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Intermolecular interactions appearing in solution, aggre-
gates and solid state are known to affect the photophys-
ical properties of fluorophores, leading either to emission
quenching or to emission enhancement upon aggregation.
The novel strategy for the aggregation-induced fluorescence
change based upon the subtle balance of the intermolecu-
lar and intramolecular charge transfer in the benzothiazole
derivatives is presented here, leading to the extremely bright
aggregates of the compounds dark in solution or vice versa.
The introduction of the two different mild substituents into
the fluorophore core results in two regioisomers exhibiting
the same crystal packing, but extremely different behavior
upon aggregation. Such an approach opens a simple way
of controlling the AIE/ACQ behavior of small molecules in
the wide range of FQY values.

Over the last decades, the number of dyes with appealing
photophysical properties has drastically increased, allowing
development of novel fluorescence-based technologies such
as OLEDs [1–3], sensors [4–6] or bio-labeling [7–9]. Application
of fluorescent materials requires a thorough understanding
of the behavior of molecules in variable environments with
emphasis on controlling photophysical properties in the in-
tramolecular and intermolecular regimes. In that regard,
the sensitivity of the dye introduced by the intramolecular
charge-transfer (ICT) can be monitored by changes in ab-
sorption, emission, Stokes shift, and fluorescence quantum
yield (FQY). The intermolecular forces, such as hydrogen
and halogen bonds [10,11] or stacking can lead to aggrega-
tion, which affects the same set of photophysical properties,
providing the aggregation-induced emission (AIE) or aggre-
gation-caused quenching (ACQ) mechanisms for FQY con-
trol. The number of structural features of a molecule (rigid-
ity/flexibility, proton transfer, hydrophobic/hydrophilic na-
ture of dye) deliver the technical tools to influence subtle
intermolecular interactions and thus achieve desired aggre-
gation-induced emission change.
The systematic modification of the dye environment, from
the solution with dominating dye-solvent interactions, via
aggregate, where the influence of solvent molecules is re-
duced in favour of dye-dye interaction, can be concluded
with the crystal structure, appearing as the extreme ag-
gregate case in the absence of solvent molecules. While
for most of aromatic, planar and rigid fluorophores, usu-
ally fluorescent in solution, the emission in solid deterio-
rates due to stacking-assisted ACQ [12], the main principle
in design of AIE molecules is based on the introduction of
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solution-flexible molecular structures [13–15], which minimize
intramolecular motion [16] when aggregated. This limits the
non-radiative transition pathways, shifting towards radia-
tive decay and thus increasing FQY. On the other hand,
from the structural point of view, sterically hindered sub-
stituents can prevent close packing leading to reduced in-
termolecular interactions and suppression of ACQ.
The rational selection of a character, size and placement
of substituents in the dye is vital for obtaining their de-
sirable properties. [17,18] It has been shown that the orderly
change of electron-donating/withdrawing substituents in flu-
orophores affects non-radiative rate constants in a linear
way. [19–21] On the othre hand, it has been demonstrated
that the regioisomers of anthracene [22] exhibit the AIE be-
haviour in two among five investigated derivatives, whereas
the triphenylamine-decorated benzo[i ]dithiophenephenazi-
nes can be transformed from the ACQ to AIE form via
modification of their crystal packing caused by relocation of
electron-donating substituents - increase of FQY by more
than 15%. [23]

Scheme 1. Structure of investigated compounds

The applications of AIE-dyes in bioimaging exploits their
sensitivity to viscosity and the concentration of specific pro-
teins. [24] The classical example, Thioflavin T (ThT), binds
to β-amyloid fibrils by interaction of its -NMe2 group per-
pendicularly aligned [25,26] to the peptide assembly surface.
The drawbacks arising from the weak photophysical response
of ThT can be removed by proper substitution of the molec-
ular skeleton, [27] however the cationic nature limiting its
efficient aggregation and compatibility to the hydrophobic
protein pockets still needs to be worked out. The remedy
for this problem is proposed in the present study. The se-
ries of the dyes, shown in Scheme 1, possess the two parts of
fluorophore still separated by single bond allowing to con-
formational equlibrium to take place. The previous study
devoted to their properties in solution, indicated that the
efficient FQY control can be obtained by the proper substi-
tution with even mildly donating (D) or accepting (A) sub-
stituents. It was proven that both the strength of the push-
pull effect and its direction affects the emission, and the
presence of the two different substituents in the fluorescent
core can cover the whole range of the FQY values. [28] Here,
the strategy based on the topology switch for the AIE-ACQ
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Figure 1. Normalized changes in fluorescence intensity (∆I) for the investigated systems at maximum emission: (a) 1–3, (b) 4–6, (c) 7–9

control is developed. Fluorescence of nine dyes, including
pairs of regioisomers, is compared for solution, aggregates
and solid state and discussed with support of theoretical ap-
proach, in comparison to previously reported analog bearing
strong electron-donor. [29]

Upon aggregation (THF/water), the absorption spectra
of 1-9 show a significant decrease in absorbance and alter-
ations in the shape of bands as the aggregation proceeds.
In general, the position of absorption does not change much
except for dyes with R=CF3 (hypsochromic shift) and com-
pound 1 (broad and complicated spectrum), while the mod-
ulation of emission upon aggregation depends on the sub-
stituents.
AIE/ACQ effects are presented in Fig. 1. The emission
intensities were normalized to 1 at the point where the AIE
starts for dyes with R′=CF3. The presence of CF3 group
attached to phenyl (dyes 3, 6 and 9), regardless of R, in-
troduces AIE behavior with a lower THF/water ratio than
for the H– or OMe–substituted phenyls (blue lines, Fig. 1).
The highest increase of emission intensity, compared to the
dilute THF solution, was observed for compound 3 featur-
ing DAA topology (blue, Fig. 1a). On the other hand, the
most efficient quenching of emission occurs for compound 7,
isomer of 3, representing AAD pattern (yellow, Fig. 1c).
Although the introduction of hydrophobic (CF3) or slightly
hydrophylic (OMe) substituents can be useful from biomed-
ical point of view, the comparison of regioisomers 3 and 7
reveal that substituents’ flip controls aggregation-assisted
fluorescence change. Similarly, the opposite behavior is ob-
served for 2 and 4, but not for 6 and 8, suggesting that
for the effective switching between AIE and ACQ the donor
group is essential, a structural feature not fulfilled for 6 and
8.
The number of variables in the analyzed systems, in par-
ticular the presence of the two different substituents at var-
ious positions, which effect is not simply additive, makes
the generalization of observed tendencies not straightfor-
ward. Yet, the triplets of the dyes, differing with one sub-
stituent only can be directly compared. Hence, for com-
pounds carrying electron OMe group in the benzothiazole
ring (1-3) fluorescence is enhanced upon aggregation. For
compounds within sub-groups 4-6 and 7-9 the AIE is ob-
served for strong electron acceptor at R′, slight increase or
decrease of emission (absence of substituent), and finally
ACQ in the presence of electron donor OMe attached to
phenyl (Fig. 1b and 1c.) The FQY data suggests that for
aggregates of sub-group 1-3, the excited state potential en-
ergy surface is high above the ground state and, most prob-
ably, the conical intersection is energetically separated from
Franck-Condon excited state, thus limiting a non-radiative

decay probability and causing emission enhancement (com-
pare [28]). The similar conclusion can be drawn for the re-
maining -C6H4CF3 dyes (6 and 9).

Table 1. Maximum of absorption in THF, maximum of emission in
THF, THF/water aggregate (97% water) and in the solid state for
1-9

Comp. Topology λabs
THF λem

THF λem
agg λem

solid

1 DAD 366.5 457.5 471.5 472.5
2 DA- 361.0 464.0 464.5 486.5
3 DAA 366.0 496.0 483.5 511.0

4 -AD 362.0 419.0 476.5 485.0
5 -A- 341.5 445.0 450.5 442.5
6 -AA 344.0 451.0 453.5 451.5

7 AAD 361.0 413.0 508.0 495.0
8 AA- 338.0 428.0 442.5 442.5
9 AAA 339.5 451.5 458.0 441.5

The emission wavelength (Tab. 1) for the molecule de-
pends on the nearest surrounding of the dye. In the series
1-3 (R=OMe), upon aggregation the bathochromic shift is
visible for the first compound, no change in the emission
for 2, and hypsochromic shift for 3. Within the sub-series
4-6 (R=H), for compounds 5 and 6 (R′=H and CF3), the
red-shift is very small and amounts to 5.5 and 2.5 nm, re-
spectively. On the other hand, for 7-9 compounds with
R′=H or CF3, the emission red-shift upon aggregation is
much smaller than that for 7, but this is not surprising
as 7 is extreme molecule (vide infra). Thus, for 4 and 7
(R′=OMe, two ACQ dyes) an exceptional red-shift of emis-
sion is observed (57.5 and 95 nm, respectively) for an ag-
gregate (λem

agg) with respect to the THF solution (λ
em
THF).

This may be interpreted, in part, as the result of energy-
gap rule telling that lowering energy between excited and
ground states (corresponding to batochromic shift of emis-
sion) causes higher probability of non-radiative transitions
(FQY decrease). From the supramolecular point of view
the origin of such reduction in FQY may lay in both the
dye-dye interactions and interaction of dye aggregates with
water molecules, however the comparison of the aggregate
with crystal data suggest the domination of the latter effect
(Tab. S1).
As reported previously, changing the position of the elec-
tron donor in the dye can affect the AIE/ACQ behavior. [22]

In the present study such a pair of regioisomers is repre-
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Figure 2. Heatmaps for FQY for 1-9 in THF, suspension in
THF/water (97% water) and in the solid state

sented by compounds 2 and 4. As a result of aggregation,
the fluorescence quantum yield for compound 2 increases 17-
fold, while for compound 4 the fluorescence quantum yield
decreases from 0.48 to 0.18. The introduction of strong elec-
tron donor is expected to intensify the described behavior
(compare Ref. [22]). Furthermore, introduction of the sec-
ond substituent of the opposite, electron-accepting, charac-
ter in the 3 and 7 pair of regioisomers, indicates the oppo-
site molecular topology is the driving force of the opposite
mechanisms associated to emission change. The AIE/ACQ
effects for such a pair bearing both D and A substituents
is significantly enhanced with respect to only-D substituted
dyes.
Compound 3 has low FQY (0.01) in THF due to high
change of dipole moment upon excitation. [28] In aggregates,
the FQY for 3 increases significantly to 0.61, while for 7
decreases from 0.88 (THF) to 0.11. This suggests that AIE
arising from the loss of molecular flexibility in 3 is domi-
nant over intermolecular interactions, while ACQ observed
in 7 originates from the intermolecular interactions (be-
tween dyes and in dye-water regime) in the excited state.
Moreover, the crystal structure for these two molecules is
very similar (see SI) suggesting similar inter-dye interaction
and further supporting water influence on FQY. It is worth
mentioning that the difference between energy of emission
for 7 in aggregate and in THF solution is equal to 4528
cm−1, a value comparable to the FWHM in THF across
the whole series (3536 to 5910 cm−1) and higher than any
FWHM for aggregate or solid. This makes 7 the most sen-
sitive dye for its surrounding in the light of its FQY and
λem.
The fluorescence lifetime (Tab. S2) within the series is
elongated upon aggregation by 5.5 to 67.9 times and kr and
knr decrease by 0.6-58.2 times and 1.0-97.9 times, respec-
tively, in all systems but 3 and 6 for radiative and 7 for
non-radiative rate constant value.
When one searches the whole dataset for extremes, the
molecule 7 is characterised by: a) maximum fluorescence
lifetime in THF and aggregate, b) minimum knr in THF
and aggregate, c) minimum kr in aggregate, but also d)
maximum kr in THF. On the contrary, its regioisomer, 3 is
characterised by maximum kr in aggregate and minimal kr
for THF. This means that for AIE-exhibiting fluorophores,
the fast non-radiative process, that is promoted in solution,
becomes confined in solid due to restriction of intramolecu-
lar rotation or vibration effect.
The solid-state emission allows to divide the whole series
into two groups (Fig. S11): acceptor-only-carrying com-
pounds 5, 6, 8 and 9, with emission maximum around 440

nm and acceptor-donor substituted ones with emission at
ca. 490 nm (Tab. S1). It is worth to underline the differ-
ence in shape and FWHM values for the series (Fig. 3 and
S1). It is clear that the spectra for 6 are practically the
same in all the environments, while its FQY increases from
THF through aggregate to solid. Taking into account 3 and
7 (Fig. 3), their spectra differ to a large extent. For 3, the
emission in all surroundings is very similar to one another,
putting aside the vibronic progression, while for its isomeric
7 the aggregate/solid spectrum differs much from THF solu-
tion. Thus, 7 can be compared with its counterparts of same
topology, described by Potopnyk [29,30], in which electron
acceptors (R=CF3 [29]/R=CF3C6H4

[30]) and strong donor
(R′=NMe2) are attached to the fluorophore skeleton. Both
7 and its NMe2-substituted counterpart [29,30] crystallize in
P-1 triclinic space group and exhibit similar head-to-tail
crystal packing, retaining planar structure with the phenyl
torsion angle below 1◦ and similar dye-dye interaction pat-
tern. However, in contrast to 7, R′=NMe2-derivative un-
dergoes strong ACQ, decreasing the FQY from 0.61 in THF
solution to less than 0.06 in solid state. Since crystal packing
in both systems is to the high extend similar, the quenching
arises rather from the presence of strong electron-donating
dimethylamino group, which develops stronger intramolecu-
lar charge transfer than the one due to the milder donating
OMe group in 7.

Figure 3. Fluorescence spectra for compounds in solution (red)
aggregates (black line) and solid state (dashed line) for (a) 3 and
(b) 7

The ground state intermolecular interaction estimated for
the most stable dimers extracted from the crystal (Fig. 4
and S19) confirms the similar nature of interactions in all
the systems and the analog from [29]. All the dimers are
dispersion-governed, with the dispersion-to-electrostatic ra-
tio significantly exceeding 2.0 (Fig. S8). This unequivocally
proves that the factor determining the ACQ/AIE switching
is not the stacking interaction in aggregates itself. The Fig.
4 show that energy constituents in 3 and 7 differ from Po-
topnyk’s [P].
In summary, the new strategy for the AIE/ACQ con-
trol is devised in the present study, exploiting the subtle
balance between two different electron-donating/electron-
accepting substituents. The modification of the topology of
the fluorophore carrying methoxy group provides the effec-
tive switching of the emission in the wide range of FQY val-
ues yielding bright fluorescence in aggregates and/or solid-
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Figure 4. Interaction energy decomposition in ground and excited
state for the most stable dimers in water (mimicking the aggregate)
and in crystal estimated with ALMO-EDA approach within ωB97X-
D/aug-cc-pVDZ for regioisomers 3 and 7 and the dimethylamino
derivative [29] (black points denote the total interaction energy, green
bars correspond to the electrostatic component, cyan ones – to Pauli
term containing exchange and dispersion part, magenta – polariza-
tion energy, dark blue – charge transfer contribution and grey in
excited state is the excitonic splitting effect)

state. In addition to the previously proposed approaches
relying on doubly substituted regioisomers with one type of
substituent for crystal packing alterations and substitution
by bulky groups for the minimization of internal motion
restrictions, current approach opens the plethora of possi-
bilities of simple topology modifications for new effective
photoresponsive molecules.
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