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The aggregation phenomenon in various solvent systems is addressed herein using a model un-
symmetrical A’-rt—D-(n—A), chromophore based on a central triphenylamine donor (D) and one/two
NO,(A')/diphenyltriazine(A) peripheral acceptors. The nonplanar arrangement of the nitrophenyl moiety
accounts for a diminished ICT in the solid state, while substantial electron redistribution upon excitation
and formation of a charge-separated excited state is seen in solution. Low-energy linear HOMO —
LUMO or high-energy V-shaped HOMO — LUMO+1 transitions from the central triphenylamino donor
to the nitrophenyl and diphenyltriazine acceptors can be selectively employed based on the environ-
ment. However, when excluding the nitro group, non-emissive large aggregates are formed, which con-
trasts with differently shaped and emissive aggregates of the nitro-substituted system observed in

Received 4th June 2026, various good/poor solvent pairs such as THF/water, DMF/water, THF/hexane, benzene/hexane, and

Accepted 3rd August 2026 DCM/hexane. Based on the solvent pairs, both AIE and ACQ phenomena can be observed, including
DOI: 10.1039/d6tc01819j transitional fluorescence in the DCM/hexane system. The presence of the nitro group and the interplay

of the solvent polarity, miscibility, excited-state dipolarity, and restriction of intramolecular motion deter-
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Introduction

Aggregation of organic molecules is a process in which indivi-
dual units (monomers) assemble into larger supramolecular
structures through n-n, donor-acceptor, and other noncovalent
interactions. The resulting aggregate(s) may exhibit physico-
chemical properties distinct from the monomeric form, includ-
ing altered absorption and emission characteristics." In this
respect, the vast majority of organic compounds historically
exhibits an aggregation-caused quenching (ACQ), whereas the
opposite phenomenon, in which non-emissive luminogens
dissolved in a good solvent, that become highly emissive upon
aggregation, typically induced by adding a poor solvent, is
referred to as aggregation-induced emission (AIE).>* In addi-
tion, the closely related aggregation-induced emission
enhancement (AIEE) refers to luminogens weakly emissive in
solution that display pronounced emission intensity upon
aggregation.” Both phenomena originate from the restriction
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mine whether the aggregates emit or quench.

of intramolecular motions (RIM), such as rotations and vibra-
tions.”> The considerable number of the reported organic® and
polymeric’ AIE luminogens (AIEgens) has been widely
employed as (mechano)sensitive fluorescent probes in
chemical, bioanalytical, and security sensing,®'® bioimaging
agents,'! photosensitizers used in photodynamic therapy,'**?
emissive materials for highly efficient organic light-emitting
diodes,**™® and laser media.”

To experimentally probe the AIE effect, binary good/poor
solvent systems are most commonly employed, with the mis-
cibility of the two components being the fundamental require-
ment. THF/water, the most frequently used system, provides
well-balanced solubility for hydrophobic compounds (THF),
inherent THF-water miscibility, and water-induced aggregation
and, thus providing a reliable environment for studying AIE.'®
The other solvent pairs typically involve polar/polar combina-
tions (e.g., DMSO/water,'® DMF/water,*° acetone/water,”* EtOH/
water, dioxane/water®®), less frequently polar/nonpolar (e.g.,
DCM/hexane,” EtOH/hexane,”* ACN/toluene®®) and only rarely
nonpolar/nonpolar (e.g., toluene/hexane®®). A combination of
nonpolar/polar solvents is generally not employed as water, the
most common polar poor solvent, is not miscible with nonpolar
good solvents.”” The extent of AIE can be further tuned by
altering viscosity (glycerol) or lowering the temperature; these
conditions may reduce intramolecular motions and strengthen
the emission of AlEgens.* The aforementioned aspects clearly
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Fig. 1 The electrostatic potential surface (calculated using Gaussian 16 W at the B3LYP/6-311++G(2d,p) level) and the molecular structures of two-
structurally related chromophores 1 and 2 consisting of a central TPA donor (blue) and DPT (red)/NO, (gold) acceptors. Photos of the solid-state

emission of both chromophores are shown as the upper right insets.

indicate that the choice of the solvent system is crucial as it may
considerably affect aggregation and, consequently, alter the
optical properties. Based on the solvent(s) used, a single
organic compound may exhibit either AIE/AIEE or ACQ
effects.”®

To the best of our knowledge, the fundamental behavior of a
single chromophore across multiple solvent systems has not
been addressed so far and, therefore, this underexplored aspect
is the main objective of our work. As a continuation of our
efforts towards exploring photophysical properties and the
application potential of triphenylamine (TPA)-based push-pull
chromophores,?** we have designed an unsymmetrical A'~n-
D—(n-A), chromophore 1 (Fig. 1) as a model compound to
investigate the AIE/AIEE effects in various solvent systems.
The central TPA core of 1 behaves as a nonplanar electron
donor (D) that has been widely recognized as a parent scaffold
of various organic materials used in organic electronics® and
fluorescent probes.***” In contrast, by combining strong nega-
tive inductive and mesomeric effects, the nitro group (NO,)
constitutes one of the strongest electron acceptors (A), impart-
ing considerable intramolecular charge transfer (ICT), when
arranged in a D-n-A motif.***° The pronounced ICT character
also accounts for a generally non-emissive behavior of nitro
derivatives via the formation of a ““dark” twisted ICT state that
dissipates energy non-radiatively or via the intersystem crossing
(ISC) to the triplet state. However, Gryko et al. have demon-
strated that under certain conditions (e.g., proper NO, place-
ment along the conjugated scaffold, increasing the molecular
rigidity, controlling the extent of ICT and adjusting the environ-
ment polarity), the nitroaromatics may fluoresce.’®*! In addi-
tion to the nitro group, chromophore 1 possesses two bulky
diphenyltriazines (DPT) representing electron-withdrawing
and emissive moieties, which generally enable the radiative
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relaxation pathway in D-m-A systems.*>** The rigid triazine
core has also been demonstrated to restrict RIM and enhance
AIE/AIEE effects either in the solid state or upon aggregation.**

Results and discussion
Design and synthesis

A series of seven model chromophores 1-7 featuring a TPA core
and pyridine/DPT heterocyclic acceptors has been designed
(Fig. 1 and Scheme S1). Whereas chromophores 1 and 3-7 bear
one or two additional nitro group(s) on the periphery, chromo-
phore 2 completely lacks this structural feature. Further struc-
tural tuning, including different combinations of acceptors and
the n-system extension via olefinic linker, revealed distinct
photophysical properties of 1, which has been selected as a
model compound to study AIE effects in various solvent sys-
tems. Its straightforward synthesis involves two-fold Suzuki-
Miyaura cross-coupling reaction between the bis(pinacolate)
derivative 10, accessible from the dibromo derivative 8, and 2-
iodo-4,6-diphenyl-1,3,5-triazine 12 affording 1 in 54% yield
(Fig. 2A). For detailed synthetic procedures for the precursors
and chromophores 1-7, see the SI.

X-ray analysis

A slow crystallization of chromophore 1, 3-5 and 7 afforded
their single crystals suitable for X-ray analysis, as shown in
Fig. 2B and Fig. S1-S8. The main solid-state feature of 1
involves a typical bowl-shaped arrangement of the central
TPA core with the C-C-N-C torsion angle ranging from 26°
to 47° and the most twisted nitro-substituted phenyl ring
(-Ph-NO,). The nitro group is coplanar with the appended
phenyl ring. Despite being considered a bi(hetero)aryl, the

This journal is © The Royal Society of Chemistry 2026
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(B) X-ray molecular representation of 1 (front and side view). (C) DSC curve of 1 (scan rate 5 °C min~*under N,). (D) Cyclic voltammogram of 1 (THF, 0.1 M
BusNPFg, v = 100 mV s along with the HOMO/LUMO levels and localizations.

interconnection of the TPA and DPT moieties shows a dimin-
ished torsion angle of 16.2°. The four peripheral phenyl rings
are nearly coplanar with the particular DPT acceptor, thus both
-Ph-DPT moieties represent planar antennas oriented nearly
perpendicularly to the third -Ph-NO, branch with the C2
symmetry (see the side view in Fig. 2B). The calculated quinoid
character or = 0.02% and the Bird index Is = 96% (100 for
unsubstituted benzene)*® of the ~-Ph-NO, moiety implies little
solid-state involvement in ICT, which is most probably attrib-
uted to its nonplanar arrangement. In contrast to monoclinic
systems of 3-5 and 7, chromophore 1 crystallizes in an orthor-
hombic structure. Its crystal packing reveals uniformly oriented
molecules in each layer and an opposite and herringbone
stacking of the layers resulting in an overall centrosymmetric
arrangement (Fig. S6). The nitrophenyl acceptor is accommo-
dated in the cavity created by two DPT units resulting in
relatively short C(H)- - -O contacts of both moieties.

Thermal properties

Thermal properties as measured by DSC point to a significantly
enhanced thermal robustness of 1 (Fig. 2C) compared to
chromophores 2-7 (Table S6 and Fig. S9-S10). Its melting point
of 356 °C is not associated with any detectable mass loss, and
the main decomposition process starts immediately afterwards.
TGA further confirmed the excellent thermal stability of chro-
mophore 1, with a 5% weight-loss temperature of 424 °C
(Table S6 and Fig. S9b). A replacement of the DPT by pyridine
moieties as well as extending the n-system or appending two
NO, groups proved detrimental to the thermal robustness.
Hence, the high thermal resistance of 1 is attributed to its
nonplanar and rigid structure with a direct aryl-to-(hetero)aryl
connections and the two thermally robust DPT moieties.*®

This journal is © The Royal Society of Chemistry 2026

Electrochemistry

Cyclic voltammetry measurements carried out in THF revealed
a reversible one-electron reduction process with the half-wave
potential Ej/yteqr) = —1.17 V for 1 (Fig. 2D and Table S7). This
electrochemical behavior fits well with the electrochemical
reduction of nitrobenzene (Ej/yrear) = -1.14 V in DMF)*® and,
along with the first reduction shifted to -1.74 V for chromo-
phore 2 lacking the nitro group, further confirms the electro-
nically independent character of the -PhNO, moiety on the
electrode surface. The first oxidation was recorded as an
irreversible process involving the central TPA donor with the
anodic peak potential Ep%ox) = +1.43 V for 1. As further
demonstrated in Fig. 2D, the -PhNO, and TPA moieties are
occupied by the LUMO and HOMO, respectively, which support
their involvement in the redox processes. The electrochemical
data were further recalculated to the energies of the frontier
molecular orbitals (Egomomrumo = -5.75/-3.11 eV) which
imparts an electrochemical gap of 2.64 eV to 1, the smallest
gap within the whole series. The electrochemical data are
consistent with the DFT-calculated energies as demonstrated
by the energy level diagram in Fig. S11.

Photophysical properties

As expected for push-pull chromophores, very little variation
was observed in the electronic absorption spectra measured in
solvents of various polarity (Fig. S15). Whereas the spectrum of
1 features a single CT band located at around 390 nm (Fig. 3A
and Table S8), the CT band is not present in the spectrum of
the unsubstituted chromophore 2 lacking the nitro group
(Fig. S15). Based on the TD-DFT results (Fig. 4), the CT band in
1 is generated by the HOMO — LUMO and HOMO — LUMO+1
transitions, while the high-energy band of 2 (/. ~ 280 nm)

J. Mater. Chem. C, 2026, 14, 16827-16834 | 16829
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Fig. 4 TD-DFT predicted transitions in chromophores 1 (A) and 2 (B) along with the calculated (red) and experimental (black) absorption spectra.

originates from the HOMO — LUMO and HOMO — LUMO+3
transitions. Thus, two transitions are predicted for both chromo-
phores, but these are principally different as depicted in Fig. 4. In
chromophore 1, linear and/or V-shaped ICTs from the TPA donor
to the nitrophenyl and the two DPT acceptor(s) are possible,

16830 | J. Mater. Chem. C, 2026, 14, 16827-16834

whereas the spectrum of 2 is dominated by the V-shaped
TPA — 2 x DPT transition along with the Y-shaped transitions
with diminished oscillator strength.

All prepared derivatives are emissive in the solid state
(Fig. 3B and Fig. S16), while only weak emission is generally

This journal is © The Royal Society of Chemistry 2026
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observed in solution (Fig. S17). When comparing 1 (k.. =
533 nm) and 2 (/5. = 445 nm), which lacks the nitro group, the
solid-state emission of the latter is substantially blue-shifted
and accompanied by a reduced QY (<2% vs. 11%, Table S8),
while almost no emission is observed in the solution. The
Stokes shifts of 1 range from 5000 to 11000 cm ™" (Table S8)
depending on the solvent, which implies a significant struc-
tural reorganization upon excitation. A relatively linear depen-
dence of the Stokes shift on the solvent orientation
polarizability has been found as shown in Fig. S18. Chromo-
phore 1 possesses the DFT-calculated ground state dipole

A)

Paper

moment u, (1) ~ 7 D, while the Lippert-Mataga analysis points
to the excited state dipole moment u. (1) ~ 24 D based on the
cavity radius of 6 A (~ 1.2 nm diameter). These features indicate
medium/strong ICT, a substantial D — A charge redistribution
upon excitation, thus indicating stabilization of the excited
state by polar solvents and eventually accelerated nonradiative
decay in polar solvents.*” In agreement with the steady-state
fluorescence spectra for 1 shown in Fig. S17, in which the
intensity and QY (Table S8) are significantly reduced in polar
solvents, the excited state lifetime is decreased by almost two
orders of magnitude when changing the solvent from benzene
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a function of the poor-solvent fraction for chromophore 1.
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(A) Chromophore 1 forms different aggregates in various solvent systems. (B) Emission intensity (blue) and excited state lifetimes (red) recorded as
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(3.57 ns) to DMF (0.069 ns), see Fig. S19 and Table S10. This
points to a strong deactivation of the population of the excited
state by means of non-radiative pathways due to strong stabili-
zation of the charge-separated excited state, which facilitates
faster non-radiative relaxation pathways.

Aggregates

In addition to nearly no emissive properties of chromophores
2-7 (Fig. S20), we address the different photophysical behavior
of 1 in the solid state and in solution by investigating AIE in the
common THF/water solvent system (Fig. 3C). The emission data
presented in Fig. 5A and Fig. S22 imply that the original yellow
emission of 1 in pure THF (A« = 552 nm, QY = 31%, Table S11)
is quenched upon adding water, and a weak green emission
gradually emerges, especially at high water fractions (>70%).
The initial decrease in emission intensity at f,, = 10% is likely
associated with a combined effect of the increased medium
polarity and the onset of aggregation. While the higher polarity
likely stabilizes the ICT excited state and may promote non-
radiative deactivation, DLS measurements indicate the for-
mation of initial aggregates that are not yet sufficiently rigid
to produce the fluorescence enhancement characteristic of the
AIE effect. At higher water fractions, the increase in emission
intensity and excited-state lifetime correlates well with the
extent of aggregation, supporting the AIE mechanism (Fig. 5B
and Fig. S22). This interpretation is consistent with the calcu-
lated non-radiative decay rate constants (ky,,), which decrease
from 1100 x 10”7 s~ ' at f,, = 10% to 123 x 10” s * at f,, = 90%,
indicating partial suppression of non-radiative relaxation path-
ways upon formation of more rigid aggregates (Table S17).
Scanning electron microscopy (SEM) revealed an initial for-
mation of small spherical aggregates at f;, = 50% (the average
diameter D = 203 + 17 nm) which evolve into larger crystalline
aggregates at f,, = 90% with D = 479 £+ 17 nm, which emit green
light at around 530 nm, thus close to the solid-state emission.
When excluding the NO, group, chromophore 2 does not emit
either from pure THF or THF/water mixtures, despite the
formation of large aggregates at f, = 90% with D = 758 +
23 nm, as confirmed by DLS and SEM experiments (Fig. 3D and
Fig. S21).

Next, the less commonly used solvent system DMF/water was
used in which, chromophore 1 exhibits a classic AIE behavior
with no initial emission from pure DMF and pronounced
fluorescence above f,, = 50% reaching QY = 13% at fi, = 70%
(Table S11). Notably, the increase in the emission intensity with
increasing water fraction is accompanied by a corresponding
evolution of the excited-state lifetimes determined by time-
correlated single photon counting (TCSPC), further supporting
an aggregation-induced emission mechanism (Fig. 5B and
Fig. S23). This behavior is associated with the formation of
small, yellow-emitting aggregates (D = 133 £+ 8 nm, Fig. 5A) that
modestly increase in size upon further water addition. Using
THF or DMF as a good solvent and water as a bad solvent, only a
small spectral shift (Al < 45 nm) and gradual aggregate
growth with increasing f,, are generally observed.

16832 | J. Mater. Chem. C, 2026, 14, 16827-16834
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Besides THF, chromophore 1 also fluoresces in pure ben-
zene (Ah. = 516 nm, QY = 64%), however, its emission is
quenched and significantly blue-shifted upon adding hexane
(Fig. 5 and Fig. S24). A very similar ACQ effect was observed for
1 in THF/hexane, the resulting blue emission originates from
spherical aggregates with D = 380 + 11 nm (Fig. 5 and Fig. S25).
The situation is completely different in DCM/hexane, where the
practically non-emissive 1 showed a turn-on fluorescence
response and gradually blue-shifted fluorescence (Adf.. ~
160 nm) upon adding hexane. The initial orange emission at
fi = 50% originates from large spherical aggregates (D = 523 +
13 nm) that are gradually reduced in size and shift the emission
toward yellow, green (QY = 29% at f;, = 90%) and finally blue
(Fig. 5 and Fig. S26). Notably, across all investigated solvent
systems, the evolution of emission intensity and spectral posi-
tion with aggregation is consistently mirrored by the changes in
excited-state lifetimes obtained from TCSPC, indicating a com-
mon aggregation-governed photophysical origin (Fig. 5B).
When comparing aggregation behavior of 1 and the unsubsti-
tuted 2 lacking the nitro group (Fig. S21), the latter showed very
large aggregates (D = 758 to 7030 nm), variously shaped and
non-emissive aggregates. This clearly demonstrates the impor-
tance of the nitro group as an essential structural feature for
controlling the formation of aggregates and their lumines-
cence. Based on the calculated electrostatic potential surface
(Fig. 1), the nitro group is the most negatively charged part of 1,
whereas in 2 the highest negative potential is localized on the
two DPT acceptor units. In conjunction with the two T1 and T2
principal transitions predicted in 1 (Fig. 4A), the aforemen-
tioned observation suggests that the relative contribution of T1
and T2 transitions depends on the environment/state. In the
water-rich mixtures, RIM suppresses non-radiative losses and
restores the emission via AIE, while using hexane as a poor
solvent reduces the polarity, favors dipole-dipole interactions
and causes ACQ. The unusual behavior of 1 in DCM/hexane
combines the solvent polarity reduction and RIM, where aggre-
gation shifts the emissive state from near-IR emission toward
the solid-state emission region and produces a transient
fluorescence turn-on.

Conclusion

Tripodal chromophore 1, featuring a central triphenylamine
donor and one/two NO,/diphenyltriazine peripheral acceptors,
has been designed to study aggregation phenomena in various
solvent systems. The model chromophore is accessible through
facile synthesis, pronounced thermal robustness (T5% =
424 °C), bowl-shaped central scaffold, nearly perpendicular
nitrophenyl moiety, and relatively planar diphenyltriazine moi-
eties. Hence, a diminished ICT from the central amino donor to
the nitro acceptor is seen in the solid state. The DFT and
electrochemical studies revealed a nitrophenyl-centered LUMO,
the HOMO localized over the central donor, and the HOMO-
LUMO gap of 2.64 eV. The principal transitions involve either
low-energy linear HOMO — LUMO or high-energy V-shaped

This journal is © The Royal Society of Chemistry 2026
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HOMO — LUMO+1 with the LUMO+1 localized over the two
diphenyltriazine moieties. V-/Y-shaped HOMO — LUMO/
LUMO+3 transitions are seen upon excluding the nitro acceptor
(2). Large Stokes shifts (up to 11000 cm %), excited-state dipole
moment (~24 D), and diminished excited state lifetime in
polar solvents point to a substantial electron redistribution
upon excitation and formation of a charge-separated excited
state in 1. The solid-state emission of both chromophores 1
and 2 (without the NO, acceptor) contrasts with the absence of
emission from 2 in solution, despite formation of large aggre-
gates. Hence, 1 was used to study effects of good/poor solvent
pairs such as THF/water, DMF/water, THF/hexane, benzene/
hexane, and DCM/hexane on aggregation. The original yellow
emission in THF is initially quenched and turned green with
increasing the solvent polarity due to the AIE phenomenon,
which is also seen in DMF/water. Increasing the water content
also leads to a gradual increase in the size of formed aggre-
gates. The fluorescence in benzene or THF is quenched by
adding nonpolar hexane (ACQ) resulting in larger aggregates.
Chromophore 1 shows no fluorescence in pure DCM, which,
however, shows fluorescence turn-on behavior and gradually
blue-shifts upon adding hexane. Hence, the aforementioned
transitions and AIE/ACQ phenomena can be selectively con-
trolled based on the environment (water/hexane). Altogether,
these results highlight the decisive role of the nitro group in
enabling emissive aggregate formation and demonstrate that
interplay of the solvent polarity, miscibility, excited-state dipo-
larity, and restriction of intramolecular motions (RIM), leading
to suppression of non-radiative relaxation pathways, deter-
mines whether the aggregates emit or quench.
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