additionally investigated. The heating (thermal
annealing) of the samples of 4b and 4c was carried out for 10
min at temperatures slightly higher than their crystallization
temperatures (Tc ) of 216◦C for 4a , 232◦C for 4b , and 290◦C for
4c (Table 2 and Figure S14 ). The annealed sample of 4c showed
greenish-white emission. The PL spectrum had an intensity peak
at 494 nm and a shoulder at 428 nm. The PL spectrum with
the peaks at 462 and 554 nm was recorded for the annealed
sample of 4b . These observations suggest that the derivative of
phenothiazine and 3,5-dicyanopyridine can adopt at least three
stable conformers with very different emissions. The overlapping
of the emissions of the different conformers results in white
emission. To support this hypothesis, time-resolved emission
spectroscopy (TRES) measurements were performed for the
initial powders of 4a–c using laser excitation at 374 nm (Figure 7A
and Figure S15 ). These measurements allow the separation of the
emission spectra of different conformers based on their distinct
lifetimes. The time-resolved PL spectra of the initial powders of
4a–c were collected in the time range of 500 ns (Figure 7A
and Figure S15B,C ). These spectra were characterised by three
bands marked as C1, C2, and C3. The intensity and position of
these bands (C1–C3) varied over time after excitation, reflecting
Advanced Optical Materials, 2026
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FIGURE 6 Pictures (A), PL spectra (B), PL decay curves (C) and X-ray diffractograms (D) of the differently treated samples of 4b –c ( i – initial , 
g -grinded, m- melted, f- fumed, h- heated). PL decay curves were recorded at the wavelengths shown in the brackets. 
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trong conformational disorder and the structural inhomogeneity
f the initial powders of 4a–c . All three PL bands reflected
rompt and delayed fluorescence (schematically marked as PF
nd DF in Figures 5c and 6c and Figure S16 ). The most intense
F was observed for the band C3, which for powder 4b was
bserved in the range of 560–598 nm during the measurement
ime intervals of 0–500 ns. This spectral diversity resulted in
ignificant variation of the lifetime of the CT emissions and the
orresponding CIE 1931 colour coordinates of the initial powders
f 4a–c . Remarkably, these coordinates were close to the natural
hite color point, with CIE 1931 values of (0.33, 0.33) (Figure S11 ).

.3.3 Effects of Aggregation on Emission Intensity and 
olour 

o study whether white emission can be obtained for 4a–c , we
ecorded PL spectra of their dispersions in dimethylformamide
DMF)/water mixtures with the different volume ratios of DMF
nd water (Figure 7B and Figure S17 ). These measurements
lso allowed us to investigate the AIEE properties of 4a–c . We
id not select THF/H2 O mixtures because we performed the
hermal treatment of the liquid mixtures. Thus, we selected
MF with a high boiling point of 153◦C. The dispersions of
a–c in DMF/water mixtures were thermally treated in an
ltrasonic bath at a temperature of ca. 80◦C. To demonstrate the
dvanced Optical Materials, 2026
effects of aggregate formations in DMF/water mixtures and their
temperature treatments on emission intensities, the ratios ( I/I0 ) of
the integrated PL intensity ( I0 ) of the solution in the good solvent
DMF to the integrated PL intensity ( I ) of the solid aggregate-
containing dispersions in DMF/water mixtures were estimated by
the formula: 

𝐼 

𝐼0 
=

∫ Φ ( 𝜆) 𝑑𝜆

∫ Φ0 ( 𝜆) 𝑑𝜆

The log values of I/I0 as a function of water fraction ( fw ) in
DMF/water mixtures are plotted in Figure 7B and Figure S17A .
These ratios might also be considered as solid-state emission
enhancement factors. The unit of the I/I0 value is naturally
seen at a fw value of zero (Figure S18 ). Increasing fw values can
result in a decrease in the I/I0 value and bathochromic shifts in
CT emissions caused by the increasing polarity of DMF/water
mixtures with higher water content. This was observed for the
dispersion of 4a in DMF/water mixtures of 4a at fw of 10%.
The SSE values are below unity for organic emitters that exhibit
aggregation-induced quenching. The increase in fw can also lead
to an increase in I/I0 values caused by AIEE. This was observed
for the dispersions of 4a-4c in DMF/water mixtures at fw higher
than 10% (Figure 7B and Figure S17A ). The highest I/I0 values of
100, 461, and 530 were observed for the dispersions of 4a–c with
a fw of 90% (Table 2 ). Thus, compound 4c was characterized by
11 of 19
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FIGURE 7 Time-resolved PL spectra of 4a obtained by slicing of TRES data by steps of 1 ns in the region of 0–24 ns and by steps of 25 ns in the 
region of 25–500 ns (A). PL spectra of the dispersions of 4a in DMF/water mixtures before (B) and after (C) annealing at 80◦C. Insets show photos of the 
samples under UV excitation. I / I0 values are given for the water fraction of 90%. PL spectra (D) of the films of 4a annealed at the different temperatures. 
The inset shows the corresponding photos of the samples. 
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re
he most distinct AIEE, which could cause the best bioimaging
ontrast when compound 4c is used for such an application [ 50 ].
ll three compounds showed whitish emissions when dispersed
n DMF/water mixtures with fw below 70%. At fw values of 70%,
0%, and 90%, the dispersions of 4a–c in DMF/water mixtures
ere characterised by orange emissions similar to the emissions
f their amorphous grinded powders (Figure 6A ). Considering
he relatively high boiling points of the selected solvents, we
djusted the orange emissions of 4a–c to whitish emissions by
eating the dispersions at 80◦C for 10 min (Figure 7C and Figure
17B ). With such an approach, the CIE 1931 colour coordinates of
he emission of the dispersions of 4a–c in DMF/water mixtures
an be tuned in a wide range, approaching those of the natural
hite colour with CIE 1931 (0.33, 0.33) (Figure S19 and Tables
7 and S8 ). Emission colour matching of dispersions of organic
mitters in miscible mixtures has been observed previously [ 51 ].
MWLEs were observed using miscible solvent mixtures of water
nd THF [ 52 ]. To the best of our knowledge, the tuning of
he emission of the dispersion of a single emitter in a miscible
olvent mixture to the white has not been reported so far.
eating of the dispersion of 4a in a DMF/water mixture at 80◦C
llowed a complete conversion of orange emission to the white
ne (Figure 7C ). It should be noted that the treatment of the
ispersions of 4a–c in DMF/water mixtures with fw values of
0% at 80◦C helped us to additionally improve I/I0 values to 115,
2 of 19
555, and 755, respectively (Figure 7C and Figures S17B and S18 ).
This also results in PLQY increments for DMF/water mixtures
with fw values of 90% before and after thermal treatments at
80◦C (Table 2 ). PL intensities of dispersion of the compounds
in a DMF/water mixture do not decrease significantly after UV
treatment, suggesting relatively good photostability (Figure S20 ).
Compounds 4a and 4c are more promising for optoelectronic
applications in terms of stability because their dispersions in
a DMF/water mixture showed better photostability than 4b .
However, PL intensities of 4a–c (1 wt.%) in Zeonex polymer-
based films are more sensitive to UV and thermal treatment
(Figure S21 ). This observation relates to issues of photostabil-
ity and thermal stability of Zeonex, which show a decrease
in transparency under UV and thermal treatment (Figure
S22 ). Relatively stable devices containing compounds 4a–c
may be obtained by choosing stable hosts that are resistant to UV
and heat. 

2.3.4 Effect of Thermal Annealing of Films on Their 
Photophysical Properties 

Taking into account that the white emissions of powders or
dispersions are of less practical interest than those of the films,
we studied the photophysical properties of the films of 4a–c after
Advanced Optical Materials, 2026
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ifferent thermal treatments (Figure 7D and Figure S23 ). At
levated temperatures, films of 4a–c do not exhibit any orange
mission observed at room temperature. Bands C1-C3 could be
etected in the PL spectra of the films recorded after thermal
nnealing (Figure 7D and Figure S20 ). The appearance of the
ands is in very good agreement with the results of the TRES
easurements. They can be attributed to three different confor-
ations of compounds 4a–c (Figure 7A and Figure S15 ). The
ifferences in the emission properties of the same films can be
xplained by the different geometric orientations of the molecules
nd the interactions within the untreated and treated films. The
IE 1931 colour coordinates of the emissions of the films of 4a–c
re given in Figure S19 and Table S11 . These colour coordinates
re also not far from (0.33, 0.33), demonstrating that the films of
a–c with white emission can be obtained if either the deposition
onditions or the treatment procedures are well optimized. This
ssumption is supported below by the white-emitting optoelec-
ronic devices with the single-component emitting layers of 4a–c .
eanwhile, the reasons for the white emission of 4a–c are

nvestigated in detail by additional experimental and theoretical
pproaches. 

s it is demonstrated above, the wide tuning of emission colours
f powders, dispersions and films 4a–c suggests a controllable
pproach to white light. These exceptional emission properties
f 4a–c are not only related to the q-e and q-a conformations of
henothiazine [ 40 ], but also to the non-planar conformations of
he acceptor, as it is discussed below. 

.3.5 Conformational Effects and Their Influence on 

mission in Solution and Solid State 

hree conformers were modelled for each compound ( 4a –c ),
hich reflects the rotational freedom around key C–C and C–N
onds (Figure 3A and Tables S1 and S2 ). They differ from each
ther by the spatial orientation of the phenothiazine fragments
elative to the 3,5-dicyanopyridine core. The differences in the
onformers 1–3 of 4a –c result in slightly different bond lengths
nd angles and have an impact on electronic distribution and
nteractions within the molecules. For all compounds in the
eries 4a –c , conformer 1 corresponds to the global minimum on
he potential energy surface. The higher stability of conformer 1
rises from a favourable balance of steric interactions and donor-
cceptor alignment, which leads to a more uniform bonding
attern across the molecule. Conformers 2 and 3 of 4a –c exhibit
ore significant bond length variations, which correspond to
lightly higher energy states (they are higher in energy by 3.91–
.02 kcal mol− 1 , Table S1 ), making them thermally less favourable.
he optimized structures and bond lengths for all the modelled
onformers 1–3 of 4a –4c are presented in Table S2 . The main
tructural peculiarities across all the series for each configuration
nclude relatively consistent C ─C bond lengths in the aromatic
ings of ca. 1.390 Å (Table S2 ). This means that the aromatic
ores are structurally rigid. The C ─N bond lengths show the
ost pronounced structural differences for conformers 1–3 of 4a –
 (Table S2 ), which affect the electron density distribution and
rbital interactions, influencing electronic transitions. The C ─S
ond lengths also exhibit slight variations in the range of 1.76–
.79 Å for conformers 1–3 of 4a –c (Table S2 ), which contribute
o the rigidity of the overall structures and help to maintain
dvanced Optical Materials, 2026
conformational stability. Conformers 2 and 3 of 4a –c demonstrate
the most variations in bond lengths that lead to the broadened
or shifted absorption peaks due to increased electron density
variability. Compound 4c shows the greatest structural flexibility,
which can result in the most significant spectral shifts compared
to 4a and 4b (Figure 3B ), as discussed above. 

We should also highlight that the observation of a higher-energy
emission in the crystalline state compared to the amorphous
state is atypical for aggregated systems and should be carefully
considered. We attribute this behaviour mainly to conformational
effects imposed by crystal packing, rather than to conventional
aggregation-induced red shifts. The phenothiazine units exhibit
a nonplanar, butterfly-like geometry, which arises from the
presence of the sulfur atom. This makes these structures sensitive
to intermolecular interactions and packing constraints in the
solid state. In the crystalline phase, such interactions can restrict
intramolecular rotations and enforce a more rigid molecular
conformation. Such conformational locking reduces structural
relaxation in the excited state. It can suppress low-energy
emissive pathways, which leads to a blueshifted (higher-energy)
emission relative to the amorphous state, where a broader
distribution of conformers is available. 

To study this effect in more detail, we compared the molecular
conformations observed in the single-crystal X-ray structure (at
273 K) of 4b with the energy-minimized conformer 1 for 4b and
4c obtained from DFT/ ωB97XD/6-31G(d,p) optimization (Figure
S1 ). The molecular conformation of 4b and 4c in the solid
state closely resembles the lowest energy conformer 1 of 4b
and 4c , respectively, obtained from DFT data, with only minor
differences in bond lengths and dihedral angles. In particular,
for the aromatic framework of 4b and 4c , the C ─C bond lengths
in the phenyl, pyridine, and phenothiazine rings remain almost
unchanged. In the X-ray structure of 4b (Figure S1A ), these bonds
are in a narrow range of approximately 1.37–1.40 Å, while the
DFT-optimized structure (Figure S1B ) shows very similar values,
which differ by no more than 0.01–0.02 Å. This confirms that
the π-conjugated backbone is structurally rigid and largely unaf-
fected by crystal packing or computational relaxation. Slightly
larger differences are found for the C ─N bonds connecting the
phenothiazine donors to the dicyanopyridine core. In the crystal
structure, these bonds are somewhat shorter (by ∼ 0.02–0.03 Å,
Figure S1A ) compared to the DFT-optimized geometry. This can
be explained by intermolecular interactions and packing forces
in the crystal, which tend to enhance donor-acceptor electronic
coupling. For 4b , the C ─S bond lengths within the phenothiazine
units are also very similar in both structures, lying in the range
of 1.77–1.78 Å in the X-ray structure and 1.78–1.79 Å in the DFT-
optimized geometry (Figure S1 ). These small differences indicate
that the butterfly-like geometry of the phenothiazine moiety is
well preserved after optimization. Moderate differences appear
in the dihedral angles, which describe the relative orientation of
the phenothiazine units with respect to the acceptor core. In the
crystal structure, these dihedral angles are slightly smaller (by
about 3◦–7◦) than those obtained from DFT optimization, which
reflects a somewhat more planar donor-acceptor arrangement
enforced by crystal packing. In contrast, the DFT-optimized
structure allows slightly larger torsional freedom, consistent with
relaxation in the absence of explicit intermolecular constraints.
Similar structural peculiarities were found for 4c (Figure S1C,D ).
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uch agreement between X-ray structure and DFT-optimized
eometry indicates that crystal packing stabilizes a geometry that
s close to the global minimum on the potential energy surface
nd suppresses access to higher-energy and more distorted con-
ormations. These higher-energy conformations are associated
ith improved CT character and lower emission energies. 

he interpretation of the conformational locking is fully consis-
ent with the thermal and photophysical parameters summarized
n Table 2 . In solution, compounds 4a –c exhibit long-wavelength
mission, which is characteristic of relaxed excited states with
ronounced CT character. These red-shifted emissions correlate
ith relatively broad spectral profiles in Figure 2A,B and reflect
he presence of multiple conformers with varying donor-acceptor
orsion angles, as discussed above. In contrast, in the solid film
tate, the emission maxima shift significantly to shorter wave-
engths (ca. 580–610 nm, Figure 2C ), which indicates suppression
f excited-state structural relaxation and reduced CT stabilisation,
n agreement with conformational constraints. 

his trend is further supported by the relatively low emission
ntensity listed in Table 2 . The relatively low emission intensity
n solution (notably in THF, Table 2 ) compared to that in the
ilm is consistent with enhanced nonradiative decay pathways
ssociated with conformational freedom. After film formation,
artial conformational restriction reduces internal conversion
nd stabilizes a narrower emissive manifold, which leads to
mproved radiative decay efficiency and spectrally narrower
mission observed experimentally. This behaviour is reflected in
he blue-shifted photoluminescence observed experimentally in
he solid state or high-water-fraction mixtures. 

nother observation is that the measured singlet-triplet energy
aps ( ΔEST = 0.35–0.42 eV, Table 2 ) remain relatively large
cross the series, indicating that the emissive states retain partial
ocal-excited character rather than being purely CT in nature.
his observation supports the conclusion that the higher-energy
mission in the solid state does not arise from excimer or strongly
ggregated states, which typically exhibit smaller ΔEST values
nd red-shifted emission. Instead, the data are consistent with
mission from a more rigid, less CT-dominated conformation
tabilised in the solid state. 

.4 Single Emitter-Based Down-Converting 
ight-Emitting Diodes 

or the illustration of the potential application of single-
olecular white-light emitters, white light-emitting diodes based
n single emitters were fabricated for down-conversion. Com-
ercial ultraviolet LEDs were coated with down-converting
hite-emitting films of 4a –c , dispersed in an inert cyclo-olefin
olymer matrix (Zeonex), thereby fabricating devices A, B, and
, respectively. These UV LEDs were selected because they emit
t the absorption edges of 4a –c . Zeonex is transparent in the
ear-UV and visible regions [ 53 ]. In the absence of the white-
mitting f ilms for down- conversion, the commercial UV LED
mits light peaking at 396 nm (Figure S24 ). With the light-
mitting layer, devices A, B and C were characterised by broad
4 of 19
emission spectra, with only a weak band at 396 nm attributable
to UV LEDs (Figure 8A–C ). The emission spectra of devices A, B,
and C have peaks in the deep blue region at 414, 429, and 401 nm,
and peaks in the yellowish region at 543 nm, 531 nm (shoulder),
and 552 nm, respectively (Figure S25 ). The position of these bands
is in good agreement with those of the PL spectra of 4a –c in
different media. The emission spectra of devices A, B and C are
similar in shape across the different applied voltages. As a result,
the emission colour coordinates of devices A, B, and C remained
stable across different applied voltages (Figure 8D and Table S13 ).
The colour coordinates of the white emissions of devices A, B,
and C are close to those of daylight (0.33, 0.33). Devices A, B,
and C demonstrated similar colour rendering indices (CRI) of
75–78 and slightly different colour temperatures in the range
from 5368 to 6668 K (Figure S26 and Table S14 ). The current
(CE), power (PE), and external quantum efficiencies (EQE) of
the white-emitting devices were in the ranges of 4.2–10.3 cd/A,
4.4–10.8 lm W− 1 , and 2.2%–2.8%, respectively (Table S14 ). Voltage-
current curves of devices A–C, attributable to UV LEDs. The
white light-emitting diodes show different brightness because
different down-converting emitters 4a–c were used (Figure S27 ).
The results show that it is feasible to produce white devices
with a single down-converting emitter. Unlike conventional
white LEDs and OLEDs, single-molecular white emitters could
lessen environmental effects, as their synthesis requires fewer
solvents compared to that of conventional multicomponent white
emitters. 

To place the performance of the present systems in the context
of recently reported SMWLEs, a comparative analysis of recent
representative literature examples [ 31, 54–56 ] is provided in Table
S15 . The comparison includes CIE 1931 (x, y) colour coordinates
of white emission, CIE 1931 ( Δx, Δy) colour coordinate
differences of emission at different electrical excitations,
CRI, PE, EQE, and specific emission characteristics. The
results demonstrate that compounds 4a –c exhibit competitive
white-light-emission performance with rather high colour
stability while simultaneously combining mechanochromic
behaviour, aggregation-enhanced emission, colour tunability,
and successful implementation in down-converting white-
light devices. In particular, device C based on 4c achieves
a PE of 10.8 lm W− 1 with stable white-light emission ( Δx of
0.008, Δy of 0.006), while all devices exhibit CRI values of
75–78 and CIE coordinates close to the white-light region. This
highlights the potential of these materials as multifunctional
single-component emitters for advanced optical and human-
centric lighting applications, enabling single-molecular
white emissions with stable colours at different voltages
(Table S15 ). 

3 Conclusion 

This study introduces novel pure organic single-molecular
white-light emitters with solid-state-enhanced mechanochromic
thermally activated delayed fluorescence, achieving signifi-
cant emission enhancement and multicolor tunability through
a strategic balance of phenothiazine moieties and a 3,5-
dicyanopyridine core. The emitters exhibit significant solid-state
Advanced Optical Materials, 2026
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FIGURE 8 EL spectra (A–C) of down-converting white light-emitting diodes A (A), B (B), and C (C) containing emitters 4a –c recorded at the 
different voltages, the CIE1931 colour diagram with colour coordinates estimated at 3.1 V (D). The insets show photos of the devices taken at 3.1 V. 
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mission enhancement factors of up to 755, and the tunable
ulticolor emission arises from photoluminescence, response
o physical treatments, and conformational arrangements in
he solid state. The synthesized emitters produce white light
ith CIE 1931 coordinates close to (0.33, 0.33), facilitated by
ouble photoluminescence bands and conformational flexibility
n solid states. This makes them a promising alternative to
onventional multicomponent systems. The compounds exhibit
igh thermal stability, with a 5% weight loss up to 422◦C,
nsuring long lifetimes in potential applications. They have
ifferent conformational states that enable emission ranging
rom deep blue to red. The crystalline forms support white or
ulticolor emissions, while amorphous states provide single-
olor outputs. X-ray analysis emphasizes the decisive influence
f the planarity of the pyridine ring, the molecular packing, and
-hole, CH ⋅⋅⋅N, CH ⋅⋅⋅F, and CH ⋅⋅⋅Br interactions. The observed
L decay rates for prompt fluorescence and TADF of different
onformers are in agreement with the results of the DFT/TDDFT
alculations. These advancements enable these compounds to
unction as single-molecular white-light emitters with sufficient
hite colour quality in single-emitter-based down-converting
ight-emitting diodes. The results pave the way for future research
nto organic single-molecular white emitters for down-converting
lectroluminescence with optimised efficiency and expanded
pplication possibilities, with a focus on human-centric lighting
pplications. 
dvanced Optical Materials, 2026
4 Experimental 

4.1 General Method for the Synthesis of 
2,6-di(10H-Phenothiazin-10-yl) Substituted 

3,5-Dicarbonitriles 4a–c 

To a solution of 10 H -phenothiazine (0.42 g, 2.1 mmol, 2.1 equiv.) in
dry THF (5 mL) and DMF (2 mL) was added sodium hydride (60%
in oil, 77.3 mg, 2.3 mmol, 2.3 equiv.) under argon and the mixture
was stirred at 60◦C for 3 h. Then appropriate 2,6- dibromide 3a–c
(1 mmol, 1 equiv.) was added in one portion and the mixture was
stirred at 60◦C overnight. After cooling the mixture was poured
into water (40 mL) and the precipitates were filtered off. The
crude product was purified by flash chromatography on silica gel
with DCM/petroleum ether, 1:1→4:1 yielding white to light yellow
powders. 

4.1.1 4-Phenyl-2,6-di(10 H -phenothiazin-10-yl) 
pyridine-3,5-dicarbonitrile (4a) 

Yield: 426 mg (71%); Mp > 200◦C. IR νmax (film): 2214, 1541, 1477.
1 H NMR (400 MHz, Chloroform- d ): 7.58–7.51 (m, 8H), 7.41 (dd,
J = 6.7, 1.3 Hz, 3H), 7.34–7.27 (m, 10H). 13 C NMR (101 MHz,
Chloroform- d ): 164.8, 157.1, 140.5, 135.3, 134.4, 130.7, 129.3, 128.8,
15 of 19
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28.8, 127.7, 127.2, 127.1, 113.8, 87.5. HRMS: [M + H]+ calcd for
37 H22 N5 S2 + 600.1317, found 600.1316. (V-P-74). 

.1.2 4-(4-Fluorophenyl)-2,6-di(10 H -phenothiazin- 
0-yl)pyridine-3,5-dicarbonitrile (4b) 

ield: 402 mg (65%); Mp > 200◦C. IR νmax (film): 2210, 1598, 1542.
 H NMR (400 MHz, Chloroform- d ): 7.61–7.46 (m, 8H), 7.38–7.26
m, 10H), 7.16–7.02 (m, 2H). 13 C NMR (101 MHz, Chloroform- d ):
65.3, 163.7, 162.8, 157.1, 140.4, 135.4, 131.6 (d, J = 9.1 Hz), 130.4 (d,
 = 3.0 Hz), 128.9, 127.7, 127.2 (d, J = 11.1 Hz), 116.1 (d, J = 22.2 Hz),
13.8, 87.3. 19 F NMR (376 MHz, CDCl3 ) δ − 109.03 – − 109.1 (1F, m).
RMS: [M + H]+ calcd for C37 H21 FN5 S2 + 618.1222, found: 618.1249.
V-P-73). 

.1.3 4-(4-Bromophenyl)-2,6-di(10 H -phenothiazin- 
0-yl)pyridine-3,5-dicarbonitrile (4c) 

ield: 468 mg (69%); Mp > 200◦C. IR νmax (film): 2217, 1590, 1543.
 H NMR (400 MHz, Chloroform- d ): 7.57–7.50 (m, 10H), 7.36–7.27
m, 8H), 7.21–7.14 (m, 2H). 13 C NMR (101 MHz, Chloroform-
 ): 163.6, 157.0, 140.3, 135.4, 133.3, 132.2, 130.9, 128.9, 127.7, 127.3,
27.2, 125.4, 113.6, 87.1. HRMS: [M + H]+ calcd for C37 H21 BrN5 S2 +
78.0422, found 678.0408. (V-P-79). 

.2 Single Crystal Analyses 

ingle crystals of 4b (with sizes 0.16 × 0.12 × 0.03 mm3 ) and
c (with sizes 0.13 × 0.08 × 0.02 mm3 ) were investigated on
 Rigaku, XtaLAB Synergy, Dualflex, HyPix diffractometer at
ifferent temperatures using monochromated CuK α radiation
 λ = 1.54184 Å). For further details, see crystallographic data
or these compounds deposited at the Cambridge Crystallo-
raphic Data Centre as Supplementary Publications with the
orresponding CCDC deposition numbers ( https://www.ccdc.
am.ac.uk/services/structures ). These data are provided free of
harge by the joint Cambridge Crystallographic Data Centre and
achinformationszentrum Karlsruhe Access Structures service
CCDC for 4b : 2358532 (at 150 K), 2358541 (at 273 K), 2358540 (at
63 K); for 4c : 2358562 (at 160 K), 2358563 (at 273 K)]. 

.3 Computational Details 

he density functional theory (DFT) and time-dependent (TD)
FT calculations were implemented within the Gaussian 16
Revision A.03) software package [ 57 ]. The ground singlet state,
xcited singlet (S1 ), and triplet (T1 ) state geometries were calcu-
ated using the long-range corrected ωB97XD functional, [ 58, 59 ]
hich incorporates long-range corrections ( ωB97) and empirical
ispersion (XD) corrections using Grimme’s D2 dispersion model
 60 ]. The 6–31G(d,p) basis set [ 61, 62 ] was used for all DFT
nd TDDFT calculations [ 59–61 ]. The B3LYP functional [ 63,
4 ] and the 6–31G(d,p) basis set were employed for vertical
bsorption spectra calculations, starting from the ωB97XD/6-
1G(d,p) optimized geometry. The polarizable continuum model
PCM) with the integral equation formalism (IEF) was used to
imulate the solvent effect, taking tetrahydrofuran (THF, ɛ =
6 of 19
7.43) as a model solvent [ 65–67 ]. The TDDFT calculations using
the ωB97XD functional show a blue shift (up to 20–40 nm) of the
absorption bands 4a –c relative to the B3LYP reference. Similar
blueshifts of CT absorption bands upon implementation of the
long-range corrected functionals have been widely reported for
donor-acceptor systems, reflecting the improved treatment of
long-range exchange in TDDFT calculations [ 68–71 ]. No imag-
inary frequencies indicating the presence of a saddle point on
the potential energy surface were found for any of the optimized
structures of the studied molecular conformations 1–3 of 4a –c . 

4.4 Photophysical Experiments 

Edinburgh Instruments spectrometer FLS980 and Avantes
AvaSpec-2048XL spectrometer were used to record the emission
and UV/vis absorption spectra of compounds 4a–c , respectively.
Low-temperature (77 K) phosphorescence spectra were collected
with a delay time of 1 ms following excitation. Photoluminescence
decay profiles were measured using a PicoQuant LDH-D-C-375
laser (at 374 nm) as the excitation source. The photoluminescence
quantum yields (PLQYs) were estimated using an integrated
sphere with a 120 mm inner diameter connected to the FLS980
spectrometer. 

4.5 Powder X-Ray Diffraction Study 

D8 Discover X-ray diffractometer (Bruker AXS GmbH) with a
Cu Kα ( λ = 1.54 Å) X-ray source was used to record X-ray
diffractograms of the powders of 4a–c . We used parallel beam
geometry with a 60 mm Göbel mirror (i.e., X-ray mirror on a
high precision parabolic surface). The primary side also had a
Soller slit with an axial divergence of 2.5 ◦ and a slit of 1.0 mm.
The secondary side had a LYNXEYE (1D mode) detector with
an opening angle of 2.16 ◦ and a slit opening of 6.0 mm. X-
ray generator voltage and current were 40.0 kV and 40 mA,
respectively. Coupled 2 θ/ θ scans were performed in the range
of 5.0◦–90.0◦ with a step size of 0.043◦, time per step of 19.2 s,
and auto-repeat function enabled. Processing of the resultant
diffractograms was performed with DIFFRAC.EVA software.
For the X-ray diffraction measurements at grazing incidence
(XRDGI), the scans were performed at an incidence angle of 1.50◦.
Crystallinity was calculated using formulas ( 1 ) and ( 2 ): 

%Amorphous =
Global area − Area under Bragg Ref lections 

Global area 
∗ 100% 

(1)

%Crystallinity = 100% − %Amorphous (2)

4.6 Thermal Study 

Thermogravimetric analysis (TGA) was undertaken on a TA
Instruments TGA Q50 apparatus by recording the weight loss
during heating from 0 to 800◦C at the rate of 20◦C min− 1 under a
nitrogen atmosphere of 50 mL min− 1 . TA Instruments DSC Q2000
equipment was used for differential scanning calorimetry (DSC)
measurements at heating and cooling rates of 10◦C/min under N2 
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low of 40 mL min− 1 with an empty aluminium pan taken as a
tandard. 

.7 Down-Converting Light-Emitting Diodes 

he films were cast onto bare UV LEDs from highly concentrated
oluene solutions of inert-polymer-matrix Zeonex (100 mg/ml).
hese Zeonex solutions contained dispersions of white-emitting
owders of 4a–c , which were only partially dissolved in toluene.
he Zeonex-to-emitter ratio was 100:1. Before the deposition of
hite-emitting films, the toluene dispersions of Zeonex and of
a–c were mixed in an ultrasonic bath for 30 min. The thicknesses
f down-converting white-emitting films of the dispersions of 4a–
 in Zeonex were optimized for the reduction of the EL intensity
f the UV LED. The fabricated down-converting light-emitting
iodes were characterised using a multi-source meter (Keithley
400), a spectrometer (Avantes AvaSpec-2048XL), a certified
hotodiode (PH100-Si-HA-D0) operated via the PC-Based Power
nd Energy Monitor 11S-LINK (from STANDA), and a computer
quipped with the relevant software. The colour parameters
IE1931, CRI, and TC were estimated using the emission spectra
f the devices recorded at the different voltages. 
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