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The development of a reliable and feasible strategy for constructing
organosulfur luminogens bearing good performance is highly desir-
able. Traditional organosulfur luminogens with large spin—orbit
coupling (SOC) always possess weak emission both in solution
and the solid state. Reducing SOC through an oxidation approach
to obtain robust fluorescent luminogens has been rarely explored.
In this study, we present dithieno[3,2-b:2’,3'-d]thiophene 4,4-
dioxide (DTTO) and its halogen-substituted derivatives possessing
robust deep blue fluorescence emission in THF and greenish
emission in the solid state. Furthermore, the developed DTTO and
its derivatives present aggregation-enhanced emission (AEE) beha-
vior. Single-crystal analyses reveal that upon oxidation, multiple
supramolecular interactions inhibit intramolecular motions of
DTTOs in the solid state and enhance the fluorescence intensity.
Additionally, density functional theory (DFT) calculations demon-
strate that negligible SOC of DTTOs suppresses rapid intersystem
crossing in the excited state and improves the radiative transition
rate. For this initial discovery, oxidation reduces SOC to boost
molecular fluorescence and provides a novel approach for devel-
oping luminescent organosulfur materials.

Introduction

Oxidation is a pervasive process in the universe, playing a
crucial role in the Big Bang," the evolution of matter,” aerobic
respiration® and so on. This reaction typically incorporates
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oxygen atoms into reactants or results in the loss of electrons,
leading to changes in valence states and molecular properties.
For example, sulfuric acid, an important industrial raw mate-
rial, is produced through the oxidation of sulfur ore. Addition-
ally, sulfoxide and sulfone oxidized from the sulfur atom serve
as functional groups in organic compounds and are widely utilized
in medicinal and materials chemistry.*® Furthermore, organosul-
fur compounds such as thiophene, thiazole, and their derivatives
have garnered significant attention in the fields of organic light-
emitting diodes (OLEDs),”® organic solar cells,'">** and organic
field-effect transistors (OFETs).”*"®> Commonly, organosulfur
luminogens exhibit weak or even quenched emission in both
solution and the solid state. This phenomenon is attributed to
the lone-pair electrons of (n, n*) effect and intrinsic heavy atom
effect on the sulfur atom.'® These effects make molecules with
large spin-orbit coupling (SOC) to facilitate rapid intersystem
crossing."” Consequently, researchers have designed and synthe-
sized molecules with large spin-orbit coupling to investigate
applications in room-temperature phosphorescence,'®>° quantum
computing,”* ™ topological insulators,”*>® and spintronics.>”>°
However, there is limited attention paid to reducing spin-orbital
coupling in organic luminogens with heteroatoms and heavy
atoms to obtain robust fluorescence emission. In order to chal-
lenge the conventional understanding of fluorescence quenching
induced by heavy atom substitution in luminescent materials, we
oxidized dithieno[3,2-b:2/,3'-d]thiophene (DTT)***' and its
halogen-substituted derivatives in dichloromethane (DCM) using
m-CPBA. Following oxidation, dithieno[3,2-b:2/,3"-d]thiophene 4,4-
dioxide (DTTO) displayed strong deep blue fluorescence in THF
solution and greenish emission in the solid state. Moreover,
DTTOs exhibit aggregation-enhanced emission (AEE) behaviors
with varying THF/H,O ratios. Furthermore, single crystal data
reveal that DTTOs exhibit m-n and numerous weak interactions
between adjacent molecules, which account for the AEE and
fluorescence quenching behavior in the aggregated state. Theore-
tical investigations indicate that DTTs possess large SOC between
the involved singlet and triplet states, which facilitates rapid
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Fig. 1 Strategy to achieve excellent fluorescence emission by oxidation
reaction. Representation of the excited-state decay pathways in DB-DTT
and DB-DTTO in the solution state, respectively.

intersystem crossing and leads to non-radiative decay. In contrast,
negligible SOC in DTTOs enhanced the radiative decay rate and
exhibited excellent fluorescence emission. For this strategy,
oxidation-reducing SOC in organosulfur molecules paves a new
pathway to obtain robust luminogens for guiding molecular

design (Fig. 1).

Results and discussion
Synthesis, characterization and photophysical properties

Herein, DTTO and its derivatives with different halogen-
substitutions, namely DC-DTTO, DB-DTTO and DI-DTTO, were
constructed through halogenation and oxidation of DTT.
Fig. 2A illustrates the synthetic route and molecular structures
of DTTs and DTTOs. The inset images show that DTTs hardly
emit in the solid state under UV lamp irradiation, whereas the
oxidized derivatives of DTTOs exhibit robust greenish fluores-
cence. The photophysical properties of the DTTOs are listed in
Table 1. The detailed synthetic routes and characterizations are
displayed in the ESL.{ In order to investigate their photophysi-
cal properties, the UV-visible spectra of the DTTs and DTTOs in
THF solution were measured, respectively. The absorption
peaks of DTT are located at 282, 291, and 304 nm, indicating
multiple electronic absorption transition states (Fig. 2B). This
phenomenon should be attributed to electron vibronic transi-
tion in an excited state, like anthracene and pyrene.**** Upon
respective incorporation of chlorine, bromine, and iodine
atoms at the o positions of DTT, the maximum absorption
wavelengths of the derivative redshifted about 25 nm. This is
attributed to the electron-donating conjugation effect of halo-
gen atoms, which should increase the electron cloud density of
DTT and reduce the absorption energy gap. Expectedly, upon
oxidation, DTTO’s absorption peak displayed a 47 nm redshift
compared to that of DTT, and multiple absorption peaks
disappeared. We propose that the sulfonyl group is a strong
electron-withdrawing center and the adjacent thiophene ring is
an electron donor; thus, strong intramolecular charge transfer
results in a decreased energy gap. Due to the electron-donating
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conjugation effect, iodine atom substituted DI-DTTO among
them has the maximum absorption peak at 384 nm with molar
absorptivity of 1.37 x 10" L (mol " em™"). Meanwhile, chlorine
or bromine-substituted DTTO have similar absorption peaks at
375 and 376 nm, respectively. For molecular states, as shown in
Fig. 2C, DTT hardly emits in THF solvent, but DTTO exhibits
robust deep blue fluorescence emission at 438 nm. Unexpect-
edly, halogen-substituted DTTOs also have excellent blue emis-
sion in solution as shown in Fig. S17 (ESIt). Furthermore, we
investigated the photophysical behavior of DTTOs with varied
THF/H,0 ratios (Fig. 2D). The emissive intensity of DI-DTTO
gradually improves as the water content increases, and this is
known as aggregation enhanced emission (AEE). However,
beyond the water fraction of 80%, the fluorescence intensity
suddenly decreases and the emissive wavelength redshifts
38 nm, which may be attributed to the solvent polarity increase
and intermolecular strong m-m interactions. However, com-
pared with erythrosin B, which is also a rigid structure with
iodine atoms, it displays typical aggregation caused quenching
(ACQ) in mixed THF/H,O solutions as shown in Fig. S18 (ESIt).
This demonstrates that rigid DI-DTTO has intriguing photo-
physical properties in the aggregated state. In contrast, the
other three DTTOs have similar photophysical behaviors at
different THF/H,O ratios and the emissive intensity is hardly
changed before 90% water fraction. In addition, the lifetimes
and quantum yields of the DTTOs in THF are displayed in
Fig. 2E and F. The lifetimes of the DTTOs were measured to be
9.59, 8.91, 8.16 and 2.69 ns, respectively, which determined that
radiative transition was in the fluorescence range. Moreover,
the planar rigid structures endow the DTTOs with high quan-
tum yields of 58.9, 79, 71, and 34.8% respectively in the single
molecular state. Thus, improving the emission intensity of
DTTs through oxidation should be an efficient strategy.

Single-crystal structural analysis

To further elucidate the relationship between molecular struc-
ture and photophysical properties, single crystals of DTTOs
grown from slow evaporation of DCM/hexane solution were
investigated. According to ref. 34, rigid planar DTT stacks in a
cofacial geometry with a n-m interaction distance of 3.938 A. In
contrast, DTTO also has a rigid configuration with two oxygen
atoms incorporated on the central sulfur and a stacked cofacial
geometry between adjacent molecules. Also, shorter n-n inter-
action distances (3.770 and 3.938 A) exist, suggesting that
DTTO has strong intramolecular charge transfer that increases
the intermolecular dipole-dipole interaction (Fig. 3A). Surpris-
ingly, halogen-substituted DTTO displayed parallel displaced
stacking geometry. Regarding this, we proposed that halogens
increase the electron cloud density on the thiophene ring,
which results in improved electrostatic repulsion and parallel
displacement happening. Moreover, the distances of n-r inter-
action become longer, especially in DI-DTTO (3.938, 3.946 and
4.183 A) due to the iodine atom with maximum electron cloud
density among them. Besides n-rn interaction, Fig. 3E shows DI-
DTTO with numerous supramolecular interactions among
neighboring molecules, such as S=O. -1, S=O---n, C-I- - -H,
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(A) Synthetic route and molecular structures of DTTO with halogen substitution. (B) UV-vis spectra of DTTs and DTTOs. (C) PL spectra of DTT and

DTTO in THF solution. (D) Plots between the ratio of //lg and water fraction in H,O/THF mixtures; o and / are the maximum PL intensity of DTTOs in pure
THF and in H,O/THF mixtures (concentration: 1 x 10> mol L™Y), respectively; inset: fluorescence photograph of DI-DTTO in pure THF and in 99% H,O/
THF mixtures taken under 365 nm UV irradiation. (E) Fluorescence lifetimes, and (F) fluorescence quantum yields of DTTOs in THF solutions.

Table 1 Photophysical properties of DTTOs

Aem (NM) ¢ (ns) o7 (%)
Compound Jabs” (nm) Soln.” Agg.” Solid Soln.* Solid Soln.” Solid & (x10%
DTTO 351 438 480 494 9.59 7.19 58.9 12.7 0.94
DC-DTTO 375 468 483 491 8.91 6.67 79 41.5 0.76
DB-DTTO 376 469 489 495 8.16 1.12 71 3.7 0.74
DI-DTTO 384 467 505 510 2.69 0.82 34.8 0.7 1.37

“ In THF solution (10~° M), & = molar absorptivity (L mol~* cm™%). ?

In 99% water fraction. ¢

Fluorescence lifetime, measured at room temperature

in air. ¢ Fluorescence quantum yield, determined by a calibrated integrating sphere.

C-I---m, and S=O- - -S. We firmly believe that DI-DTTO actually
has various stacking geometries in the aggregated state, such as
edge to face, parallel displaced, parallel stacked and so on.>*~’
Thus, when DI-DTTO formed aggregates with water, numerous
supramolecular interactions should inhibit molecular motions
and improve the radiative transition. This can account for the
pronounced AEE behavior of DI-DTTO before 80% water frac-
tion. The fluorescence intensity dramatically decreased with
water content further increasing; the strong m-n interactions
between adjacent DI-DTTO in a confined space can result in
emission quenching. For DTTO, DC-DTTO and DB-DTTO, they
exhibit subtle AEE behavior due to less supramolecular interac-
tions between neighboring molecules compared with DI-DTTO
(Fig. 3B-D). The trade-off between molecular motion restriction
and fluorescence quenching can happen with increased water, so
the emission intensity of them changes slightly before 90% water
fraction and suddenly quenches at 99%. The reason for their

This journal is © the Owner Societies 2025

aggregate quenching at high water fraction should be similar to
that for DI-DTTO.

Theory calculations

To deeply understand the photophysical properties of DTTs
and DTTOs, we conducted theoretical calculations for further
validation using the time-dependent density functional theory
(TD-DFT) method. Fig. 4 displays that the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are primarily delocalized on the whole molecular
skeleton of the DTTs and DTTOs. The energy gap between the
LUMO and HOMO in the DTTs decreased with increased mole-
cular weight of the halogen. This trend is consistent with
experimental absorption variation due to the halogen’s electron
donating conjugation effect. As anticipated, DTT exhibits a
relatively large spin-orbit coupling (SOC) of 0.595 cm ™" between
S, and T,, while SOC is generally below 0.1 cm~ " without heavy
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Fig. 3 (A) Adjacent molecular interaction geometries. Packing modes and
intermolecular interaction distances of (B) DTTO, (C) DC-DTTO, (D) DB-
DTTO and (E) DI-DTTO, respectively, in single-crystal X-ray diffraction
analysis, unit: A.

atoms.*® With halogen substitution, the values of SOC further
increased to 0.625, 0.852, and 1.896 cm ™ *. As we know, the SOC is
proportional to kst and the excited state can dissipate through
rapid intersystem crossing (ISC) resulting in fluorescence
quenching, which is known as the heavy atom effect. The heavy
atom effect and m-m interactions synergistically decide the
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non-emissive behavior of DTTs in solution and the solid state.
In contrast, the reduced energy gap between the LUMO and the
HOMO of the DTTOs corresponds to a redshift in the UV-Vis
spectra. Unexpectedly, due to the presence of heavy atoms in the
DTTOs, they exhibit negligible SOC to suppress the rapid ISC
process in the excited state. Thus, the enhanced radiative transi-
tion results in robust emission in the single molecular state. Due
to the presence of heavy atoms, we proposed that the delocalized
electron via them should facilitate spin and orbital coupling.*
However, the strong electron-withdrawing sulfone center causes
delocalized electron enrichment around it; the electrons via the
heavy atom should become less and lead to negligible SOC. Thus,
theoretical calculation explained the robust emission of DTTOs
in dilute solution.

Fluorescence encoding

Based on the phenomenon of fluorescence activation following
oxidation, we conducted a proof-of-concept study on fluores-
cence encoding and decoding using a 96-well plate, as illu-
strated in the schematic diagram in Fig. 5A. A solution of DC-
DTT in DCM solvent was employed as the encoding precursor,
which was added to the designated wells, while an equal
volume of DCM was added to the remaining wells. Unsurpris-
ingly, no information was visible under a UV lamp. Subse-
quently, a solution of m-CPBA in DCM was added to all wells,
resulting in the turn on of the fluorescence under UV light
immediately.

As shown in Fig. 5B, after writing information on the blank
96-well plate, no observable information was present under UV
light. Upon the addition of the m-CPBA solution to each well,
fluorescence appeared immediately, facilitating information
reading. This method allows for the representation of letters
such as “NB,” numbers like “87,” the Chinese character
“la]Jq,” and the symbol for Sagittarius, demonstrating that
information input and reading can be achieved through a
pixel-like design. Furthermore, we can define the fluorescent-
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G | .
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Fig. 4 Frontier molecular orbitals, adiabatic excitation energies for S; and T,, (n > 1) states, and associated SOC matrix elements of (A) DTT and DTTO,
(B) DC-DTT and DC-DTTO, (C) DB-DTT and DB-DTTO, (D) DI-DTT and DI-DTTO.
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Fig. 5 (A) A schematic diagram of the “writing” and “reading” process. (B)
Encoding scheme of English letters, numbers, images, and Chinese char-
acters. (C) Encoding scheme for storage of data for ASCII characters.

off state as “0” and the fluorescent-on state as ““1,” integrating
this phenomenon with binary encoding. Each ASCII character
corresponds to a unique binary code, thereby facilitating infor-
mation input and reading, as well as information anti-
counterfeiting. For instance, within the white dashed area of
the 96-well plate, a 5 x 8 array utilizes the m-CPBA DCM
solution as a reading agent. Under UV light, the corresponding
binary information can be read, with the first row’s binary
representation being ‘“01010000,” which corresponds to the
character “P,” thus enabling the reading of the information
“PEACE”. This indicates that there is a conceptual application
in fluorescence encoding and decoding.

Conclusions

In conclusion, dithieno[3,2-b:2",3-d|thiophene 4,4-dioxide
(DTTO) and its halogen-substituted derivatives were synthe-
sized based on an oxidation strategy to provide robust emis-
sion. Obvious redshift could be detected for DTTO derivatives
in both adsorption and emission, along with the increase in
molecular weight of the halogen due to the electron-donating
conjugation effect. Additionally, DTTOs displayed robust deep
blue emission in THF and pronounced AEE behavior with the
formation of aggregates. Single-crystal data reveal that multiple
supramolecular interactions suppress intramolecular motion
upon aggregation to improve the emission intensity and strong
n-7 interactions. Moreover, theoretical investigations indicate
that DTTOs possess negligible SOC, which suppresses rapid
intersystem crossing in the excited state and results in high
quantum yield in the single molecular state. Thus, the strategy

This journal is © the Owner Societies 2025
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of reducing SOC through oxidation presents a novel approach
for designing organosulfur luminogens with high quantum
yields.
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