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echanisms of full-visible-
spectrum emission in solid and liquid states for D-
p-A cyanobenzene–phenothiazine fluorescent
molecules

Wen-Hao Li,a Meng-Yao Niu,a Yi-Yun Zhu,a Man Zhang,a Hao-Yu Gao,d

Xin-Chao Zhang,a Bo Yang, *a Donghui Wei *a and Xuenian Chen *abc

The precise modulation of photophysical properties and elucidation of fluorescence mechanisms are

paramount challenges for organic optoelectronic materials. Herein, we present a strategy for achieving

robust fluorescence tuning from blue (462 nm) to near-infrared (677 nm) by accurately positioning

electron-withdrawing groups relative to phenothiazine donors in cyanobenzene–phenothiazine

derivatives, as well as adjusting molecular conformations, noncovalent interactions, and the interplays of

aggregation behaviors. Crystallographic analysis and theoretical calculations revealed that 4-

phenothiazino-isophthaliconitrile (4-PTZIPN) achieves both the highest solid-state fluorescence

quantum yield (39.7%) and the longest fluorescence lifetime (1.26 ms) among the series, which is

attributed to J-aggregation sustained by multiple intermolecular interactions. The conformation and

rigidified non-canonical J-aggregation suppressed non-radiative decay pathways, leading to a significant

increase in the quantum yield of 2,4,6-triphenothiazinobenzonitrile (1CN3PTZ) and a substantial

extension of its fluorescence lifetime from 761.47 ns in the solid-state to 1.10 ms. Notably, 2,4,6-

triphenothiazino-isophthaliconitrile (2CN3PTZ) demonstrates a pronounced bathochromic shift to

677 nm, driven by its helical columnar packing, which is orchestrated by cooperative p–p, dipole–

dipole, and C–H/S interactions. This work not only elucidated the structure–photophysical

relationships within the cyano-phenothiazine system but also provided a conformation-aggregation dual

regulation strategy for the design of innovative organic optoelectronic materials through molecular

engineering.
Introduction

The development of organic luminescent materials capable of
spanning the entire visible spectrum (400–700 nm) is critical for
advanced optoelectronic applications, from full-color displays
to biological imaging.1–3 Donor–acceptor (D–A) systems offer
a powerful platform for tunable emission through intra-
molecular charge transfer (ICT).4–10 Despite these advantages,
the existing D–A materials face two challenges: (1) limited solid-
state emission range due to aggregation-caused quenching
(ACQ), and (2) unresolved correlations between molecular
conformation, packing motifs, and photophysical outcomes.
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Addressing these limitations requires innovative molecular
engineering that synergistically considers electronic structures
and aggregation behaviors—an unmet goal that underpins the
signicance of this work.

The exible buttery-like conformations of phenothiazine
enable dynamic control of molecular planarity and packing,
and its electron-rich nature confers exceptional charge trans-
port capabilities, resulting in diverse applications across
chemical sensing,11 organic optoelectronics,12 bioimaging,13–16

organic photovoltaics,17–21 and organocatalysis.22–37 The cyano
group, serving as an electron acceptor, not only participates in
the conjugated system through its p* antibonding orbitals to
lower the lowest unoccupied molecular orbital (LUMO) energy
level,3,38–42 thereby enhancing intramolecular charge transfer
(ICT) but also enables precise molecular assembly via direc-
tional dipole–dipole interactions (e.g., C^N/H–C, C^N/
p).43–46 To our knowledge, only a few literature reports describe
the molecular uorescence of 4-CN-PTH,47–52 and no studies
have extended to investigate structures with increased numbers
of donor–acceptor pairs and their properties. In this work,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Numbers and structures of cyanobenzene phenothiazine
derivatives 1–12.
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based on the o-PTZBN (1) molecular framework, we maintained
the adjacent relative positioning of cyano and phenothiazine
groups on the central benzene ring to design and synthesize
a series of cyanobenzene phenothiazine derivatives by system-
atically increasing the total number of adjacent donor–acceptor
pairs. Combining X-ray diffraction and photophysical charac-
terization, we implemented a “dual-control strategy for
conformation and packing” to achieve full-spectrum visible-
light emission in both solution and solid states. Furthermore,
we systematically investigated the structure–property relation-
ship between molecular packing modes and uorescence
performance of such D–A systems in rigid crystalline states,
providing new insights for structure-guided luminescence
regulation (Fig. 1).
Results and discussion

As shown in Scheme 1, PTZBNs (1–3) and PTZIPNs (7–9) were
successfully synthesized through two complementary synthetic
routes, aromatic nucleophilic substitution (SNAr) and Buch-
wald–Hartwig amination. Among them, the 2,4,6-tri-
phenothiazinylisophthalonitrile (9) was efficiently accessed
using rac-BI-DIME as the phosphine ligand,53 the palladium
acetate as the catalyst, and the 2,4,6-3BrIPN as the starting
material. In addition, PTH-Bpin was synthesized via Sandmeyer
borylation, and PTHBNs (4–6) and PTHIPNs (10–12) were
Scheme 1 Synthetic routes of cyanobenzene phenothiazine deriva-
tives 1–12.

© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesized via Suzuki–Miyaura coupling. Their structure-
dependent photophysical properties, spanning solution-phase
tunability (503–651 nm) to solid-state full-spectrum emission
(462–677 nm), along with intermolecular interaction-directed
packing modes, are systematically presented below. Unfortu-
nately, attempts to synthesize 4PTZIPN from 2,4,5,6-4FIPN were
unsuccessful, potentially due to the steric hindrance and the
poor solubility of the 5-F-3PTZIPN intermediate.54 The ther-
modynamic instability of the 1,3,5-tricyanobenzene core under
palladium-catalyzed conditions may hinder the synthesis of
3CN3PTZ and 3CN3PTH via 3Br3CN coupling. The detailed
characterization information of all 1–12 compounds is provided
in the SI (Fig. S1–S94).

Solubility proling showed complete dissolution of all
derivatives 1–12 in nonpolar solvents (dichloromethane, chlo-
roform, toluene) and polar aprotic solvents (acetonitrile, DMSO,
DMF), but insolubility in protic solvents (acetic acid, methanol,
ethanol). UV-vis absorption spectra of 1-12 in toluene revealed
distinct absorption peaks at 305 nm (1), 308 nm (2), 315 nm (3),
320 nm (4), 305 nm (5), 298 nm (6), 294 nm (7), 296 nm (8),
284 nm (9), 357 nm (10), 371 nm (11), and 371 nm (12), sug-
gesting that substituent groups, positions, and quantities
profoundly alter optical properties (Fig. S107). To further study
their optical properties in solution and in ICT, we measured the
uorescence spectra in various solvents with the same
concentration (Fig. S123 and S124) and in toluene with different
concentrations (Fig. S125 and S126). Notably, these compounds
exhibit signicant uorescence emission only in toluene (under
365 nm UV light). Specically, in dilute toluene solutions (1 ×

10−6 M), only short-wavelength emission peaks (410–420 nm)
are observed; however, as the concentration increases (>1 ×

10−4 M), long-wavelength emission peaks become dominant.
Thus, we conclude that the full-spectrum emission of these
compounds in toluene originates from their aggregation
behavior. Their maximum uorescence emission in toluene
solution showed bathochromic shis across a broad range from
503 to 651 nm (Fig. 2a and b), which further conrms the
tunability of their structure–activity relationship. Among them,
9 with the highest density of interdigitated donor–acceptor
alternations exhibit the most signicant emission red-shi.

The Lippert–Mataga plot (Fig. 3) reveals that the solvent-
dependent Stokes shi of all derivatives correlates with the
solvent orientation polarizability (Df), where the slope directly
reects the magnitude of the dipole moment difference (Dm)
between the excited state and the ground state. Specically,
PTZBNs (1–3), PTZIPNs (7–9), and PTHBNs (4–6) exhibit
comparable slopes, respectively, indicating that derivatives
within each series possess similar Dm due to consistent charge
transfer pathways mediated by their conjugated frameworks. In
contrast, the PTHIPNs (10–12) series exhibits distinct slope
variations, with compound 12, which has a larger molecular size
due to the introduction of three PTH moieties on its central
dicyanobenzene ring, displaying the lowest slope. This diver-
gence arises because the addition of these three PTH moieties
fails to enhance Dm effectively, as the phenylene bridging group
in PTHIPNs may not participate in excited-state electron
transfer, thereby restricting the extension of charge
Chem. Sci., 2026, 17, 2712–2721 | 2713
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Fig. 2 (a) Solution-state fluorescence emission spectrum of PTZBNs
(1–3) and PTZIPNs (7–9) in toluene; (b) solution-state fluorescence
emission spectrum of PTHBNs (4–6) and PTZIPNs (10–12) in toluene.
Inset: fluorescence images of the solutions under 365 nm UV illumi-
nation (c = 5 × 10−4 M, measured in air). The emission peaks of 7 are
457 nm and 596 nm; the emission peaks of 10 are 432 nm and 595 nm.

Fig. 3 Lippert–Mataga plot with linear fitting of cyanobenzene
phenothiazine derivatives 1–12.

Fig. 4 The HOMO/LUMO of cyanobenzene phenothiazine derivatives
1-12, calculated by the DFT method at the 6-31G(d,p) basis set level of
theory.
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delocalization. This constraint prevents an increase in the
number of phenothiazine units from amplifying the dipole
moment difference, thereby leading to the anomalous slope
behavior of 12 within the PTHIPN series. Additionally, a greater
number of phenothiazine and cyano groups correlates with
2714 | Chem. Sci., 2026, 17, 2712–2721
a larger Stokes displacement, consistent with the enhanced
solvent polarity response induced by stronger intramolecular
charge transfer.

Despite comparable emission wavelengths across the series,
all synthesized compounds exhibited low solution-phase
quantum yields in air-saturated toluene (4 = 0.3–7.5%), indi-
cating efficient nonradiative decay pathways. However,
a consistent enhancement in 4 was observed when they were
measured under a nitrogen atmosphere (0.7–19.4%, Table S14).
This collective improvement in photophysical properties under
oxygen-free conditions indicates that the emission pathway is
susceptible to oxygen quenching, likely involving triplet states.
Fluorescence lifetime in toluene ranged from 2.11 to 19.35 ns
(Fig. S108–S122).

Theoretical studies were performed using a toluene solution
model of cyanobenzene–phenothiazine uorescent molecules,
with the PBE1PBEmethod employed for structural optimization
and TD-DFT calculations under the IEFPCM solvation model.
Ground-state optimization was completed at the 6-31G(d,p)
basis set level, while excited-state TD-DFT calculations adopted
the 6-311G(d,p) basis set. As shown in Fig. 4, the HOMO/LUMO
orbital distribution reveals a clear intramolecular separation,
with the HOMO localized on the phenothiazine donor and the
LUMO on the cyanobenzene acceptor. This is in direct contrast
to diuoroboranyl systems, in which the phenylene spacer acts
as a secondary donor.55 In PTHBNs and PTHIPNs, the extended
benzene ring, coupled with the cyanobenzene, is predominantly
involved in the LUMO, exhibiting an electron-withdrawing
nature. This demonstrates that the electronic role of a p-
spacer is not intrinsic but is critically determined by the
chemical environment. Notably, in 3, the para-substituted
quasi-axial conformation of the phenothiazine unit contrib-
utes to the LUMO but not the HOMO, undercoring the essential
role of molecular conformation in modulating the electronic
properties.

A key computational nding is the consistent decrease in
both the HOMO–LUMO energy gap and the S0 / S1 vertical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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excitation energy with an increasing number of donor–acceptor
(D–A) pairs. This trend directly correlates with and explains the
experimentally observed redshi in the uorescence emission
spectra. Furthermore, the energy gaps between the rst singlet
and triplet excited states (DEST) were found to be less than 0.3 eV
for all compounds except for structure 12 (Table S16). This
small DEST supports the idea that triplet states can undergo
reverse intersystem crossing (RISC). Although the lifetime data
in toluene solution are not consistent with TADF, the solid-state
packing may potentially enable a thermally activated delayed
uorescence (TADF) mechanism.

Additional analyses validated our computational approach.
The natural transition orbital (NTO) analysis of the excited state
provided a clearer picture of the actual orbital contributions to
the transition, distinguishing them from the simple HOMO–
LUMO picture (Table S15). Moreover, the ultraviolet absorption
spectrum simulated from the optimized ground-state structures
successfully reproduced the experimental trend (Fig. S172). The
above theoretical results verify that increasing the number of
adjacent D–A pairs on the central benzene ring enhances the
ICT effect, narrows the energy gap, and ultimately leads to
a redshi in the emission spectrum.

Solid-state uorescence characterization revealed
pronounced structure-dependent emission tuning. Analysis of
powdered samples revealed marked variations in photophysical
properties, governed by the proportion and connectivity of the
PTZ and cyano groups. Specically, structural modications
induced bathochromic shis across a broad emission range
Fig. 5 Solid-state maximum emission wavelengths and fluorescence im

© 2026 The Author(s). Published by the Royal Society of Chemistry
from 462 to 677 nm (Fig. 5, S128, S131 and S132). CIE coordi-
nate analysis (Fig. S136) categorized the compounds into three
distinct chromatic groups, namely derivatives 5, 1, and 4
emitted in the blue-green region (lem = 463–489 nm), while
compounds 7, 2, 6, 3, 10, and 11 displayed yellow uorescence
(lem = 515–579 nm). Notably, 12, 8, and 9 exhibited orange-to-
red emission (lem = 597–677 nm), marking the longest wave-
lengths within the series. A notable bathochromic shi
emerged as the number of cyano substituents increased while
maintaining the PTZ donor counts, indicative of reduced S1-
state energy levels.

Varying PTZ donor units while maintaining cyanobenzene
acceptors also induced progressive bathochromic shis in
emission wavelengths for all derivatives except 4 and 5 (Dlem =

50–120 nm), with the number of PTZ groups serving as a critical
regulator of emission wavelength. Solid-state quantum yields
(FF) spanned 0.9% (1), 2.9% (2), 4% (3), 1.8% (4), 5% (5), 18.6%
(6), 39.7% (7), 2.0% (8), 2.0% (9), 18.1% (10), 15.8% (11) and
20.6% (12) respectively (Fig. S135). As evidenced by photo-
physical evaluations, structural extension via the phenylene p-
conjugation bridge between phenothiazine donors and cyano-
benzene acceptors resulted in a 2- to 10-fold enhancement of
quantum yields compared to non-extended derivatives.
However, the diminished uorescence quantum yields of cya-
nobenzene phenothiazine derivatives in both solution and the
solid phase may be attributed to intramolecular/intermolecular
resonance energy transfer,56–59 with enhanced efficiency in the
condensed phase due to molecular packing.
ages of cyanobenzene phenothiazine derivatives 1–12.

Chem. Sci., 2026, 17, 2712–2721 | 2715
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Table 1 Photophysical data of 1–12 in the solid statea

Compound lem (nm) 4F (%) s (ns) Kr (s
−1) Knr (s

−1)

o-PTZBN (1) 482 0.9 11.00 8.1 × 105 9.0 × 107

2,6-2PTZBN (2) 529 2.9 501.50 5.78 × 104 1.94 × 106

2,4,6-3PTZBN (3) 545 4.0 761.47 5.25 × 104 1.26 × 106

o-PTHBN (4) 489 1.8 2.70 6.67 × 106 3.64 × 108

2,6-2PTHBN (5) 463 5.0 3.39 1.48 × 107 2.80 × 108

2,4,6-3PTHBN (6) 544 18.6 466.73 3.98 × 105 1.74 × 106

4-PTZIPN (7) 515 39.7 1261.32 3.15 × 105 4.8 × 105

4,6-2PTZIPN (8) 630 2.0 99.41 2.0 × 105 9.86 × 106

2,4,6-3PTZIPN (9) 677 2.0 3.52 5.68 × 105 2.78 × 108

4-PTHIPN (10) 570 18.1 265.92 6.8 × 105 3.08 × 106

4,6-2PTHIPN (11) 579 15.8 589.20 2.68 × 105 1.43 × 106

2,4,6-3PTHIPN (12) 597 20.6 725.71 2.84 × 105 1.09 × 106

a The lex of cyanobenzene phenothiazine derivatives 1–12 is 370 nm.
Radiative decay rate constant kr = 4/s. Nonradiative decay rate
constant knr = (1 − 4)/s.

Fig. 6 Intermolecular weak interactions in the crystal 7.
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Fluorescence lifetime measurements of solid-state samples
revealed a broad distribution spanning 2.70 ns to 1261.32 ns. As
shown in Table 1, the incorporation of PTZ or PTH units into
the cyanobenzene system signicantly enhanced the uores-
cence lifetimes: the lifetime of 1 increased from 11.00 ns to
761.47 ns for 3, and that of 4 increased from 2.70 ns to 466.73 ns
for 6. In the 1,3-dicyanobenzene system, the introduction of
PTH units also improved lifetimes—10 increased from 265.92
ns to 725.71 ns. However, the incorporation of PTZ units in this
system drastically reduced the lifetimes, dropping sharply from
1261.32 ns (7) to 3.52 ns (9). Notably, compounds 2, 3, 6, 7, 10,
11, and 12 displayed distinct dual-exponential decays, suggest-
ing TADF properties (Fig. S138–S151). On the other hand, the
lifetime of 2 signicantly increased from 501 ns in the powder
state to 5240.72 ns in the crystalline state, demonstrating the
crucial inuence of intermolecular interactions and molecular
packing on uorescence lifetimes. For the other compounds,
the variation trend of crystalline-state lifetimes with molecular
structure was consistent with that in the powder state
(Fig. S152–S165).

Characterization of crystal structures provides critical
insights into molecular conformations, noncovalent interac-
tions, and packing motifs—key factors that together regulate
the photophysical properties of organic luminescent materials.
For such systems, quantum yield is determined not only by
intrinsic molecular structure but also by conformational
features and intermolecular arrangements in condensed phases
(crystal/powder). Specically, the rigid framework and dense
packing in defect-free crystals impose spatial constraints that
limit molecular vibrational/rotational motions, stabilizing
thermodynamically favored conformations and suppressing
nonradiative relaxation pathways—this partially modulates
uorescence lifetimes and 4F.60–62 In this study, X-ray diffraction
(XRD) conrmed the structural integrity of all derivatives
(Fig. S95–S106), and crystals exhibited distinct 4F values
compared to their powdered counterparts (Fig. S136).

Canonical J-aggregation is characterized by a head-to-tail
dipole alignment of chromophores, which typically results in
2716 | Chem. Sci., 2026, 17, 2712–2721
red-shied emission, a narrower spectral bandwidth, and
enhanced molar absorption coefficients. In contrast, non-
canonical J-aggregation motifs deviate from this strict dipole
orientation while retaining the aggregation-induced emission
enhancement feature associated with J-aggregates. For the
cyanobenzene phenothiazine system, 7 maintains high photo-
luminescent performance in both powdered (4F = 39.7%, s =

1261.32 ns) and crystalline states (4F = 16.5%, s = 1151.94 ns),
achieving its maximum quantum yield through J-aggregation
sustained by four cooperative intermolecular interactions via
C–H/S contacts (2.976 Å), cyano C^N/H–C dipole align-
ments (2.602–2.705 Å), and edge-to-face p–p stacking (2.875 Å),
as structurally resolved in Fig. 6.63,64

Notably, 3 exhibited a large uorescence lifetime of 1.10 ms,
and a doubled quantum yield, with 4F increasing from 4.0% in
powder to 8.0% in crystal. This phenomenon is attributed to
a three-pronged intermolecular interactions assembly
comprising PTZ-directed p–p stacking with offset face-to-face
distances of 3.381–3.451 Å and edge-to-face distances of
2.879–2.897 Å, cyano C^N/H–C dipole alignment at 2.531 Å,
and C–H/S orbital overlap ranging from 2.999 to 3.323 Å
(Fig. 7c). The weak intermolecular forces drive a non-canonical
J-aggregation motif with a densely packed pattern (Fig. 7b),
which rigidies molecular conformations to suppress non-
radiative decay while promoting radiative recombination,65

thereby extending uorescence lifetimes and elevating
quantum yields.

Beyond packing effects, conformational features in mole-
cules also play a critical role in regulating luminescence prop-
erties. Specically, the PTZ unit not only inuences but also
indicates molecular packing and exhibits stereochemical
features, contributing to the facial chirality observed in the
system. As shown in Fig. 7a, single-crystal analysis of 3 revealed
the coexistence of enantiomers within the unit cell, conrming
the existence of chirality. In the unit cell, PTZ moieties display
distinct conformational preferences, namely that the para-
cyano PTZ adopts a quasi-axial conformation, which is oriented
perpendicular to the cyanobenzene plane, while the ortho-cyano
PTZ units adopt quasi-equatorial conformations arranged
spirally along the same direction. These stereochemical spatial
arrangements result in non-superimposable mirror-image
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Enantiomers of structure 3; (b) arrangement pattern of crystal 3 along the (100) direction; (c) intermolecular weak interactions in the
crystal 3.
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pairs, with intrinsic facial chirality from conformation-driven
spatial non-overlap.

Derivative 9 (Fig. 8a) was strategically designed by intro-
ducing an additional cyano group on 3. This modication
results in a propeller-like molecular architecture, in which all
three PTZ units adopt quasi-equatorial conformations, with the
sulfur atoms bent uniformly, forming a helical supramolecular
assembly (Fig. 8b). As shown in Fig. 8c, the intermolecular edge-
to-face p–p stacking (2.848–2.898 Å) between adjacent PTZ
moieties and dipole–dipole interactions (2.397–2.832 Å)
involving dichloromethane solvent molecules drive columnar
cross-stacking. Each column exhibits a six-molecule helical
Fig. 8 (a) Crystal structure of 9; (b) arrangement pattern of crystal 9 alon
atom); (c) diagram of intermolecular weak interactions in the crystal 9.

© 2026 The Author(s). Published by the Royal Society of Chemistry
repeat unit forming the P61 space group, where successive
molecules rotate 60° along the column axis, completing a 360°
cycle aer six units. Notably, nitrogen atoms of cyano groups
trace intertwined double–helical pathways (Fig. 8b). As shown
in Fig. S82, inter-columnar edge-to-face p–p interactions
(2.786–2.862 Å) and solvent-mediated dipole alignments (2.397–
2.626 Å) further stabilize this columnar helical staggered
packing, enhancing transition dipole coupling to promote
irradiative decay.66

In terms of uorescence lifetime, the crystalline state of 9
exhibits a shorter lifetime (3.52 ns) compared to its powder state
(11.48 ns). This trend of reduced lifetime in the crystalline
g the (010) direction (space-filling representation of the cyano nitrogen
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Table 2 Photophysical data of comparisons

Compound lem 4a (%) sp (ns) sd (ms) kr (10
7 s−1)

4CzIPNb 507 21/86 17.8 5.1 1.8
m-3CzIPNb 426 12/86 7.9 26.1 1.5
4-PTZBNc 513 — 4610 44.2 —
Diarylboryl-PTZd 485 20 5.11 5.07 3.9

a Photoluminescence quantum efficiency of the solution sample before/
aer Ar bubbling. b Measured in toluene. c Measured in lm,
sphosphorescence = 487.7 ms. d Solid-state luminescence properties.
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phase may be closely related to its unique molecular confor-
mation. Specically, the adoption of quasi-equatorial confor-
mations by all PTZ units introduces signicant steric hindrance
to molecular rotation and vibration. Such constrained motion
likely narrows the energy gaps between adjacent electronic
states, facilitating nonradiative decay pathways through
enhanced state mixing. Additionally, the compact columnar
helical staggered packing strengthens intermolecular interac-
tions, which may further promote nonradiative energy dissi-
pation via intramolecular vibration–lattice vibration coupling
and direct intermolecular energy transfer.67 In contrast, the
powder state features looser, more disordered packing with
weaker intermolecular interactions and reduced steric
constraints on PTZ units, leading to less efficient nonradiative
decay and thus a longer lifetime.

To place our ndings in the context of existing research, we
compared the basic photophysical properties of our non-doped
cyanobenzene–phenothiazine dyes with several established
high-performance emitters, as summarized in Table 2. While
impressive efficiencies have been reported for doped pheno-
thiazine systems68,69 and those incorporating ortho-substituents
for conformational control,51 the performance of non-doped
phenothiazine donors is highly dependent on the overall
molecular structure and the strength of the electron acceptor.
For example, when comparing our compounds with the
benchmark carbazole-isophthalonitrile series (e.g., 4CzIPN and
m-3CzIPN)40,70 and other phenothiazine-based analogues (e.g.,
4-PTZBN and Diarylboryl-PTZ),71,72 our derivatives exhibit
competitive bathochromic-shi maximum emission wave-
length, quantum yield, and emission lifetime. These compari-
sons underscore that our molecular engineering strategy—
focusing on the systematic increase of adjacent D–A pairs and
precise conformation-aggregation dual control—effectively
enhances the luminescence efficiency and stability.

Conclusions

In summary, we discovered that by systematically regulating the
number and relative positions of cyano groups and phenothi-
azine substituents on the central benzene ring, conformation-
dependent electronic interactions and aggregation-induced
packing effects cooperatively modulate the uorescence prop-
erties of cyanobenzene phenothiazine derivatives. This estab-
lishes a conformation-aggregation dual regulation strategy for
organic optoelectronics, where substituent engineering
provides a fundamental basis for manipulating key
2718 | Chem. Sci., 2026, 17, 2712–2721
photophysical regulatory pathways. In derivative 7, multiple
intermolecular interactions in J-aggregation synergistically
promote the solid-state uorescence quantum yield to the
maximum value. In structure 3, the quasi-axial conformation of
the phenothiazine chromophore participates in the LUMO
distribution. Coupled with intermolecular weak interactions,
this leads to an order-of-magnitude enhancement in the
crystalline-state uorescence lifetime. In compound 9, the
introduction of meta-dicyano substitution modulates the
conformational arrangement of three intramolecular pheno-
thiazine units and their excited-state electronic distribution.
This promotes columnar helical packing via intermolecular
interactions, thereby tuning the competition between radiative
and non-radiative decay pathways, ultimately achieving NIR
solid-state uorescence at 677 nm. Future studies will focus on
both the application of cyanobenzene phenothiazine derivatives
as organic photocatalysts and the conformational engineering
of luminescent materials by extending this strategy to diverse
donor–acceptor systems, especially three-dimensionally
aromatic o-carborane-based systems, and investigating their
stimuli-responsive dynamic conformational switching, such as
temperature, pressure, and mechanical force, to develop high-
performance emissive materials.
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D. Jacquemin and B. Ośmiałowski, The Inuence of the p-
Conjugated Spacer on Photophysical Properties of
Diuoroboranyls Derived from Amides Carrying a Donor
Group, J. Org. Chem., 2016, 81, 2280–2292.

56 D. J. Hurley and Y. Tor, Donor/Acceptor Interactions in
Systematically Modied RuII−OsII Oligonucleotides, J. Am.
Chem. Soc., 2002, 124, 13231–13241.

57 S. Faure, C. Stern, R. Guilard and P. D. Harvey, Role of the
Spacer in the Singlet−Singlet Energy Transfer Mechanism
(Förster vs. Dexter) in Cofacial Bisporphyrins, J. Am. Chem.
Soc., 2004, 126, 1253–1261.

58 J. Lee, U. Jo and J. Y. Lee, Suppression of Dexter Energy
Transfer through Modulating Donor Segments of
Thermally Activated Delayed Fluorescence Assistant
Dopants, ACS Appl. Mater. Interfaces, 2023, 15, 21261–21269.

59 U. Deori, G. P. Nanda, C. Murawski and P. Rajamalli, A
perspective on next-generation hyperuorescent organic
light-emitting diodes, Chem. Sci., 2024, 15, 17739–17759.

60 J. Yang, X. Zhen, B. Wang, X. Gao, Z. Ren, J. Wang, Y. Xie,
J. Li, Q. Peng, K. Pu and Z. Li, The inuence of the
molecular packing on the room temperature
phosphorescence of purely organic luminogens, Nat.
Commun., 2018, 9, 840–850.

61 S. Tian, H. Ma, X. Wang, A. Lv, H. Shi, Y. Geng, J. Li, F. Liang,
Z.-M. Su, Z. An and W. Huang, Utilizing d–pp Bonds for
Ultralong Organic Phosphorescence, Angew. Chem., Int. Ed.,
2019, 58, 6645–6649.

62 J. Ren, Y. Wang, Y. Tian, Z. Liu, X. Xiao, J. Yang, M. Fang and
Z. Li, Force-Induced Turn-On Persistent Room-Temperature
Phosphorescence in Purely Organic Luminogen, Angew.
Chem., Int. Ed., 2021, 60, 12335–12340.

63 W. Li, W. Li, L. Gan, M. Li, N. Zheng, C. Ning, D. Chen,
Y.-C. Wu and S.-J. Su, J-Aggregation Enhances the
Electroluminescence Performance of a Sky-Blue Thermally
Activated Delayed-Fluorescence Emitter in Nondoped
Organic Light-Emitting Diodes, ACS Appl. Mater. Interfaces,
2020, 12, 2717–2723.

64 N. Liu, S. He, Z. Cheng and J. Hu, Enhancing the
uorescence emission of the NIR-II uorophores:
Strategies, mechanisms, challenges, and opportunities,
Coord. Chem. Rev., 2025, 532, 216511.

65 O. P. Dimitriev, Dynamics of Excitons in Conjugated
Molecules and Organic Semiconductor Systems, Chem.
Rev., 2022, 122, 8487–8593.

66 U. Petralanda, G. Biffi, S. C. Boehme, D. Baranov, R. Krahne,
L. Manna and I. Infante, Fast Intrinsic Emission Quenching
in Cs4PbBr6 Nanocrystals, Nano Lett., 2021, 21, 8619–8626.
© 2026 The Author(s). Published by the Royal Society of Chemistry
67 Q. Wen, N. Malik, Y. Addadi, M. Weißenfels, V. Singh,
L. J. W. Shimon, M. Lahav and M. E. van der Boom, Energy
Transport in Dichroic Metallo-organic Crystals: Selective
Inclusion of Spatially Resolved Arrays of Donor and
Acceptor Dyes in Different Nanochannels, Angew. Chem.,
Int. Ed., 2023, 62, e202214041.

68 Y. Tian, J. Yang, Z. Liu, M. Gao, X. Li, W. Che, M. Fang and
Z. Li, Multistage Stimulus-Responsive Room Temperature
Phosphorescence Based on Host–Guest Doping Systems,
Angew. Chem., Int. Ed., 2021, 60, 20259–20263.

69 Y. Wang, J. Yang, M. Fang, Y. Gong, J. Ren, L. Tu, B. Z. Tang
and Z. Li, New Phenothiazine Derivatives That Exhibit
Photoinduced Room-Temperature Phosphorescence, Adv.
Funct. Mater., 2021, 31, 2101719.

70 H. ANoda, X.-K. Chen, H. Nakanotani, T. Hosokai,
M. Miyajima, N. Notsuka, Y. Kashima, J.-L. Brédas and
C. Adachi, Critical role of intermediate electronic states for
spin-ip processes in charge-transfer-type organic
molecules with multiple donors and acceptors, Nat. Mater.,
2019, 18, 1084–1090.

71 X. Guo, J. Yang, P. Yuan, Y. Wang, X. Qiao, Z. Li, B. Z. Tang
and D. Ma, High Efficiency Non-Doped Organic Light
Emitting Diodes Based on Pure Organic Room
Temperature Phosphorescence by High-Lying Singlet
Exciton Fission, Laser Photonics Rev., 2024, 19, 2401015–
2401023.

72 K. K. Neena, P. Sudhakar, K. Dipak and P. Thilagar,
Diarylboryl-phenothiazine based multifunctional molecular
siblings, Chem. Commun., 2017, 53, 3641–3644.

73 CCDC 2473370: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p0r4m;
CCDC 2474330: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1r3m;
CCDC 2474283: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pl1;
CCDC 2474284: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pm2;
CCDC 2474288: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pr6;
CCDC 2474289: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1ps7;
CCDC 2474290: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pt8;
CCDC 2474286: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pp4;
CCDC 2474287: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pq5;
CCDC 2474291: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pv9;
CCDC 2474293: Experimental Crystal Structure
Determination, 2025, DOI: 10.5517/ccdc.csd.cc2p1pxc.
Chem. Sci., 2026, 17, 2712–2721 | 2721

https://doi.org/10.5517/ccdc.csd.cc2p0r4m
https://doi.org/10.5517/ccdc.csd.cc2p1r3m
https://doi.org/10.5517/ccdc.csd.cc2p1pl1
https://doi.org/10.5517/ccdc.csd.cc2p1pm2
https://doi.org/10.5517/ccdc.csd.cc2p1pr6
https://doi.org/10.5517/ccdc.csd.cc2p1ps7
https://doi.org/10.5517/ccdc.csd.cc2p1pt8
https://doi.org/10.5517/ccdc.csd.cc2p1pp4
https://doi.org/10.5517/ccdc.csd.cc2p1pq5
https://doi.org/10.5517/ccdc.csd.cc2p1pv9
https://doi.org/10.5517/ccdc.csd.cc2p1pxc
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06095h

	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules
	Regulation and mechanisms of full-visible-spectrum emission in solid and liquid states for D-tnqh_x03C0-A cyanobenzenetnqh_x2013phenothiazine fluorescent molecules


