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Luminescence-responsive porous organic materials have garnered significant interest due to their chemical
versatility, adaptability and potential applications in smart sensors and optoelectronic devices. In this study,
we introduce a novel class of sulfone-functionalized stereoisomeric [3]radialenes TTRO with quasi-Cs
symmetry, which demonstrate flexible structural configurations and the ability to form diverse crystalline
frameworks with tunable porosity ranging from 0% to 31.2%. These assembled frameworks are
characterized by distinct stereochemical configurations of TTRO, which influence their dipole moment
vectors and molecular packing parameters, especially the geometry of the exo-cyclic radialene ring. The
stability of these structures is further enhanced by sulfone-embedded aromatics and guest solvent
molecules, establishing a network of multivalent molecular interactions. Remarkably, TTRO-based
materials exhibit crystallization-induced emission in the near-infrared (NIR) region (650-1000 nm),
transitioning from non-emissive amorphous powders to exhibiting strong photoluminescence (up to

24.1%) in guest-involved porous crystalline frameworks. Time-resolved fluorescence and computational
Received 8th September 2025

Accepted 7th January 2026 analyses reveal that the dynamic stacking geometry of TTRO units, combined with multivalent sulfone-

based intermolecular interactions with guest molecules, modulates the reorganization energy within the
DOI: 10.1039/d5sc06925d . . . - . - .
frameworks, thereby tuning solid-state emission. These findings provide new insights and strategies for

rsc.li/chemical-science designing NIR luminophores through crystalline engineering of [3]radialene materials.

protective groups is typically necessary to improve thermal and
kinetic stability for practical applications.'®" The synthesis and
derivation of these compounds remain challenging due to the
construction of the three-membered radialene ring. These

Introduction

The peculiar [3]radialenes exhibit a planar-centered, radiating
topology of cross-conjugated exo-double bonds, representing

a distinctive molecular scaffold within organic materials.* The
bare [3]radialene, being a structural isomer of benzene, is
inherently susceptible to olefinic polymerisation.®* Chemical
modification of the exocyclic C=C bond using sterically
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exocyclic, extended [3]radialenes exhibit a variety of remarkable
characteristics, including multi-step redox behaviors, efficiency
and unique
photon absorption/emission properties.’**® In particular, the
simple hexaphenyl[3]radialene exhibits light absorption in the
blue region (465 nm) and strong emission in the long-
wavelength region (618 nm), with a large Stokes shift beyond
150 nm.*** Furthermore, the electron-donating and -accepting
substitutions tune the optoelectronic behaviors in different
physical states.”>**?* These features are primarily attributed to
the cross-conjugated electron-m system with a narrow energy
gap and special vibrational dynamics in the excited states, but
the underlying processes have not been extensively studied.**®**

In addition to their distinctive optical properties, these
planar [3]radialenes adopt a quasi C; symmetric system at their
periphery, providing versatile yet rare building blocks for
functional molecular materials.>*?* These [3]radialene

as organic P-dopants in semiconductors,”**™**
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(A) Synthesis of sulfone[3]radialene (TTRO). Conditions: a) NaBH,, |, THF, 0 °C to 65 °C, 12 h. b) i. n-BulLi, THF/DMSO (v/v=1:1), 0°Ctort,

1 h; ii. Tetrachlorocyclopropene (TCCP), 0 °C to rt, 1 h; iii. Bubbling O,, 0 °C to rt, 1 h. ¢c) m-chloroperoxybenzoic acid, DCM, rt, 12 h. (B) Crystal
structures of TTRO in different crystalline frameworks with highlighted bonds and dihedral angles.

substituents convey a propeller conformation due to steric
hindrance along the central ring. Cross-coupling of these
substituents within the [3]radialene scaffold can produce
diverse porous frameworks with unique topologies. Interest-
ingly, our earlier report revealed that the assembly of stereo-
isomeric a-cyano triaryl[3]radialene exhibited tight stacking
through CN-mediated supramolecular coupling interactions.®
This resulted in the clustering-enhanced excimer emission of
radialene molecules at the mesoscale, albeit with
concentration-caused quenching of the dispersed single mole-
cules.® Hence, exploring [3]radialenes as a functional building
block could improve our fundamental understanding of topo-
logical conjugation effects.

In this study, we report the synthesis and characterization of
sulfone-functionalized stereoisomeric [3]radialene TTRO, ob-
tained through the oxidation of trithioxanthene[3]radialene
TTR (Fig. 1). Although the molecular formula shows three
identical fragments, the overcrowded radialene system
produces distinctive asymmetrical features in the aromatic
substituents (Fig. 1B, right). Rings E and F in one wing are
highly twisted (i.e., not coplanar), while the other two wings (A/B
and C/D) are freely stretched (i.e., close to coplanar). Further-
more, these asymmetrical stereo configurations can be modu-
lated by guest solvent molecules, yielding different crystalline
porous frameworks that exhibit the critical phenomenon of
crystallization-induced NIR emission. We characterized four
different crystalline structures and the photophysical properties
of the same TTRO, paying particular attention to the solid-state
configurational changes of the radialene rings. Experimental
and computational studies suggest that the electron-
withdrawing sulfone group plays a key role in the formation

© 2026 The Author(s). Published by the Royal Society of Chemistry

of these diverse crystalline frameworks via d-p m bonding
interactions in the ground state.””** The multivalent interac-
tions of the sulfone group adjust the stretching vibration of exo-
double bonds in the [3]radialene ring, which are intuitively
important for triggering crystalline photoluminescence.?**!

Results and discussion
Preparation of sulfone[3]radialene

Trithioxanthene[3]radialene (TTR) was synthesized by following
a modified Fukunaga's method, which involves reacting stabi-
lized carbanions with tetrachlorocyclopropene (TCCP)
(Fig. 1A).*>** Thioxanthene (2) was first deprotonated using n-
Buli in a dry tetrahydrofuran (THF)/DMSO solution at 0 °C.
This was followed by treatment with TCCP in a manifold
nucleophilic substitution reaction. The resulting dark red
solution was then oxidized with oxygen to produce TTR as blue
purple solids in a 27% yield. Subsequently, TTR was oxidized
with m-chloroperoxybenzoic acid to provide sulfone[3]radialene
(TTRO) as reddish-brown solids in a 92% yield. Their chemical
structures were characterized using nuclear magnetic reso-
nance (Fig. S1-S4) and high-resolution mass spectrometry
(Fig. S5 and S6) and were further confirmed by X-ray crystal-
lography analysis (Fig. 1B, and Tables S1-S5). These [3]radial-
enes have good chemical and thermal stability under mild
conditions. Diverse TTRO crystals can be obtained through
laboratory crystallization processes involving the diffusion of
a poor solvent into a TTRO solution (Fig. 1B). Hex@TTRO single
crystals are obtained from CHCl;/hexane with hexane included;
THF@TTRO from THF/cyclohexane with THF included;
Non@TTRO without solvent inclusion; and DMF/MeOH@TTRO

Chem. Sci., 2026, 17, 5092-5102 | 5093
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Fig.2 X-ray single-crystal structures, the intermolecular interactions and 3D molecular packing structure and void spaces of porous crystalline
frameworks of (A-C) Non@TTRO, (D-F) Hex@TTRO, (G-I) THF@QTTRO, and (J-L) DMF/MeOH@TTRO.

from DMF/MeOH with DMF and MeOH included. Solvent
molecules typically fill the spaces between layers in a stacked
structure of single crystals, and most of these crystals are fairly
stable. The stability of the resulting crystal structure depends on
intermolecular forces, which vary according to the configura-
tion of the individual molecules and the solvent molecules
filling the crystals. Thermogravimetric analysis (TGA) of poly-
crystalline Hex@TTRO solids reveals minimal weight loss up to
300 °C, with approximately 50% weight loss observed when

5094 | Chem. Sci, 2026, 17, 5092-5102

heated to 800 °C. This suggests that Hex@TTRO crystalline
samples possess excellent thermal stability (Fig. S7). In contrast,
THF@TTRO crystals are relatively unstable and undergo slow
weathering in an air atmosphere.

Modulable stereo-configuration in crystalline states

As expected, the NMR spectra of TTR and TTRO in CDCl;
showed well-resolved and identical signals for all the peripheral
phenyl rings, suggesting a certain degree of symmetry in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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solution state (Fig. S1-S4).** However, the X-ray crystalline
structures obtained show that the radialene exhibits modulable
asymmetric stereo-configurations (Fig. 1B). From a side view,
the central [3]radialene ring and the exocyclic double bonds in
TTRO maintain a near coplanar conformation (Fig. 1B), with
dihedral angles of less than 15° between the central ring and the
side wings. It should be noted that the three sulfone-xanthene
side wings do not constitute the typical propeller conforma-
tion seen in many aromatics, where ~90° dihedral angles are
formed.* Interestingly, two of the wings (A/B and E/F) have
a twisted-folded conformation oriented in the in-plane direc-
tion, while the other ring (C/D) is oriented in the opposite
direction (Fig. 1B). For example, the crystalline Hex@TTRO has
the aryl group on the thioxanthene ring that rotates non-
oriented around the central [3]radialene, forming a pair of
(P, M, M) and (M, P, P) enantiomers (Fig. $8).This feature is likely
due to the stabilization of the planarization and aromatization
of the radialene system, which is modulated by the steric and
electron-deficient effects of the sulfone group.”

These crystalline structures exhibit large stereochemical vari-
ations and asymmetries (e.g. bond lengths and dihedral angles),
suggesting dynamic molecular flexibility in the solid state
(Fig. 1B, Tables S5 and S6). In these single-crystal structures, the
three-member rings of the [3]radialene are all non-equilateral
triangles with different bond lengths (Table S6). Regardless of
the presence of solvent molecules, the dihedral angles of the C
and D benzene rings of the four TTRO crystalline molecules are
~44°, and the C,=C¢ bond lengths are close to normal alkenes
(1.350 A) (Tables S5-S6). In the Non@TTRO crystalline frame-
work without guest solvents, the dihedral angle between the two
benzene rings (A and B) is 13.9°, indicating a nearly coplanar
conformation. The corresponding connected exocyclic C;=C,
bond is 1.372 A (Fig. 1B and Table S6), which is significantly
longer than the normal alkene bond length (1.350 A). This
elongation is likely to be associated with decreased distortion
between neighboring thioxanthene groups. In the crystalline
framework with guest solvent molecules, the dihedral angles
between the A and B rings increased to 25.5°, 26.2°, and 35.9°, for
THF@TTRO, Hex@TTRO, and DMF/MeOH®@TTRO crystals,
respectively. Meanwhile, the corresponding C,;=C, bonds are
notably relaxed to 1.361 A, 1.363 A, and 1.357 A, respectively
(Fig. 1B and Table S6). Similarly, the dihedral angle between the E
and F rings in Non@TTRO is 38.4°, with the C;=C; bond elon-
gating to 1.357 A. In the presence of solvent in the framework, the
planes of E and F rings become more stereospecific, forming
a dihedral angle of ~50°, and the exocyclic C;=Cs is compressed
to 1.346 A, 1.339 A and 1.341 A for Hex@TTRO, THF@TTRO and
DMF/MeOH®@TTRO, respectively. The exact parameters of the
three thioxanthene rings differ from each other, showing asym-
metric stereo-configurations in the framework state (Fig. 1B,
Tables S5 and S6).

Supramolecular stacking and diverse porosity

These crystals show interesting and quite distinguishable three-
dimensional stacking structures. TTRO crystals without solvent
inclusion belong to the monoclinic crystal system with the P2,/n

© 2026 The Author(s). Published by the Royal Society of Chemistry
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space group (Table S1). When guest molecules such as nonpolar
n-hexanes or polar THF are present, these crystalline frame-
works show similar unit cell parameters and are still mono-
clinic, but with different space groups: P12,/c1 for Hex@TTRO
(Table S2) and P2,/c for THF@TTRO (Table S3). When polar
DMF/MeOH molecules are present, the resulting crystalline
framework is triclinic, belonging to the P-1 space group (Table
S4).

We next examine the crystalline molecular stacking
arrangements to understand the assembly principle of the
topological [3]radialene. As is shown, there are four TTRO
molecules in the Non@TTRO unit cell, forming two pairs of
(P, M, M) and (M, P, P) isomers (Fig. 2A and S9). The packing of
individual TTRO molecules gives rise to a columnar structure,
which subsequently forms an S-shaped layered structure along
the c-axis direction (Fig. 2B). These layers are closely packed,
which is responsible for the near planarity of one of the thi-
oxanthene rings within the TTRO molecule in the crystalline
structure (Fig. 1B). Calculations performed by Planton revealed
that Non@TTRO has a porosity of 0% which was further
confirmed by its spacefill mode (Fig. 2C). In Hex@TTRO crys-
tals, TTRO molecules are aligned linearly in one direction via -
T interactions (d = 3.37 A) between thioanthracene fragments.
They then extend in parallel via C-H---O bonding interactions
(d = 2.52 A) to form a two-dimensional lamellar arrangement
(Fig. 2D). Adjacent lamellar layers are intercalated with a large
void space containing guest molecules, forming a special 3D
hydrogen-bonded organic framework with continuous tunnels
(Fig. 2E). When the crystal is rotated horizontally, microscale
pores of different sizes can be observed along the vertical c-axis.
These tunnels are regularly arranged, alternating with minimal
intersection dimensions of 2.8 x 4.1 A and 4.7 x 7.9 A in the b-
axis direction (Fig. 2F), and 8.9 x 7.8 A along the g-axis
(Fig. S10). As is shown, these tunnels in different directions
within one plane are interconnected to form a continuous void
network. The internal surface of these porous structures
between layers is rich in polar sulfonyl arrays and is likely
stabilized by supramolecular interactions with guest molecules
in the middle which indicates its non-permanent porosity
(Fig. S11). The accessible void volume of Hex@TTRO crystals
was calculated to be 31.2% by Planton following the removal of
guest solvent molecules (Fig. 2D-F). The N, gas adsorption
isotherm of the polycrystalline Hex@TTRO solids revealed
a Brunauer-Emmett-Teller surface area of 4.9 m* g~', and
a maximum N, uptake of 65.0 cm?® g~ at 77 K (Fig. S12 and S13).
The self-assembled frameworks are characterised by asym-
metric connectivity and a distribution of diverse pore apertures,
created using sulfone-[3]radialene building blocks. These
features make them quite unique and rare among organic
porous materials.****

The overall stacking structure of THF@TTRO is like that of
Hex@TTRO; however, no -7 interaction pattern was observed
to guide the self-assembly process (Fig. 2G). Instead, including
THF-mediated C-H---O interactions with sulfonyl groups (d =
2.71 A, 2.49 A and 2.70 A) bridged the molecules within and
between the unit cells, forming continuous 2D laminar layers
(Fig. 2H). Only isolated tunnels were observed along the c-axis

Chem. Sci., 2026, 17, 5092-5102 | 5095
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direction in the framework, with minimal intersection dimen-
sions of 6.0 A x 4.5 A (Fig. 2I). The solvent-accessible void
spaces were calculated to be 21% after removal of the guest
molecules (Fig. 2I). The crystalline layer-to-layer structures
regularly host solvent molecules between the laminar layers
(Fig. 2G). Therefore, the THF@TTRO framework is a cooperative
self-assembly of THF and TTRO molecules. The loss of THF
molecules results in an extremely low material stability, making
the framework highly susceptible to weathering and fragmen-
tation in air.

The DMF/MeOH@TTRO framework differed significantly
from the other two described above. The unit cell contains two
TTRO molecules arranged in a reverse, parallel, head-to-tail
orientation (Fig. 2J). These molecules primarily engage in
face-to-face - interactions (d = 3.25 A), with two phenyl rings
from two thioanthracene wings almost in overlap (Fig. 2J and
S14A). Additionally, multiple C-H---O interactions occur
between the sulfonyl group of one thioxanthene ring and
a neighbouring benzene ring hydrogen (Fig. S14B). The TTRO
molecules in the unit cell are stacked along the g-axis to create
a columnar structure. These cell units are arranged repetitively
and can be stacked to form a microporous channel with a cross-
sectional diameter of ~9.0 x 10.6 A (Fig. 2K and L). Unlike the
Hex@TTRO crystals, these pores are mutually independent and
penetrable, with a porosity of 21.8%. The versatile framework
materials based on sulfone[3]radialene TTRO demonstrate the
potential application of [3]radialene derivatives as organic
building blocks for constructing topological framework
materials.**

Surface analysis of interconnected pores

To gain insights into the surface properties within TTRO
frameworks, Hirshfeld surface analysis was performed (Fig. 3,
S15 and S16).** In the maps, red surfaces indicate strong
interactions, where the distances between molecules are shorter
than the sum of their van der Waals radii. Conversely, white and
blue surfaces denote weak interactions, with contacts that are
approximately equal to or longer than the van der Waals radii.
Fig. 3 clearly shows strong interactions between adjacent

A)  Hex@TTRO B ¢y DMF/MeOH@TTRO
B) S S-0-H ®) /} “iga

H-H 41%

Fig. 3 Hirshfeld surface analysis (top) and relative contributions of the
intermolecular interactions to the Hirshfeld surface area (down) of (A)
Hex@TTRO and (B) DMF/MeOH@TTRO frameworks.

5096 | Chem. Sci, 2026, 17, 5092-5102

View Article Online

Edge Article

molecules in the red regions around the sulfone groups. Addi-
tionally, -7 stacking interactions between aromatic rings can
be observed in certain molecular pairs, contributing to the
stability of the crystal structure. Specifically, C---C contacts
contribute the least (~6%) to the total Hirshfeld surface
(Hex@TTRO, Fig. 3A; DMF/MeOH®@TTRO, Fig. 3B), indicating
weak -7 stacking between adjacent molecules. In these crys-
tals, H---O interactions contribute 35~37% to the total Hirsh-
feld surface. These significant contributions emphasize the vital
role of the sulfone group in forming these framework materials.

State-dependent optical properties revealing the critical CIE
phenomenon

The photophysical properties of TTRO molecules in different
physical states, as well as four different TTRO crystalline forms,
were characterized and exhibited a critical crystalline-induced
emission (CIE) phenomenon (Fig. 4). TTRO absorption in the
solution state is primarily concentrated in the 390-690 nm
range, with a maximum at 529 nm (Fig. 4A and S17). This
corresponds to a molar extinction coefficient of ¢ = 1.9 X
10* M~ em™, resulting in a violet color. Compared to the
maximum absorption of TTR at 600 nm,* the blue-shifted
maximum absorption of TTRO is consistent with the theoret-
ical calculation results for the enhanced bandgap (E; = 2.07 eV)
of TTRO compared to TTR (E, = 1.88 €V) (Fig. S18). Amorphous
TTRO powder and crystals exhibit broad absorption in the 250-
750 nm range without fine peaks (Fig. 4A). Notably, brownish-
red Hex@TTRO crystals were ground to produce a brownish-
black powder. Despite their apparent different colours and
appearances, their solid-state absorption spectra are almost
identical, except for the powder state's wider absorption range
of 430-710 nm compared to the crystal state.

Interestingly, neither the TTRO solution nor the amorphous
powder is fluorescent, with a PLQY of less than 0.1% (Fig. 4B).
However, the Hex@TTRO crystals exhibit strong fluorescence in
the deep red region (A, = 695 nm) when excited at A =
408 nm (Fig. 4B and S19). The photoluminescence spectrum
extends to the near-infrared II region at 1100 nm with a PLQY of
16.1% (Fig. 4B and Table S7). Clearly, the photoluminescence of
TTRO is highly dependent on its physical state, with crystalli-
zation accompanied by a dramatic change in fluorescence from
off to on, indicating a stringent and critical CIE
phenomenon.*-**

The TTRO crystals exhibit tunable NIR luminescence
depending on the molecular packing structure (Fig. 4C-F).
Similar to Hex@TTRO (Aex/Aem = 408/695 nm, PLQY = 16.1%),
THF@TTRO (Aex/Aem = 395/706 nm, PLQY = 14.6%, Fig. 4D) and
DMF/MeOH@TTRO (Jey/Aem = 380/698 nm, PLQY = 24.1%,
Fig. 4E) both exhibited dramatically enhanced emission in the
deep-red/NIR region with a large Stokes shift of ~285 nm. To be
noted, the Non@TTRO crystalline solids without guest solvent
fluoresced weakly (Aex/Aem = 375/685 nm, PLQY < 0.1%, Fig. 4F),
possibly due to excited-state exciton annihilation resulting from
tight packing via m-7 interactions (Fig. $20). Time-resolved
fluorescence decay studies revealed that the fluorescence
decay lifetime of DMF/MeOH®@TTRO crystals is estimated to be

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photophysical properties of TTRO materials dissolved in THF solution, as amorphous powder and crystalline frameworks. (A) UV-Vis-NIR
absorption spectra. Crystal sample: Hex@TTRO. (B) PL emission spectra. Concentration: 1 x 10~> M. Crystal sample: Hex@TTRO. (C) PL decay
curves of three different crystal samples. (D, E and F) PL spectra of THF@QTTRO (D), DMF/MeOH@TTRO (E) and Non@TTRO crystalline solids (F).

1.4 ns. In contrast, the lifetimes of Hex@TTRO and THF@TTRO
are much longer, at 2.7 ns and 2.5 ns, respectively (Fig. 4C and
Table S7). Fitting analysis shows that the radiative rate of DMF/
MeOH@TTRO (k, = 1.72 x 10%) is almost three times larger
than that of the other samples (k. = 0.6 x 10%), even though the
non-radiative rate (k,, = 5.42 x 10%) has also increased slightly
compared to the other crystalline samples (k,, = 3.42 x 10%).
The increased fluorescence efficiency in DMF/MeOH@TTRO is
therefore attributed to the significantly higher radiative rates.

Relationships between molecular packing and solid-state
fluorescence

The similar excitation/emission spectra, coupled with varied
fluorescence efficiency, suggest an intricate fluorescence
scenario in the crystalline state of these TTRO frameworks. This
is likely tuned by the interplay of intermolecular interactions
and the specific electronic structure of the [3]radialene fluoro-
phore.*** DFT-based computational analysis of different crys-
talline structures yielded almost close energy levels, which are
consistent with the excitation/emission characteristics (Fig. 5,
left). The highest occupied molecular orbitals (HOMOs) in these
TTROs are predominantly located on the central radialene ring
but are also extended across all three oxidized thioxanthene
wings via exocyclic double bonds. Notably, the bottom two
wings of the TTRO in all these porous frameworks are more
widely spaced in the HOMO/LUMO plots than the Non@TTRO
(by arrows, Fig. 5). This suggests that these molecular systems
resonantly conjugate as a whole when they are photo-excited.
The asymmetrical electronic structure can be revealed further in

© 2026 The Author(s). Published by the Royal Society of Chemistry

three-dimensional electrostatic surface potential (ESP) analysis,
which shows distinct changes in dipole moments in different
molecular stereo-configurations (Fig. 5, right). The red,
electronic-deficient region is predominantly located on the
periphery of the three sulfonyl groups, while the central radia-
lene ring and phenyl rings are relatively electron-rich and
appear blue. In Non@TTRO crystals without guest solvents, the
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Fig. 5 HOMO and LUMO amplitude plots (left) and the Electrostatic
Potential Surface (ESP) image (right), calculated at the B3LYP/6-
31G(d,p) level based on single crystal structures.
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toluminescence emission spectra (Aex = 473 nm). (C) Reversible heating

TTRO molecule has a dipole moment of 1.3 Debye, oriented at
a small angle to the central radialene plane, resulting in
a planar skeleton conformation. In the Hex@TTRO and
THF@TTRO frameworks containing guest solvents, the TTRO
molecules exhibit much increased dipole moments of 4.1-4.3
Debye, with an increased, but similar vector direction angle to
the central ring (Fig. 5). When polar solvent molecules are
present as guests, the TTRO molecule in the DMF/MeOH@T-
TRO further exhibits significant dipole moments of 5.8 Debye,
with the overall dipole vector being almost perpendicular to the
central radialene. Following the direction of the dipole
moments' vectors, these molecules stack with each other in line
columns and form a stable porous framework with mutually
independent pores and tight electronic communication within
the crystal (Fig. 2). Furthermore, the charge density difference
maps visually manifest the effect of dipole moment variation on
the electronic interactions in the crystalline state. In DMF/
MeOH@TTRO, there are stronger -7 interactions (3.25 A)
between TTRO molecules (Fig. S22A). Consequently, electron
transfer and accumulation are more pronounced at the -7
interaction sites, whereas these effects are relatively weaker
along the hydrogen-bonding direction (Fig. S22C). This charge
redistribution corresponds to the larger dipole moment of
TTRO in the DMF/MeOH®@TTRO crystal. In Hex@TTRO, elec-
tron transfer and accumulation in the -7 interaction region
(3.37 A) are weaker and substantial redistribution also occurs in
the weaker S-O---H interaction regions (Fig. S22B and D),
resulting in less extensive charge redistribution. This observa-
tion is consistent with the smaller dipole moment of
Hex@TTRO.

To understand the critical crystalline-induced photo-
luminescence, we investigate the correlation between different
levels of crystallinity and luminescent properties during
mechanical grinding, reverse fuming, and heating treatments.
The pristine TTRO-G1 exhibited sharp XRD peaks, indicating
perfect crystallinity (Fig. 6A). After gentle grinding, the sharp
peaks decreased and a new set of peaks appeared in the 26 range
of 20°-30° (TTRO-G2, Fig. 6A). Continuous grinding produced
broad peaks, indicating an amorphous state (TTRO-G3, Fig. 6A).
Reduced crystallinity resulted in red-shift luminescence and
a dramatic decrease in luminescence efficiency when compared

5098 | Chem. Sci., 2026, 17, 5092-5102

(A) XRD patterns of TTRO samples with different levels of crystallinity, obtained through grinding and fuming. (B) Corresponding pho-

and fuming process for the TTRO sample.

to TTRO-G1 (Aer, = 695 nm, PLQY = 16.1%). Specifically, TTRO-
G2 exhibited a maximum emission wavelength (Aep,,) of 745 nm
with a PLQY of 1.3%, while TTRO-G3 displayed a A.p, of 782 nm
and a PLQY of <0.1%. This demonstrates the highly state-
dependent nature of photoluminescence of TTRO (Fig. 6B).
The blue-shifted photoluminescence of the crystalline state
compared to the amorphous powder is primarily attributed to
strained and distorted molecular conformations in the crystal-
line state. This is a typical feature of CIE-active molecules.*
Interestingly, after being fumed with solvents for several
minutes, the amorphous powder underwent a reverse colour
change, shifting from brownish black (TTRO-G3) to dark red
(TTRO-F3). Meanwhile, the corresponding XRD spectra became
clearer and sharper, showing new peaks in the 26 range of 5°-
30°. This suggests a reversible recrystallisation process
involving solvent fuming. When subjected to thermal heating at
75 °C for a period, the dark red, luminescent, chloroform-
fumed TTRO-F3 (i, = 735 nm, PLQY = 3.1%) exhibited
a rapid colour change to brownish black, accompanied by a loss
of photoluminescence (Fig. 6B and Table S8). Upon cooling to
room temperature and re-exposure to chloroform fumigation,
the material returned to its original dark red colour with

comparable photoluminescence (Fig. 6C). This process
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Fig. 7 Picosecond time-resolved PL spectra of (A) crystalline
Hex@TTRO and (B) amorphous TTRO.
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in the crystalline state. (E) Variations in bond length, bond angle and dihedral angle contribution to reorganization energy in both the gas and

crystalline states.

demonstrated good reversibility, as shown by ~50 cycles of
repeated fuming and heating tests. The optical properties of
TTRO are highly sensitive to the packing of the molecules. The
excellent reversibility and operational reproducibility of these
frameworks suggest that they are promising candidates for
dual-mode information storage materials.

Ultrafast time-resolved fluorescence spectroscopy study

Given the intriguing phenomenon that crystalline frameworks
exhibit luminescence whereas their amorphous powders do
not, we aim to investigate the dynamic process of stringent
changes in optical behavior using ultrafast time-resolved fluo-
rescence spectroscopy. Fig. 7 shows the picosecond time-
resolved fluorescence spectra of TTRO crystals and powders
following excitation. Excitation by a 400 nm laser resulted in the
photoluminescence of the crystalline Hex@TTRO frameworks,
which fluoresced with a single sharp peak exhibiting a full
width at half maximum (FWHM) of ~30 nm. This peak quickly
red-shifted from ~672 nm during the initial 20 ps period to
~683 nm after 200 ps (Fig. 7A). Emission intensity increased
within the first 100 ps; after this, it decreased within the
subsequent 100-300 ps period and disappeared completely
after 900 ps. The amorphous powder sample displayed only
weak fluorescence at ~685 nm within the initial 20-40 ps and

© 2026 The Author(s). Published by the Royal Society of Chemistry

gave no fluorescence signal beyond 100 ps (Fig. 7B and S21).
This suggests that, upon photoexcitation, the energy of the
TTRO's excited state is quickly dissipated through non-radiative
decay within the first 100 ps in the amorphous powder.

In comparison to the relatively loose amorphous samples,
which exhibit enhanced flexibility and only emit weak fluores-
cence at 685 nm within the first 40 ps, the crystalline framework
showed a gradual red shift in luminescence wavelength from
672 nm to 683 nm as the relaxation time increased. We speculate
that the sulfone-functionalized CIE molecules in these organic
porous frameworks are likely to be in a similarly flexible envi-
ronment, characterized by the dynamic motions of TTRO and
rich non-covalent intermolecular interactions. These endow the
TTRO emitters with certain movement in the excited state,
leading to partial relaxation of the excited state and thus longer
emission wavelengths. Nevertheless, the relatively small red shift
indicates the high rigidity of the porous framework, which
exhibits notable fluorescence efficiency in its crystalline state.

Mechanistic investigation of the CIE phenomenon

As the above experiments suggested, the rich intermolecular
interactions (TTRO-TTRO and TTRO-solvent) within crystalline
frameworks are likely to modulate the dynamic processes of
excited-state emitters, effectively attenuating the coupling

Chem. Sci., 2026, 17, 5092-5102 | 5099
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between the electrons and molecular vibrations. This induces
photoluminescent adaptability at the molecular aggregate level.
In this regard, quantum theory calculations were performed to
gain an intuitive understanding of the unique CIE phenomenon
whereby crystallization triggers the luminescence of TTRO
sulfone[3]radialene. The molecular aggregation effect was
considered using the ONIOM method with QM and MM layers
(Fig. S23). The ground-state molecular geometries of the crys-
talline and freely dissolved TTRO differ only slightly, with
a slight change in the dihedral angle between the benzene ring
and the [3]radialene. This suggests a similar absorption prop-
erty in the dilute solution and the crystalline phase, which is
consistent with the experimental phenomenon (Fig. S24 and
Table S9). Following photon excitation, the TTRO's geometric
variations differ considerably in different microenvironments.
In the gas and solution phases, almost all dihedral angles
decrease from S, to S;, particularly those of the oxidized thi-
oxanthene (red), which easily unbend and become nearly
coplanar in the S; state, decreasing to 10.32°/9.12° from 29.10°/
20.32° in the S, state (Fig. 8A). In the crystalline phase, the
TTRO molecules remain in a highly distorted configuration
following excitation. Two of the labelled dihedral angles
decrease by only ~7°, while the rest remain almost identical to
the S, configuration. This weakens the molecular non-radiative
rate in the impact crystal, making luminescence more favorable
(Fig. 8A).

Furthermore, Natural Bond Orbital (NBO) analysis shows
that the S, state involves a dipole-allowed 7 to * orbital tran-
sition in both the solid and gas phases (Fig. 8B and Table
S10).**® Of these states, the lowest (S;) in the crystalline state
has an oscillator strength (f) of 0.3864 and a vertical excitation
energy of 1.8368 eV. This corresponds to an estimated emission
wavelength of A.,, = 675 nm, which is in close agreement with
the experimental observation of A., = 695 nm. Meanwhile, the
S; state in the gas phase is estimated to have an oscillator
strength of f = 0.1557 and a vertical excitation energy of
1.2062 eV. This is much smaller than the value observed in the
crystalline state (f = 0.3864). Accordingly, TTRO could exhibit
photoluminescence at ~1028 nm in the gas phase. Unfortu-
nately, however, we did not observe this phenomenon in our
experimental measurements.

We also examined the non-radiative decay pathways of bright
S, states in both the gas and crystal phases (Fig. 8C and D). The
reorganization energy (1) reflects the change in geometric
configuration between two electronic states when a photon is
absorbed or emitted. It also represents the degree of electron-
vibrational coupling within a molecule. A smaller reorganiza-
tion energy indicates a smaller change in molecular confor-
mations before and after photon excitation. Specifically, the
reorganization energy corresponding to each frequency in the
normal mode represents the non-radiative decay process of the
excited state due to intramolecular motions. Changes in the
recombination energy in the low-frequency region (below
400 cm ") are positively correlated with intramolecular rota-
tion, while changes in the high-frequency region are positively
correlated with the telescopic vibrations of intramolecular
bonds.”* The total recombination energy of TTRO in the
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crystalline state is 1798 cm ™ '(Fig. 8D), which is significantly
lower than in the gas phase (187 575 cm™ ') (Fig. 8C). To eluci-
date the contributions of configurational parameter variations,
we analyzed the correlations between specific structural
changes (e.g. bond lengths, bond angles and dihedral angles)
and the corresponding reorganization energy components
(Fig. 8E). In the crystalline state, all structural deformations in
the TTRO frameworks were significantly reduced, resulting in
a substantial decrease in reorganization energy compared to the
gas phase. The rigid environment of the crystalline state
reduces the recombination energy effectively, thus weakening
the non-radiative decay rate and triggering fluorescence. The
variation in the reorganization energy of TTRO in the gas state
primarily occurs in the relatively low-frequency region. Reor-
ganization energy reaches approximately 35000 cm ' at the
normal mode frequency of 354 cm™ ', whereas higher-frequency
vibrations at 1063 cm ™" exhibit a lower value of ~23 000 cm ™"
(Fig. 8C). In contrast, the reorganization energy in the low-
frequency region of the crystalline state remains exceptionally
low at less than 50 cm ™" (Fig. 8D). Following photoexcitation,
low-frequency vibrational modes tend to undergo mutual mix-
ing, thereby activating multiple non-radiative decay pathways.
This phenomenon, known as the Duschinsky rotation effect
(DRE),* significantly increases the rate of non-radiative decay
and serves as the primary mechanism responsible for the
absence of luminescence in TTRO compounds, whether in
solution or in an amorphous powder state.

Conclusions

We present a special class of dynamic framework materials
based on a sulfone-functionalized stereoisomeric [3]radialene
TTRO. The TTRO synthesis is based on an optimized Fukunaga
condensation protocol and involves efficient sulfide oxidation.
The resulting TTRO exhibits flexible stereo-configurations with
quasi-C; symmetry and can form diverse crystalline frameworks
in various chemical environments. These frameworks have
variable 3D packing structures and porosities ranging from 0%
to 31.2%. TTRO-based organic frameworks exhibit a critical
crystallization-induced NIR emission phenomenon: they are
not emissive in solution or as amorphous powders but become
emissive in guest-involved crystalline frameworks. The exact
stacking structure can be adjusted to control the corresponding
solid-state emission properties, which are influenced by the
guest solvent molecules. Specifically, the luminescence wave-
lengths of these frameworks range from 685 to 710 nm, but
their luminescence efficiencies vary considerably. The Non@-
TTRO crystals have tight stacking (porosity: 0%, PLQY: <0.1%),
whereas the DMF/MeOH@TTRO crystalline frameworks have
independently penetrating pores (porosity: 21.8%, PLQY:
24.1%), and the Hex@TTRO crystalline frameworks have two-
dimensional interconnected pores (porosity: 31.2%, PLQY:
16.1%). Solid-state superstructure analysis and theoretical
calculations demonstrate that multivalent intermolecular
interactions involving sulfone groups are essential for con-
structing these diverse framework materials. The reorganiza-
tion energy between the ground and excited states is reduced by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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99% in the solid phase compared to the gas phase. This
reduction is essential for initiating crystalline-induced lumi-
nescence emission. This observation highlights the presence of
active molecular motions in the solid state of these flexible [3]
radialene units, which are greatly suppressed in the porous
frameworks containing guest molecules, leading to significantly
higher luminescence efficiency in the crystalline state. These
sulfone-functionalized TTRO-based frameworks demonstrate
modifiable supramolecular porous structures featuring both
luminescence and absorption functionalization. This estab-
lishes a scientific foundation for the development of radialene-
based materials for use in sensing and solid-state optics.
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