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Introduction

Dithiafulvenyl-substituted
triazolobenzothiadiazines as a new family of
multifunctional chromophores

Fatemeh Salami, (22 Kaijie Ni, (2 *° Hojat Farshi,® Bing Chen® and Yuming Zhao () *®
This work investigates a new class of organic n-chromophores which contain an electron-donating 1,4-
dithiafulvenyl group in conjugation with an electron-withdrawing 8H-benzole](1,2 4ltriazolo[3,4-b][1,3,4]-
thiadiazin-8-one core in their molecular structures. The synthesis of these compounds used a phosphite-
promoted olefination reaction as a key step, through which 1,3-dithiole-2-thione was reacted with
corresponding benzotriazolothiadiazinone counterparts to form a flat polycyclic m-framework, allowing
electron push—pull effects to occur. The resulting donor—acceptor chromophores were found to exhibit sig-
nificant intramolecular charge-transfer (ICT) properties, giving strong absorption in the visible region of the
spectrum. The triazolyl unit in these molecules can be protonated by strong acids to show enhanced ICT
effects, while electrochemical analysis revealed that these compounds possess amphoteric behavior with
tunable band gaps (ca. 1.3-1.4 eV) and are potentially useful organic semiconductors. We also demonstrated
that this type of chromophore can be readily functionalized on the surface of TiO, nanoparticles without
losing absorption performance. Finally, the dithiafulvenyl group incorporated in the molecular structure was
found to enhance antibacterial activity, rendering the chromophores potential candidates for antibacterial/
antimicrobial coatings.

bridges.”>® This molecular architecture provides exceptional
tunability of electronic and optical properties, facilitating the

Organic dyes and pigments constitute a vital class of industrial
products with extensive applications across numerous scienti-
fic and engineering disciplines."™ In materials science, these
compounds serve as active components in various optoelectro-
nic devices, including chemical sensors,”” dye-sensitized solar
cells (DSSCs),>'° optical data storage systems,"' photocatalytic
assemblies,"** organic light-emitting diodes (OLEDs),">™’
and field-effect transistors (FETs)."®'® In the biomedical field,
functional organic dyes enable advanced diagnostic and ther-
anostic techniques, such as photodynamic therapy,® photo-
thermal therapy,”"** and imaging-guided phototherapy.>*>* A
prevalent design strategy for such functional dyes is based on the
electron donor-acceptor (push-pull) concept. This approach
involves integrating electron-donating (D) and electron-accepting
(A) groups within a molecular framework via m-conjugated
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development of chromophores and fluorophores that absorb
and/or emit in the visible to near-infrared (Vis-NIR) spectral
region. Consequently, push-pull organic dyes exhibiting pro-
nounced intramolecular charge-transfer (ICT) characteristics are
increasingly prominent in contemporary research on organic
optoelectronic materials and devices.**™*

1,4-Dithiafulvene (DTF) is a five-membered heterocycle that
functions as a versatile organic n-donor for constructing advanced
optoelectronic materials.**” A notable feature of DTF is its
proaromatic character, which imparts aromatic stabilization to
its oxidized state (Fig. 1A). This property underpins the excellent
redox activity observed in numerous DTF-containing n-systems.**
When conjugated with a m-acceptor, DTF can form an effective
push-pull molecular system, enhancing n-electron delocalization
across the donor-acceptor framework. Fig. 1B illustrates repre-
sentative push—-pull chromophores featuring a DTF-n-A motif. In
these structures, a para-quinodimethane (p-QDM) unit serves as a
non-aromatic m-bridge linking the donor and acceptor groups.
The resonance scheme in Fig. 1B reveals the origin of the favored
n-delocalization; that is, one of the n-delocalized resonance con-
tributors exhibits double aromaticity.

In the literature, ketone, cyanoimine, malononitrile, and
barbituric-type units have been employed as m-acceptors
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Fig. 1 (A) Single-electron transfer of DTF. (B) Representative push—pull

systems with a DTF donor in conjugation with an electron-accepting
group through a p-quinodimethane (p-QDM) linkage. (C) Our designed
push—pull motif where a DTF group is conjugated with an aza-quinone
methide group. (D) Our target DTF-BTTD chromophores and their
retrosynthesis.

conjugated with DTF to generate push-pull organic chromo-
phores.*®*! In contrast, imines (Schiff bases) remain relatively
unexplored in this context, despite being a versatile class of
molecular building blocks. Imines are readily accessible via
simple condensation reactions and can be easily modified
through interactions with acids or metal ions. They impart
structural, chemical, and photochemical functionalities valu-
able for diverse molecular materials, including functional
ligands, receptors, catalysts, molecular cages, and covalent
organic frameworks (COFs).*>*” In organic dyes, the imine
unit has frequently been utilized for n-extension and to
enhance electronic communication.*®*™"

In this work, we developed a new class of push—pull organic
chromophores based on DTF (as donor) and imine-containing
heterocycles (as acceptors). Fig. 1C illustrates our designed -
conjugated framework, which integrates a DTF group and an
imine group via a quinoid n-bridge.”* To ensure stability for
material applications-addressing the susceptibility of simple
imines to nucleophilic attack (e.g., hydrolysis) and facile E/Z
isomerization-we embedded the imine (C—=N) bond within a
n-heterocycle. A survey of the literature led us to an interesting
yet underdeveloped heterocyclic system: 8H-benzo[e][1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazin-8-one (herein abbreviated as
BTTD). This heterocyclic scaffold can be conveniently prepared
via a high-yielding condensation approach. First reported in the
early 1990s,”*>* the BTTD scaffold was not recognized as useful
for materials science until a recent machine learning (ML)-
aided synthetic study by Jensen et al.>® In that work, 44 BTTD
derivatives were predicted by ML generative algorithms as
unprecedented dye-like molecules and subsequently synthe-
sized using an automated design-make-test-analyze (DMTA)
platform.

Particularly attractive to us is the potential to extend the
BTTD scaffold into a DTF-BTTD system containing the desired
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DTF-imine push-pull motif. As shown in Fig. 1D, the DTF-
BTTD system can be synthesized via an olefination reaction
between BTTD and 1,3-dithiole-2-thione (DTT).*® This molecu-
lar architecture represents a significant advancement in chro-
mophore design, offering a versatile platform that integrates
multiple functionalities. First, the interplay between the DTT
donor and the BTTD acceptor promotes strong intramolecular
charge transfer (ICT), enhancing absorptivity in the visible to
near-infrared (Vis-NIR) region. Second, the versatile reactivity
and inherent pharmacological properties of the BTTD motif
provide opportunities for flexible tunability, ligand perfor-
mance, and specific biological activities. These combined prop-
erties are advantageous for advanced optoelectronic and
biomedical applications. We herein report a comprehensive
study of a series of DTF-BTTD derivatives as new multifunc-
tional organic chromophores, encompassing their synthesis,
chemical properties, visible-light absorption, interactions with
acids and metal oxide nanoparticles, and biological activities.

Results and discussion
Synthesis of DTF-BTTD chromophores

Our synthesis of DTF-BTTD compounds commenced with the
preparation of a series of 4-amino-4H-1,2,4-triazole-3-thiol deri-
vatives (1a-h, Scheme 1) according to reported procedures.’*”*
In these structures, the 5-position of the triazole ring bears a
phenyl or substituted phenyl group. Compounds 1a-h were
condensed with 1,4-benzoquinone in ethanol to afford the
corresponding BTTD derivatives 2a-h in good yields (80-
95%). Subsequent olefination of compounds 2a-h with 1,3-
dithiole-2-thione (3)°”°® in the presence of excess triethyl
phosphite (P(OEt);) at 90 °C yielded the target DTF-BTTD
compounds 4a-h in moderate to good yields (62-74%). Overall,
this synthetic route is concise, high-yielding, and readily
scalable.

S
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Scheme 1 Synthesis of DTF-BTTD chromophores 4a—h.
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Scheme 2 Synthesis of dithiole-substituted DTF-BTTD derivatives 5a—e.

During some of the olefination reactions described above,
an unexpected byproduct was observed. Careful silica gel
column chromatography enabled the isolation of these bypro-
ducts in pure form, and their structures were identified as DTF-
BTTD derivatives 5 (Scheme 2). These compounds arise from a
substitution reaction that attaches an additional 1,3-dithiole
group to the benzo unit of the DTF-BTTD framework. The
formation of this byproduct was more prominent when reac-
tant 3 was not thoroughly purified after its synthesis. Given that
the preparation of 3 involves zinc salts as precursors,” we
hypothesized that residual zinc(u) in the olefination reaction
promoted a subsequent substitution step. To test this hypoth-
esis, we conducted olefination reactions between 2a—e and 3 in
the presence of varying amounts of zinc iodide and water. The
optimal conditions for producing the dithiole-substituted
DTF-BTTD compounds were achieved using zinc(u) iodide
(10 mol%) and water (ca. 200 equiv.). Under these conditions,
we successfully synthesized dithiole-substituted DTF-BTTD
derivatives 5a-e as the major products in satisfactory yields
(56-63%, Scheme 2).

Scheme 3 outlines a proposed mechanism for the substitu-
tion reaction on the DTF-BTTD substrate. In this pathway, 1,3-
dithiole-2-thione (3) first reacts with P(OEt); in the presence of
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Scheme 3 Proposed mechanism for the formation of dithiole-

substituted DTF-BTTDs.
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Znl, and water to generate a dithiolium intermediate (IM-1).
Within the DTF-BTTD structure, the carbon atom at the f-
position relative to the DTF group is electron-rich and nucleo-
philic due to resonance effects. This activated B-carbon attacks
the electrophilic dithiolium cation IM-1 in a straightforward
addition step, forming intermediate IM-2. A final, facile depro-
tonation then affords the dithiole-substituted product 5. This
unexpected synthetic outcome can be attributed to the pro-
nounced intramolecular charge transfer (ICT) between the DTF
and BTTD units, which significantly enhances the nucleophili-
city of the benzo ring in the BTTD moiety.

X-ray structural properties of DTF-BTTD derivatives

The molecular structures of DTF-BTTD derivatives 4a-h and 5a-
e were confirmed by NMR, IR, and MS analyses (see the
supplementary information (SI) for details). All these com-
pounds exhibit good solubility in chlorinated solvents (e.g.,
CH,Cl, and CHCl;) and dipolar aprotic organic solvents (e.g.,
acetone, acetonitrile, DMF, and DMSO). During purification,
single crystals suitable for X-ray diffraction analysis were
obtained for several derivatives. Single-crystal X-ray diffraction
(SCXRD) analyses were subsequently performed to unambigu-
ously determine their molecular structures and elucidate their
packing arrangements in the solid state.

Fig. 2 shows the molecular structures of 4a-c, 4h, and 5c,
with selected geometric parameters provided in Table 1 for
comparative analysis. The structure of 4a (Fig. 2A) reveals a
nearly coplanar arrangement between the DTF ring and the
BTTD moiety, a geometry that facilitates n-electron delocaliza-
tion across the entire conjugated framework. In contrast, the
phenyl group attached to the triazole unit is rotated out of the
BTTD plane by a torsion angle of 16.9°. For other DTF-BTTD
derivatives bearing different substituents on the phenyl ring,
the core DTF-BTTD structure shows minimal variation com-
pared to 4a (Table 1), indicating that substituent effects on the
molecular geometry are negligible. The torsion angles between
the phenyl rings and their respective BTTD units, however, vary
among these compounds. Notably, compound 4h features an
intramolecular hydrogen bond between the ortho-hydroxy
group and the N3 atom of the triazole ring, with an N3---H1
distance of 1.86 A and an N3.---H1-O1 angle of 146.1° (see
Fig. 2E for atomic labeling). This interaction enforces copla-
narity between the phenyl ring and the BTTD unit in 4h.

Single crystals were also obtained upon protonation of
compound 4b with trifluoroacetic acid (TFA). Fig. 2C shows
the molecular structure of the resulting [4b + H]" salt, confirm-
ing protonation at the N3 position of the triazole unit. The
triazolium cation co-crystallizes with a trifluoroacetate counter-
ion and a neutral TFA molecule. This structure clearly demon-
strates that the N3 site of 4b is more basic than other nitrogen
atoms in the BTTD framework, rendering it more susceptible to
interaction with acidic species. Following protonation, the
anisole group of 4b adopts a more coplanar orientation relative
to the BTTD unit compared to the neutral molecule. This
conformation facilitates n-electron delocalization between the
anisole (donor) and triazolium (acceptor) rings.
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Fig. 2 ORTEP drawings (at 50% ellipsoid probability) of the molecular structures of (A) 4a, (B) 4b, (C) [4b + H*][CF;COO], (D) 4c, (E) 4h, and (F) 5c.

Table 1 Selected bond lengths (in A) and torsion angles (¢, in deg) for 4a,
4b, [4b + H*], 4c, 4h, 5¢, and 6

Entry 4a 4b [4b+H'] 4c 4h 5¢ 6
C1-C2 139 140 1.39 1.39 139 140  1.39
C2-C3 143 143 142 144 143 143 143
C3-C4 135 135 1.38 1.36 135 135  1.34
C4-C5 144 144 142 144 144 145 144
C5-C6 145 145 1.44 145 145 146 142
C6-C7 136 136 1.38 1.37 136 136  1.37
C7-C2 144 143 141 143 143 142 143
C5-N1 132 1.31 133 132 132 131 131
C6-s1 177 176 177 1.77 177 177 177
®° 169 291 36 3.9 103 72 105

“ ¢ is the torsion angle across N2-C9-C10-C11.

The X-ray structure of the dithiole-substituted derivative 5¢
is shown in Fig. 2F. Its m-conjugated backbone exhibits a
geometry very similar to that of the other DTF-BTTD systems
(Table 1). The dithiole ring attached at the C4 position experi-
ences minimal steric clash with neighboring groups and con-
sequently has little influence on the conformation or =-
conjugation of the DTF-BTTD core. In the solid state, however,
the dithiole group facilitates intermolecular N- - -S interactions,
promoting a slipped face-to-face stacking arrangement in the
crystal structure of 5c.

During attempts to grow single crystals of compound 4d by
antisolvent vapor diffusion using ethanol, X-ray analysis of the
resulting crystals surprisingly revealed the structure of a new
compound, 6 (Fig. 3A). In 6, an ethoxy group is bonded to the
benzo moiety of BTTD at the C7 position. The formation of 6
under these crystallization conditions can be rationalized by
the mechanism outlined in Fig. 3B. We propose that the
electron-withdrawing trifluoromethyl (CF;) group in 4d, com-
bined with trace acids in solution, enhances the electrophilicity
of the substrate. Ethanol then acts as a nucleophile, attacking
4d via a conjugate addition. The observed regioselectivity is
attributed to favorable hydrogen bonding between the ethanol
proton and a sulfur atom in the thiadiazine unit. This addition
yields intermediate IM-3, which is subsequently oxidized by
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Fig. 3 (A) ORTEP drawing (at 50% ellipsoid probability) of the molecular
structure of compound 6. (B) Proposed mechanism for the formation of 6.

ambient oxygen to afford the ethoxy-substituted product 6.
Similar to 5¢, the n-conjugated backbone of 6 shows minimal
geometric deviation from other DTF-BTTD structures (Table 1).

Crystal packing properties of DTF-BTTD derivatives

X-ray analysis reveals that all DTF-BTTD derivatives possess a
planar m-conjugated skeleton and extended flat m-surfaces,
structural features that favor intermolecular n-stacking in the
solid state. The detailed m-stacking motifs observed in their
single-crystal structures are summarized in Fig. 4. These com-
pounds generally pack with either parallel or antiparallel
molecular orientations. As shown in Fig. 4A, molecules of 4a
adopt an ordered parallel arrangement with a significant tilt
angle of approximately 45°. Adjacent molecules exhibit a close

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 4 Various n-stacking modes observed in the crystal structures of (A) 4a, (B) 4b, (C) [4b + H*][CFzCOO™], (D) 4c, (E) 4h, (F) 5¢, and (G) 6. Selected
interatomic distances are indicated in A and hydrogen atoms are omitted for clarity.

C---C contact of 3.37 A, indicative of efficient n-stacking. In
contrast, compound 4b crystallizes in an antiparallel arrange-
ment (Fig. 4B), where neighboring molecules engage through
intermolecular C---S contacts at a distance of 3.41 A. Interest-
ingly, protonation of 4b with TFA switches the n-stacking mode
to a parallel orientation (Fig. 4C). Similar to 4a, the [4b + H]"
cations pack in parallel with a tilt angle of 45°, exhibiting
intimate intermolecular C- - -C contacts of 3.38 A.

The tolyl-substituted derivative 4c also packs in an antipar-
allel fashion, but with a relatively small tilt angle of approxi-
mately 20° (Fig. 4D). Its molecules form a slipped n-stack,
characterized by intermolecular C---S contacts at a distance
of 3.50 A. In contrast, compound 4h adopts an antiparallel
packing mode with a very small tilt angle (Fig. 4E). The
intermolecular separation between adjacent molecules ranges
from 3.7 to 3.8 A. This distance is slightly greater than the van
der Waals diameter of carbon, indicating a relatively loose face-
to-face m-stacking interaction.

Compound 5c exhibits antiparallel n-stacking with a tilt
angle of approximately 32° (Fig. 4F). The attachment of a
dithiole ring to the edge of the planar n-framework does not
disrupt face-to-face m-stacking. Instead, the dithiole ring facil-
itates the ordered packing by engaging in an intermolecular
N---S contact (3.15 A) between one of its sulfur atoms and a
triazolyl nitrogen atom on an adjacent molecule. Furthermore,
within the planar n-framework, a sulfur atom of the thiadiazine
unit interacts with a benzo carbon of a neighboring molecule at
a distance of 4.37 A.

In contrast to the other derivatives, the crystal structure of 6
lacks the extended m-stacks described above. Instead, its unit
cell contains a discrete n-dimer, where a pair of molecules
adopt a parallel, face-to-face arrangement (Fig. 4G). Within this
dimer, adjacent molecules exhibit a close F- - -F contact (2.83 A)
and an intimate C- - -S interaction (3.45 A). The distinct packing
behavior of 6 likely stems from the electron-withdrawing effect
of its CF; substituent. Collectively, the diverse n-stacking motifs
observed in these single-crystal structures demonstrate that the
phenyl substituent on the DTF-BTTD n-framework serves as a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

handle for the bottom-up control of crystal packing. A deeper
understanding of these substituent effects is valuable for the
crystal engineering of DTF-BTTD-based organic electronic
materials.

Electronic absorption properties of DTF-BTTD chromophores

The electronic absorption properties of the synthesized DTF-
BTTD chromophores 4a-h were investigated using UV-Vis
spectroscopy and time-dependent density functional theory
(TD-DFT) calculations. Their UV-Vis absorption spectra in
CH,Cl, at room temperature are shown in Fig. 5A and detailed
absorption data are summarized in Table S1, SI. All compounds
exhibit a similar broad absorption band between 450 and
650 nm. The strong absorbance in this visible region accounts
for the purple color of their solutions. It is noteworthy that the
molar absorptivities (¢) of our DTF-BTTD chromophores 4a-h
exceed 10° M™' em ™' in terms of their low-energy absorption
bands. For context, this value significantly surpasses those of
typical Ru-based DSSC sensitizers such as N719 dye (¢ ~ 1.42 X
10* M~' em™" at 534 nm)*® and conventional triphenylamine-
based organic push-pull dyes (2-5 x 10* M~' em™"),%* and is
greater than the established high-absorptivity dye classes
including squaraines (1-3 x 10> M~' em™")*" and cyanines
(1-2.5 x 10° M~ " em ™ ").®> The combination of broad visible-
region coverage (450-650 nm) and exceptionally high absorp-
tivity makes the DTF-BTTD scaffold a promising candidate for
light-harvesting applications requiring thin active layers.

To understand the origin of this low-energy band, TD-DFT
calculations were performed on compound 4c as a representa-
tive model. The simulated spectrum (in vacuo) predicts the
lowest-energy absorption at 451 nm, arising primarily from a
HOMO — LUMO transition (98% contribution) (Fig. 5B). As
shown in Fig. 5C, both the HOMO and LUMO of 4c are -
orbitals delocalized across the DTF and BTTD moieties, with
negligible contribution from the tolyl substituent. The near-
identical experimental low-energy bands for 4a-h confirm that
the appended phenyl group has little influence on these
frontier orbitals. According to the TD-DFT calculation, the
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(A) Normalized UV-Vis absorption spectra of DTF-BTTDs 4a—h measured in CH,Cl, at room temperature. (B) TD-DFT simulated UV-Vis spectrum

of theory. (C) Plots of the frontier molecular orbitals (isovalue = 0.03 au) of 4¢c

that contribute to the low-energy absorption bands in its UV-Vis spectrum.

second lowest-energy absorption for 4c appears at 361 nm and
originates mainly from a H-1 — LUMO transition (85%
contribution). The H—1 orbital is localized predominantly on
the triazole and tolyl groups (Fig. 5C). This indicates that the
appended phenyl group in 4a-h can effectively modulate
absorption in the higher-energy spectral region (ca. 300-
400 nm). Overall, the TD-DFT simulated spectrum of 4c agrees
well with the experimental data in terms of the relative posi-
tions and intensities of the major absorption bands.

Our DFT calculations indicate that the HOMO — LUMO
transition has strong intramolecular charge-transfer (ICT) char-
acter, suggesting that the DTF-BTTD compounds should exhi-
bit solvatochromism.®*®* To investigate this, the UV-Vis
absorption spectra of compound 4c were measured in various
organic solvents (Fig. 6A). The results confirm that the low-
energy absorption maximum is solvent-dependent.

To quantify the solvatochromic effect, the transition ener-
gies (E.p,s) were correlated with the E;(30) solvent polarity
scale.®” The E(30) scale was chosen for its broad parameter
set and sensitivity to both specific and non-specific solvent
interactions. As shown in Fig. 6B, two distinct linear correla-
tions are observed. The first correlation includes hexane,
diethyl ether, ethyl acetate, acetonitrile, isopropanol, and etha-
nol. The second includes toluene, THF, chloroform, DMF, and
DMSO. The result for methanol is an outlier and does not fit
either trend. In general, more polar solvents induce a greater
redshift in the absorption maximum. The origin of the two
linear correlations is not yet clear and requires further study;
however, their existence suggests two distinct solvation modes
for 4c¢ in different organic media. Given that one group consists
primarily of oxygenated solvents, specific interactions such as
hydrogen bonding or O---N and O- - -S contacts may contribute
significantly to the solvatochromic shifts, in addition to general
solvent polarity effects.

X-ray analysis confirmed that the DTF-BTTD structure can
be protonated by TFA at the triazolyl unit to form a stable salt.
We therefore anticipated that the DTF-BTTD system would
exhibit acidochromism in solution. To investigate this, UV-Vis
titrations of 4c with TFA were performed (Fig. 7).

Mater. Chem. Front.

toluene|
| (A MeOH
1o (A) - MeCN
i-PrOH
o 08} — hexane
2 EtOH
B EtOAc
N 0.6 — Et,0
2 —— DMSO
S 04 DMF
z CHCl,
THF
0.2
0.0 T T T T — —
450 500 550 600 650 700
Wavelength(nm)
55| (B) OMeOH
EtOH
~50F
5
E 45t
©
2
S 40r
Q
~
Wast
Tolueneo
30l @ Hexane
177 180 183 186 189 1.92
E.ps (x 104 cm™)

Fig. 6 (A) UV-Vis absorption spectra of 4c measured in different organic
solvents. (B) Correlation plots of maximum absorption energy (E,ps) against
the solvent scale E+(30).

The titration revealed two distinct stages of spectral change
in the long-wavelength region. In the first stage (0.0 to 43.1
molar equivalents of TFA), the low-energy absorption band at
549 nm gradually shifted to 578 nm, with a slight increase in
intensity (Fig. 7A). In the second stage (up to 234.7 molar
equivalents), this band continued to redshift, and a shoulder
at 634 nm gradually emerged (Fig. 7B). The enhancement,
rather than attenuation, of absorbance upon protonation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 7 UV-Vis spectral analysis monitoring the titration of 4c (5.08 x 107>
M in CH,Cly) with TFA: (A) addition of TFA from 0.0 to 43.1 mole equiv., and
(B) addition of TFA from 47.9 to 234.7 mole equiv. Arrows indicate the
trend of spectral change with increasing TFA addition. Inset: Photographic
image of the solutions of 4c with varying amounts of TFA.

demonstrates excellent acid tolerance. The two distinct spectral
stages suggest that 4c undergoes consecutive protonation to
form mono- and diprotonated species. Based on the X-ray
structure of [4b + H'][CF;CO0], the first protonation likely
occurs at the N3 position of the triazolyl unit. The site of the
second protonation remains unclear. Overall, protonation of
the DTF-BTTD framework strengthens the donor-acceptor
interaction between the DTF and BTTD units, resulting in a
redshifted and intensified absorption in the visible region.

To probe the solution-phase properties of protonated DTF-
BTTD, a "H NMR titration of 4¢ was performed in CDCI; (Fig. 8).
During the titration, two benzo protons of the BTTD unit (Hb
and Hc) shifted significantly downfield, while the third
benzo proton (Ha) remained largely unaffected. This result
confirms that protonation occurs predominantly at the triazolyl
group. Protonation at this site significantly reduces the electron
density at the carbon atoms bearing Hb and Hc through
conjugation, explaining their pronounced downfield shifts.
Protonation at the thiadiazine ring can be ruled out, as this
would be expected to cause a more substantial shift in the Ha
signal. The NMR data further indicate that the benzo unit
becomes more electron-deficient upon protonation, thereby
enhancing its donor-acceptor interaction with the DTF group.
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This interpretation is consistent with the redshift observed in
the UV-Vis titration experiment.

Electrochemical properties of DTF-BTTD chromophores

To characterize the redox properties of the DTF-BTTD frame-
work, cyclic voltammetry (CV) was first performed on com-
pound 4a. The phenyl appendage in 4a exerts minimal
electronic influence on the core DTF-BTTD n-system; therefore,
its CV response primarily reflects the intrinsic redox activity of
the DTF-BTTD unit.

The CV profiles of 4a in the positive and negative potential
windows are shown in Fig. 9A and B, respectively. In the
positive window, the first anodic scan exhibits a well-defined
oxidation peak at +1.01 V, which is reasonably assigned to the
one-electron oxidation of the DTF moiety to form a radical
cation. The subsequent cathodic scan shows a significant
reduction peak at +0.97 V. This reduction peak is attributed
to a species generated by a follow-up chemical reaction of the
initially formed radical cation. This interpretation is supported
by the evolution of the voltammogram in subsequent cycles: the
original oxidation peak at +1.01 V disappears, and a new anodic
peak emerges at +1.44 V in the second and third scans.

In contrast to 4a, the voltammograms of 5a do not exhibit
the characteristic features of an EC (electrochemical-chemical)
process. This difference in reactivity is likely due to the struc-
tural modification in 5a, where the site § to the DTF group is
incorporated into a dithiole ring. As shown in Fig. 9C, the first
anodic scan displays two oxidation peaks at +1.14 V and
+1.62 V, assigned to the sequential one-electron oxidations of
the DTF and dithiole groups, respectively. In subsequent cycles,
the first peak (DTF oxidation) disappears, while the second
peak (dithiole oxidation) persists. No significant reduction
peaks are observed in the corresponding cathodic scans. This
irreversible electrochemical behavior suggests that facile

Mater. Chem. Front.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qm00098c

Open Access Article. Published on 09 June 2026. Downloaded on 6/18/2026 2:09:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

250
50 | (A) +0.97V (B)
200
0
—~ ~150
é 50 3 150V
£ £ 100 086V 15
£ -100 5
(&) O 50
-150 —— 1st cycle —— 1stcycle
——2nd cycle 0 2nd cycle
-200 —— 3rd cycle —— 3rd cycle
L L L I 1 _50 1 1 1 1 1 1
20 1.5 1.0 0.5 0.0 00 -05 -1.0 -15 -20 -25
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
100 150} (D)
0 110y 132V
z z 100 079V -
S-100 k :
< €
o
£ -200 § 50
o O
-300 —— 1stcycle 0 —— 1stcycle
2nd cycle ——2nd cycle
-400 —— 3rd cycle —— 3rd cycle
25 20 15 10 05 00 0.0 -05 -10 -15 =20

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Fig. 9 Cyclic voltammograms of compound 4a scanned in (A) the posi-
tive and (B) negative potential windows, respectively. Cyclic voltammo-
grams of compound 5a scanned in (C) the positive and (D) negative
potential windows, respectively. CV experimental conditions: BusNPFg
(0.1 M) as the electrolyte, glassy carbon as the working electrode, Ag/AgCl
as the reference electrode, Pt wire as the counter electrode, CH,Cl, as the
solvent, and scan rate = 0.20 V s~*. Arrows indicate the directions of initial
scans.

chemical reactions follow the initial oxidation of the DTF
moiety. A detailed mechanistic understanding of these redox
pathways will require further investigation.

In the negative potential window, the cyclic voltammograms
of 4a exhibit three irreversible reduction peaks at —0.86 V,
—1.15 V, and —1.50 V (Fig. 9B). In contrast to the behavior in
the positive window, these voltammograms remain unchanged
over multiple scan cycles. The three peaks are assigned to
sequential one-electron reductions of the BTTD unit. Similar
reduction patterns are observed for 5a, although the peak
potentials are slightly shifted relative to those of 4a.

To investigate the substituent effects of the appended phe-
nyl group on the redox activity of DTF-BTTD derivatives, we
selected compounds 4b and 4d for CV analysis. These com-
pounds feature a strong electron-donating group (OMe) and an
electron-withdrawing group (CF3), respectively, on the phenyl
ring. The cyclic voltammogram of 4b in the positive potential
window (Fig. 10A) exhibits significant EC features similar to
those of 4a. The first anodic scan shows a distinct oxidation
peak at +0.95 V. The corresponding reverse scan reveals two
reduction peaks at +1.45 V and +1.08 V. By the third cycle, the
initial oxidation peak at +0.95 V has nearly vanished, and a new
oxidation peak is clearly present at +1.56 V. In contrast to 4a,
the cathodic peaks in the reverse scans of 4b also diminish
progressively. This behavior suggests that the oxidized
product(s) of 4b undergo further chemical reactions, likely
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Fig. 10 Cyclic voltammograms of compound 4b scanned in (A) the
positive and (B) negative potential windows, respectively. Cyclic voltam-
mograms of compound 4c¢ scanned in (C) the positive and (D) negative
potential windows, respectively. CV experimental conditions: BusNPFg
(0.1 M) as the electrolyte, glassy carbon as the working electrode, Ag/AgCl
as the reference electrode, Pt wire as the counter electrode, CH,Cl, as the
solvent, and scan rate = 0.20 V s~%. Arrows indicate the directions of initial
scans.

involving the activated anisole group, leading to irreversible
electrochemical features.

The CF;-substituted derivative 4d exhibits markedly differ-
ent voltammetric behavior in the positive potential window
(Fig. 10C). The first cycle shows two oxidation peaks at +1.01 V
and +1.38 V, with corresponding reduction peaks at +0.57 V and
+1.03 V. In subsequent cycles, the first oxidation peak (+1.01 V)
disappears, while the other peaks persist. Although a detailed
electrochemical mechanism remains unclear, these results
clearly demonstrate that the substituent on the phenyl ring of
the DTF-BTTD framework can significantly modulate its redox
activity in the positive potential window.

In the negative potential window, both 4b and 4d exhibit
similar irreversible reduction profiles, with two cathodic peaks
at —0.73 Vand —1.08 V for 4b and —0.68 V and —1.00 V for 4d.
The potentials for the electron-donating derivative 4b are
slightly shifted cathodically relative to those for the electron-
withdrawing derivative 4d, indicating that the appended phenyl
group exerts only a weak influence on the reduction potentials.
In summary, the electrochemical redox properties of DTF-BTTD
derivatives are highly sensitive to repeated scanning in the
positive potential window. In contrast, the reduction features in
the negative window show minimal variation. Detailed CV data
for the remaining DTF-BTTD derivatives are provided in the SI
(Fig. S31-S35).

The cyclic voltammograms measured in the positive and
negative potential windows were used to determine the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Table 2 Summary of the first oxidation and reduction potentials (in V) and
electrochemical band gaps (Eg, in eV) for 4a—h

Entry EL, Elg Ey

4a +0.773 —0.619 1.392
4b +0.771 —0.606 1.377
4c +0.756 —0.597 1.353
ad +0.779 —0.556 1.335
4e +0.740 —0.575 1.315
af +0.728 —0.688 1.416
ag +0.780 —0.594 1.374
4h +0.781 —0.588 1.369

electrochemical band gaps (E;) of these compounds. The E, was
calculated as the difference between the onset potential of the
first oxidation (E.) and the onset potential of the first
reduction (Er4) from the first CV cycle. As listed in Table 2,
the DTF-BTTD compounds 4a-h exhibit band gaps ranging
from 1.315 eV to 1.416 eV. This narrow range indicates that
attaching various substituents to the phenyl group only slightly
adjusts the band gaps, which is consistent with the relatively
weak substitution effects observed in the UV-Vis analysis. This
behavior reflects a limited ability to tune the electronic band
gaps of the DTF-BTTD chromophores by modifying the phenyl
appendage. Conversely, it suggests that the DTF-BTTD chromo-
phores are tolerant to structural modifications such as the
attachment of anchoring groups for surface functionalization
or the addition of synthetic handles for structural extension
without significantly disrupting their core electronic properties.

Covalent functionalization of TiO, nanoparticles with 4c

Having elucidated the fundamental properties of the DTF-
BTTD compounds, we next explored their applicability in
materials science. Organic dyes with strong visible to near-
infrared (Vis-NIR) absorption are extensively used in dye-
sensitized solar cells and photocatalytic systems.®*3%57%7 A
particularly common strategy for generating new functional
composites involves combining such dyes with inorganic semi-
conductor nanoparticles, such as titanium dioxide (TiO,).®®
Effective immobilization of an organic dye on a metal oxide
surface typically requires an anchoring group, such as a car-
boxylic acid or cyanoacrylic acid group. The DTF-BTTD mole-
cular structure contains multiple heteroatoms that can
potentially act as ligand sites for binding to transition metals.
We therefore hypothesized that DTF-BTTD compounds might
exhibit sufficient affinity for metal oxide surfaces to form dye-
functionalized hybrid materials. To test this, we performed IR
analysis on mixtures of anatase TiO, nanoparticles with com-
pound 4c. In our experiments, TiO, nanoparticles were first
dispersed in ethanol to form a suspension, to which different
amounts of 4c were added. The resulting mixtures were dried
and analyzed by IR spectroscopy. As shown in Fig. 11, pristine
TiO, nanoparticles exhibit a broad band at 1638 cm ™, assigned
to the O-H bending mode of adsorbed surface water.®®*””* When
mixed with a small amount of 4c, this water O-H bending peak
disappears. The IR spectrum of this mixture is drastically
different from the spectra of pristine TiO, and 4c, indicating
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Fig. 11 FTIR spectra of TiO, nanoparticles, compound 4c, and their
mixtures.

covalent functionalization of the TiO, nanoparticle surface by
4c. In contrast, when TiO, nanoparticles were mixed with an
excess of 4¢, the observed IR modes resemble those of pure 4c,
suggesting the 4¢/TiO, hybrids were fully encapsulated by 4c
molecules via non-covalent interactions.

To better understand the covalent interactions between 4c
and TiO, nanoparticles, we computationally modeled a simpli-
fied system consisting of a 4¢c molecule and a (TiO,);5 cluster.
We first searched for stable structures of this assembly using
the CREST (conformer-rotamer ensemble sampling tool)
program.”>”’* The most stable conformer identified by CREST
was then subjected to geometry optimization using density
functional theory (DFT) calculations with the Gaussian 16
software package.”” Fig. 12A shows the optimized structure of
the 4¢—(TiO,);5 complex. One of the triazolyl nitrogen atoms
forms a Ti-N bond with a length of 2.06 A. This metallation site
is consistent with the preferred protonation site observed in X-
ray analysis, indicating that this specific triazole nitrogen is the
most active ligand for interacting with Ti. The formation of the
Ti-N bond causes significant elongation of a nearby Ti-O bond
to 3.35 A (see the dashed bond in Fig. 12A). The weakening of
this Ti-O bond allows the oxygen atom to form a Ti=O double
bond (1.63 A), which is much shorter than the other Ti-O bonds
in the cluster. In addition to this covalent Ti-N bond, the DTF-
BTTD segment of 4c is notably bent, enabling the edge of 4c¢ to
form S---O and H---O interactions with the TiO, cluster.

Fig. 12B compares the calculated IR spectra of pristine 4c
and the 4¢—(TiO,);5 complex. In the 1100-1700 cm ™" region, 4¢
is predicted to exhibit three significant vibrational bands at
1641, 1476, and 1370 cm™*. The band at 1641 cm ™" is assigned
to C=C stretching in the benzo unit, while the bands at 1476
and 1370 cm™ ' correspond to C=N stretching modes in the
triazole and dithiazine units, respectively. The experimental
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Fig. 12 (A) Optimized geometry of the complex of 4c and a (TiO3)s
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spectrum of 4c is more complex, likely due to the presence of
multiple conformers and aggregates in the solid sample. For
the 4¢—(TiO,);5 complex, five significant vibrational bands are
predicted in this region. These show excellent agreement with
the experimental IR spectrum of the 4¢/TiO, nanoparticle
mixture (highlighted bands in Fig. 11), validating our computa-
tional model for simulating the surface interactions. The DFT
calculations indicate that upon covalent bonding to the TiO,
cluster, the benzo C—C stretching vibration shifts to a lower
frequency (1603 em™"), consistent with the experimental trend.
Three peaks predicted at 1416, 1389, and 1351 cm ' are
assigned to C=N vibrations of 4c. In the experimental spec-
trum, corresponding peaks are clearly observed at 1447, 1416,
and 1359 cm ', showing very good agreement. Notably,
the unique Ti—O bond in the complex is predicted to
vibrate at 1197 ecm '. A characteristic band appears in the
experimental spectrum at 1151 cm™ ', providing strong evi-
dence for covalent interaction between 4c¢ and TiO,. This
assignment is supported by a previous literature report on
Ti=O0 vibrational properties.”®
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Fig. 13 UV-Vis spectral analysis monitoring the titration of 4c (1.05 x
1075 M in EtOH) with TiO, nanoparticles from 0.00 to 4.22 mole equiv.
Arrows indicate the trend of spectral changes with the progress of the
titration. The trace depicted by the dashed line is the UV-Vis absorption
spectrum of TiO, nanoparticles suspended in EtOH.

Following the IR analysis, we examined the UV-Vis absorp-
tion properties of 4c-functionalized TiO, nanoparticles via a
titration experiment. As shown in Fig. 13, incremental addi-
tions of TiO, nanoparticles were made to a solution of 4c in
ethanol. During the titration, the broad visible absorption band
of 4c¢ (ca. 450-680 nm) showed only slight attenuation. In
contrast, the absorbance in the UV region (300-450 nm)
increased significantly due to the intrinsic absorption of TiO,.
Furthermore, three relatively sharp absorption bands emerged
at 335, 319, and 272 nm, providing additional evidence for
covalent interactions between 4c¢ and the TiO, nanoparticles.
Overall, the UV-Vis study indicates that surface functionaliza-
tion of TiO, nanoparticles with 4c yields a hybrid material
capable of absorbing a broad spectrum of light. This enhanced
absorption profile is beneficial for applications in photovoltaics
and visible-light-promoted photocatalysis.

Finally, we examined the effect of surface functionalization
with 4c¢ on the size of TiO, nanoparticles. Various amounts of
4c were added to a suspension of TiO, nanoparticles in ethanol,
and the particle size distributions of the resulting mixtures
were measured by dynamic light scattering (DLS). As shown in
Fig. 14, the pristine TiO, nanoparticles have diameters ranging
from ca. 50 to 500 nm. The addition of 4c¢ caused only minor
changes in the size distribution. While a small fraction of
particles increased in size to 500-600 nm, the majority
remained within the original 50-500 nm range. These DLS
results suggest that 4c forms only a monolayer or a few layers
on the TiO, surface and that the functionalization does not
induce significant interparticle aggregation.

In summary, our investigation into the interactions between
4c and TiO, nanoparticles demonstrates their significant
potential for use in optoelectronic devices, particularly dye-
sensitized solar cells (DSSCs). The DTF-BTTD chromophores

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 14 DLS analysis showing the particle size distributions for anatase
TiO, nanoparticles (7.50 mg LY mixed with various amounts of 4c.

exhibit several advantageous properties: (1) remarkably high
molar absorptivity (exceeding 10° M~ ' cm™"; see Table S1, SI) in
the visible region, enabling strong light harvesting; (2) relatively
small band gaps (Table 2), which facilitate broader spectral
coverage; (3) a triazolyl unit that acts as an effective anchoring
group, promoting direct interaction between the dye’s =n-
conjugated framework and the TiO, surface, likely enhancing
electron injection efficiency; and (4) minimal aggregation on
the TiO, surface, as shown by DLS, a factor known to improve
DSSC performance by reducing intermolecular energy transfer
and charge recombination. This combination of properties
positions these dyes as promising candidates for achieving
enhanced power conversion efficiencies in DSSCs, warranting
further experimental exploration.

Tests of antibacterial activities

The global spread of bacterial drug resistance necessitates the
discovery of new and potent antimicrobial agents.””””® Hetero-
cyclic compounds containing a triazole ring are of particular
interest due to their broad bioactivities, including antibacterial
and antifungal properties.®**® Our synthesized DTF-BTTD
chromophores incorporate a 1,2,4-triazole ring fused to a
benzothiadiazine framework. As 1,2,4-triazole is a well-known
pharmacophore with many derivatives exhibiting antibacterial
activity,*”®? we evaluated the antibacterial properties of 4c
against representative Gram-negative (Escherichia coli) and
Gram-positive (Staphylococcus aureus) bacteria. While we did
not design these chromophores de novo as antibacterial agents
following certain established molecular guidelines, the well-
known pharmacophoric nature of the 1,2,4-triazole motif
prompted us to explore whether this structural feature might
impart additional functionality. Fortuitously, we discovered
that compound 4c exhibited notable antibacterial activity
against these two representative bacteria. We therefore present
this antibacterial property as an unexpected, yet valuable,
multifunctional attribute of our chromophores.
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Table 3 Results of inhibition zones of various test solutions against two
bacterial strains measured by the filter paper disc diffusion method

Zone of Inhibition (mm)

Entry Concentration (mM) E. coli S. aureus

4c 2.5 17.8 £ 0.4 15.7 £ 0.3
0.5 14.0 + 0.4 13.3 £ 0.5
0.1 12.1 + 0.5 12.2 + 0.4

2i 2.5 14.3 £ 0.4 12.2 £ 0.5
0.5 13.7 £ 0.6 11.3 £ 0.4
0.1 10.0 + 0.3 9.9+ 04

The disk diffusion method (DDM)** was used to assess the
antibacterial performance of 4c¢ at various concentrations
(Table 3). To probe the influence of the DTF functional group,
we also tested the reference compound 2i, a stable, nearly
planar aryl-substituted BTTD (Fig. 15). A comparison of their
activities reveals whether the DTF group enhances or attenuates
bioactivity. As shown in Table 3, both 4c¢ and 2i exhibited
inhibitory activity against both bacteria at low concentrations
(0.1-2.5 mM), with a stronger effect observed against E. coli
than S. aureus. Notably, 4c produced larger inhibition zones
than 2i under identical conditions, confirming that DTF func-
tionalization enhances antibacterial performance.

Following the antibacterial assays, we explored the applica-
tion of 4c¢ as a functional dye to impart self-cleaning properties
to glass surfaces. Fluorine-doped tin oxide (FTO) glass was
selected as the substrate due to its widespread use in optoelec-
tronic devices (e.g., solar cells, touchscreens, and smart win-
dows). For such applications, maintaining surface transparency
is critical, and bacterial adhesion is a common cause of surface
fouling. We examined the attachment of two model bacteria,
E. coli and B. subtilis, to four types of FTO substrates: (I) neat
FTO, (II) FTO coated with 4c, (III) FTO coated with TiO,
particles, and (IV) FTO coated with both 4c and TiO,. Fig. 16
summarizes the results of these attachment tests after the
substrates were immersed in bacterial cultures for 12 h
under dark or ambient light conditions, while detailed experi-
mental conditions and procedures are provided in the SI (see
Fig. $37-S52).

As shown in Fig. 164, the 4c-coated FTO substrate exhibited
the lowest E. coli attachment under dark conditions, consistent
with the enhanced anti-E. coli activity of 4c observed in prior
antibacterial assays. Under ambient light, substrates coated
with 4c and TiO, showed significantly reduced E. coli attach-
ment, indicating light-induced self-cleaning behavior. The best

F 2i

Fig. 15 Chemical structure (left) and ORTEP drawing (at 50% ellipsoid
probability) of compound 2i.
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Fig. 16 Bacterial attachment assays on FTO glass substrates with (A)
E. coli and (B) B. subtilis. Substrate conditions: |, neat; I, coated with 4c;
I1l, coated with TiO;; IV, coated with 4¢c-TiO,. N represents the number
of bacteria counted within a defined square area on the surface.

bacterial resistance was observed for the surface coated with
both 4c and TiO,, which retained the fewest E. coli cells after
12 h of immersion in the bacterial culture. This performance
can be attributed to a synergistic effect between 4c and TiO,.
Specifically, 4c can be photoexcited by visible light, given its
strong absorptivity in the visible spectral range, and subse-
quently transfer electrons to the TiO, surface, promoting the
generation of bactericidal reactive oxygen species (ROS).*>

In the B. subtilis tests (Fig. 16B), the four substrates exhib-
ited similar levels of bacterial attachment under dark condi-
tions, with the TiO,-coated glass showing the highest bacterial
density. This indicates that neither 4c¢ nor TiO, provides
significant antibacterial activity against B. subtilis in the dark.
Under ambient light, however, all coated substrates showed
reduced bacterial attachment compared to the neat glass.
Among these, the substrate coated with both 4c and TiO,
demonstrated the most pronounced resistance, highlighting a
strong photo-induced synergistic effect. Collectively, these bac-
terial attachment results demonstrate that hybrids of the DTF-
BTTD chromophore with TiO, can serve as antibacterial coat-
ings that effectively protect optically transparent substrates
from biofouling.

Conclusions

In summary, we have developed a new family of DTF-BTTD
chromophores that exhibit strong visible-light absorption and
versatile redox activities, driven by intramolecular push-pull
effects across their extended m-conjugated frameworks. By
modifying the aryl group attached to the triazolyl moiety, we
can tune the molecular conformation, crystal packing, and
electronic band gaps, establishing the DTF-BTTD system as a
flexible molecular platform for advanced optoelectronic appli-
cations. The fused 1,2,4-triazole ring provides an active site for
acid interaction, resulting in pronounced acidochromic effects.
Protonation enhances and redshifts the visible-region absorp-
tion, making DTF-BTTD compounds robust organic dyes that
retain strong visible-light absorptivity under acidic conditions.
Electrochemical studies show that while these compounds
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exhibit consistent reduction behavior (indicating reliable
acceptor performance), their oxidation properties vary signifi-
cantly. For some derivatives, oxidation follows complex EC
mechanisms, likely due to the reactivity of the generated DTF
radical cation-a subject that merits further investigation. The
triazole unit also functions as an effective ligand, binding to
TiO, nanoparticle surfaces via covalent Ti-N linkages. This
suggests promising applications in surface-functionalized
metal oxides for devices such as dye-sensitized solar cells and
photocatalytic systems. Furthermore, DTF-BTTD structures dis-
play enhanced antibacterial activity compared to their BTTD
precursors, and hybrids of DTF-BTTD with TiO, demonstrate
superior inhibition of bacterial attachment to glass surfaces
under ambient light. These properties offer a novel
light-powered self-cleaning mechanism for designing and fab-
ricating multifunctional, regenerative, optically transparent
surfaces.
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