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Aggregation-induced emission (AIE) has been much employed for visualizing material aggregation and self-assembly. However,
water is generally required for the preparation of the AIE aggregates, the operation of which limits numerous material
processing behaviors. Employing hexathiobenzene-based small molecules, monopolymers, and block copolymers as different
material prototypes, we herein achieve AIE in pure organic phases by applying a nonequilibrium strategy, photoexcitation-
controlled aggregation. This strategy enabled a dynamic change of molecular conformation rather than chemical structure upon
irradiation, leading to a continuous aggregation-dependent luminescent enhancement (up to ~200-fold increase of the
luminescent quantum yield) in organic solvents. Accompanied by the materialization of the nonequilibrium strategy,
photoconvertible self-assemblies with a steady-state characteristic can be achieved upon organic solvent processing. The visual
monitoring with the luminescence change covered the whole solution-to-film transition, as well as the in situ photoprocessing of
the solid-state materials.

1. Introduction

Although organic luminogens tend to be monomeric in
organic solvents with an invariant emission, they usually
show distinct emission behavior in aggregated states [1–3].
Accordingly, a change of the luminescence properties upon
aggregation can be used for visualizing material aggregation
and self-assembly with different forms. Aggregation-induced
emission (AIE) [4–11], referring to some type of organic lumi-
nophores that can reveal bright luminescence in aggregated or
solid states by the suppression of the nonradiative decay, plays
an important role in many fields of application, like displays
and lighting [4–11], in information technology [12–15], and
molecular probing [16–18]. However, water is largely required
for the preparation of AIE aggregates (e.g., adding water into
THF for preparing most of AIE aggregates [4–11, 19–21] or
conversely adding THF into water for aggregating some

water-soluble AIEgens [22, 23]). This operation brings con-
siderable limitation for numerous material processes, espe-
cially for those polymer materials that will perform
sensitive nanoscale features by different solution processing.
Therefore, we plan to develop AIE in pure organic phases
(no phase transition) to break through the restriction of sol-
vent type in visualizing the material processing, the task of
which remains challenging but desired.

Recently, AIE materials that rely on specific chemical
reactions have emerged [24–26], which make it possible to
address the above hypothesis. Nevertheless, these cases have
still been developed basically in the aqueous phase for biolog-
ical usage [24–28]. The alternative way of producing an AIE
effect by light can be more advantageous, because light stim-
ulus is typically precise and rapid, and can provide contact-
less spatial and temporal control [29–33]. However, the
difficulty to produce AIE in pure organic solvents by
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chemical or photochemical approaches could be the control
of solubility difference between the reactant and the product.
Instead, a photoexcitation-based physical process [34, 35],
which can sufficiently utilize photons to facilitate the entire
molecular motion, could be a suitable approach to change
the molecular solubility before and after irradiation. Thus
far, several nonequilibrium systems based on the photoexci-
tation principle have been developed by overcoming the
ultrafast relaxation and dissipation of the excitation state
energy [36–41]. Inspired by these nonequilibrium systems,
we aim here to employ such a unique photophysical strategy
into AIE-active luminescent materials to attend the afore-
mentioned hypothesis.

In this work, hexathiobenzene-based small molecule,
monopolymer, and block copolymer (H, PH, and PH-b-PG,
see chemical structure in Figure 1, as well as the synthetic
details in SI) were used for the study of photoexcitation-
controlled organic-phase AIE. We take account of the fact
that persulfurated aromatic molecules can serve as metal-
free room-temperature phosphorescence emitters, for which
an intersystem crossing process is environmentally adjust-
able. Due to this circumstance, persulfurated arenes can
demonstrate unique aggregation-induced phosphorescence
(AIP, an important class of AIE phenomena) [42, 43]. We
fully utilized the asterisk-shaped molecular design of hex-
athiobenzene, which can show a significant conformational
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Figure 1: Outline for the photoexcitation-controlled organic-phase AIE: (a) chemical structures of monomer H, monopolymer PH, and block
copolymer PH-b-PG based on hexathiobenzene; (b) the proposed conformational change upon photoexcitation of the hexathiobenzene-
based skeleton. The related atoms were defined alongside the structure for the dihedral torsion analysis; (c) the illustration of
photocontrolled organic-phase AIE accompanied by the molecular aggregation or morphological change of H, PH, and PH-b-PG.
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difference of molecular geometry between the ground and
excited states. In addition, the durable excited-state of this
luminophore guarantees a sufficient time lapse for molecular
aggregation against excited-electron relaxation [44]. These
factors can make it possible to achieve a photocontrollable
wide-range organic-phase AIE. On the other hand, because
the direct self-assembly (DSA) and the microphase-
segregated feature of a block copolymer (BCP) is sensitive
to the structure and solvent condition [45–47], we mainly
focus on the BCP prototype before and after irradiation to
highlight a visual monitoring of material self-assembly.

2. Results

2.1. AIE Behavior in Pure Organic Phases. As the
hexathiobenzene-based skeleton contributed largely to the
optical properties of these materials (evidenced by the similar
band wavelength location in absorptional spectra among H,
PH, and PH-b-PG, see Fig. S3), we firstly explore the photo-
luminescent property in different solvents. When PH-b-PG
is placed in a variety of organic solvents, it exhibits a typical
significant enhancement of the emission signal upon contin-
uous UV irradiation (Figure 2(a)), accompanied by an
increase of the luminescent quantum yield up to ~200-fold.
This indicates a possible photocontrolled AIE behavior in
the organic phases. Due to the solvent difference, the degree
of the light-controlled aggregation as well as the solubility
of the aggregates will differ, thus leading to different lumines-
cence increments of the AIEgen. As it possesses the highest
emission intensity in the 1,4-dioxane solvent after UV irradi-
ation, we focused on this organic solvent for the further
studies.

To access the possible AIE behavior with a photoexcita-
tion principle, a study of the molecular structure of the com-
pounds was initially performed. No changes in the results of
the fundamental characterization were observed before and
after irradiation (see the NMR and FT-IR spectra in Figs.
S4–S9), indicating that the molecular structure of these
species remains invariant and that the possibility of a photo-
chemical reaction process is eliminated. However, the molec-
ular aggregation behavior upon irradiation can be
monitored by DLS and TEM studies. They show that the
relatively well-dispersed nanometer-sized parts (less than
20nm in diameter) of H and PH form larger nanometer-
sized aggregates (more than 90nm in diameter) after irra-
diation (Figures 2(b)–2(e)). On the other hand, PH-b-PG
can initially form micelles [48–50] with an average diame-
ter of 95 nm in 1,4-dioxane, and the micelles can be cross-
linked upon UV irradiation (Figures 2(f) and 2(g)).

It is likely that such an aggregation tendency is responsi-
ble for the AIE, as the nearly quenched emission of the three
compounds was found to appear immediately upon irradia-
tion, and the emission signal (~470nm) became stronger
over time (Figures 3(a)–3(c)). This behavior is synchronously
accompanied by a small change of the absorption band at
>400nm. Such a photocontrolled AIE effect can be well
visualized (see the corresponding insert photographs in
Figures 3(a)–3(c)). Interestingly, the emission of these
solutions is self-recoverable after the removal of the irradi-

ation (see the emission signal decreased quickly at 470 nm,
Fig. S10). Such reversibility further indicates a nonequilib-
rium photoexcitation feature. Due to entanglement, the
recovery of the polymers (PH and PH-b-PG) is slower
than that of the monomer H.

2.2. Mechanism Study. The mechanism of photoexcitation-
controlled aggregation of the hexathiobenzene-based
monomer and polymers can be explored from two perspec-
tives, namely, from the population of the long-lifetime
excited states and from the molecular conformational
change upon photoexcitation. The formation of singlet oxy-
gen, indicated by the reduction in the absorption of a
quencher (1.3-diphenylisobenzofuran, DPBF) [51, 52],
reflects the triplet-state behavior of the hexathiobenzene
skeleton of H (Figure 3(d)). However, as compared to the
power-law trend in DPBF absorption decay in the presence
of the classic porphyrin photosensitizer (platinum(II)
octaethylporphine, PTOEP, see Figure 3(e)), the decay of
DPBF absorption exhibits an exponential trend in the
presence of H (Figure 3(d)). This indicates a continuous
variation of the triplet-state behavior of hexathiobenzene
[53] upon the photoexcitation-induced molecular aggrega-
tion process (see also a full comparison in Fig. S11). In
addition, we also access the ground- and excited-state con-
formations of H by theoretical calculations. As shown in
Figure 3(f), the average dihedral torsion θ (defined by
those atoms labeled in Figure 1) of H in the excited-state
conformation is much smaller than that in the ground-state
conformation (118° in the S0 state vs. 93

° in the S1 state and
91° in the T1 state, see also detailed geometric parameters in
Table S1). This suggests that the phenyl substituents are posi-
tioned more perpendicularly to the plane of the inner benzene
core upon photoexcitation, facilitating the molecular aggrega-
tion process.

The concentration-dependent irradiation experiment of
PH-b-PG further verified the above mechanism. Because
high concentration is more beneficial to intermolecular inter-
action and collision than low concentration, it is conducive to
the photoexcitation-controlled aggregation and the lumines-
cence enhancement (Figures 4(a)–4(c)). On the other hand,
when the temperature was reduced, the emission enhance-
ment of these compounds became less sensitive upon irradi-
ation (Figures 4(d)–4(f)), indicating that the molecular
motion induced by photoexcitation can be inhibited at low
temperature (<150K).

2.3. Visualizing Organic Solution Processing. As BCPs can
exhibit unique DSA upon solution processing [45–47], we
utilize the aforementioned photoexcitation-controlled AIE
behavior to visualize the DSA of PH-b-PG (Figure 5(a)).
Films prepared by casting of PH-b-PG solution before and
after irradiation onto mica substrates were placed in a closed
jar for solvent annealing (Figure 5(b)). Different from the
lack of nanoscale feature of H and PH (Fig. S12), a typical
lamellar microphase-segregated feature could be observed
from the DSA of PH-b-PG without irradiation, largely
depending on the close volume fraction of the two blocks
(see AFM image in Figure 5(c)) [54]. When DSA took place
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from the solution of PH-b-PG upon irradiation, the photo-
controlled aggregation of the hexathiobenzene-based block
will drive both of the two blocks as a whole for realignment,
causing a photoconvertible microphase-segregated DSA
from a lamellar to a cross-linked feature (Figure 5(c)). Both
the DSAs before and after irradiation are amorphous at
the molecular scale, evidenced by the broad XRD signals
(Fig. S13).

2.4. Visualizing In Situ Photoexcitation Control. Upon on the
organic solution processing with the visualization of the
organic-phase AIE, we demonstrate more practical applica-
tions of these materials by photoexcitation-controlled molec-
ular motion conducted directly in the film state under in situ
irradiation. As the hexathiobenzene itself is a typical AIP
luminophore, the film state of which, without additional
doping matrix, initially exerts a strong emission in these
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Figure 2: AIE behavior in pure organic phases: (a) emission spectra of PH-b-PG placed in different organic solvents before and after
irradiation for 90 s. Spectra were collected upon 10 μM of the hexathiobenzene unit at 298 K (λex = 365 nm, measured in the same
parameters). DLS results before and after irradiation for 90 s of (b) H, (d) PH, and (f) PH-b-PG, taken upon 10μM of the
hexathiobenzene unit in 1,4-dioxane at 298K. TEM image of a sample of (c) H, (e) PH, and (g) PH-b-PG, prepared from a corresponding
1,4-dioxane solution before and after irradiation for 90 s.
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compounds (Figures 6(a)–6(c)). This is due to the fact that
the molecules are already in a condensed state and thus
inhibit the nonradiative decay. In these cases, a microsecond
scale lifetime that signified an ambiguous phosphorescence
emission can be well measured (Figures 6(d)–5(f)). After
irradiation, the photoexcitation-controlled molecular motion

caused the aggregation change, leading to molecules that
turned into another condensed state with the emission
reduced a little (Figures 6(a)–6(c)).

Different from the solution state, the self-recoverability of
the film state of these materials and their emission signals
are passivated (Fig. S14) because of the kinetic trapping

H

PH-b-PG

No aggregation

PH

Strong 
aggregation

Moderate
aggregation No aggregation

(a) (b) (c)

(d) (e) (f)

h𝜈 “on”
h𝜈 “on”

h𝜈 “on”

h𝜈 “on”

In
te

ns
ity

 (a
.u

.)

400350 450 500
Wavelength (nm)

550 600

In
te

ns
ity

 (a
.u

.)

400
0

500 600
Wavelength (nm)

700 800

In
te

ns
ity

 (a
.u

.)

400 500 600
Wavelength (nm)

700 800

Placed in low temperature

500

In
te

ns
ity

 (a
.u

.)

0
400 450 500

Wavelength (nm)
550 600

400

300

200

100

500

In
te

ns
ity

 (a
.u

.)

0
400 450 500

Wavelength (nm)
550 600

400

300

200

100

500

In
te

ns
ity

 (a
.u

.)

0
400 450 500

Wavelength (nm)
550 600

400

300

200

100
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effect in the solid state [55, 56]. Compared with the mono-
mer H, some weight loss (ca. 5%) of PH-b-PG before the
thermal decomposition temperature is observed (<200°C,
Figure S15), which is usually related to the bond breaking
of the polymer chain. However, we can find that such a
weight loss of PH-b-PG was postponed after photoirradia-
tion (Figure S15), showing an enhanced thermal stability
upon the change of aggregation. This can also explain
the irreversibility of the photoexcitation-controlled molec-
ular motion in the solid state, a behavior of which is ben-
eficial for a steady-state application.

Motivated by the observations reviewed above, we
perform an application showcase of PH-b-PG with photoir-
radiation. As hexathiobenzene is a luminophore with

charge-transfer (CT) nature [42, 43], it is also sensitive to the
polarity of the microenvironment [57]. The nonpolar block
PG can affect the microenvironment of the hexathiobenzene
luminophore upon the photoconvertible microphase-
segregated self-assembly (referenced by the depiction in
Figure 5(c)), leading to a further emission blue-shift in PH-
b-PG (Figure 6(c)) relative to the unshifted emission in H
and PH (Figures 6(a) and 6(b)). In solution, we did not
observe such an emission shift because the nonpolar block
PG is relatively free. By employing this photocontrolling
property of PH-b-PG, a visualized photopatterning experi-
ment, without additional doping matrix, can be performed.
As shown in Figure 6(g), when the PH-b-PG film was alter-
nately covered by masks, the regionally selective irradiation
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Figure 5: Visualizing organic solution processing: (a) illustration of the employment of photoexcitation-controlled AIE behavior to visualize
the DSA of PH-b-PG with different morphologies, accompanied by a continuous luminescent enhancement upon irradiation; (b) the films
prepared by casting of PH-b-PG solution before and after irradiation onto mica substrates and the photograph of the films placed in a
closed jar with the 1,4-dioxane vapor for annealing; (c) corresponding AFM height images of the PH-b-PG films showing a
photoconvertible microphase-segregated DSA from lamellar to a cross-linked feature upon irradiation.
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of the film gives a desired pattern showing emission stripes
(see a cyan luminescence color relative to the yellow one
alternate). The emission change induced by irradiation still
continues after the masks are removed. This performance is
advantageous for in situ photoexcitation-based control, indi-
cating an application potential as functional materials with
information processing [58, 59].

3. Discussion

This study presents a unique strategy for achieving organic-
phase AIE. It is based on a nonequilibrium process involving
photoexcitation-induced molecular aggregation. The strategy
is illustrated by an asterisk-shaped molecular design of the
hexathiobenzene luminophore, which exerts a relatively large
molecular conformational difference between its ground and
excited states. On the other hand, the long lifetime of the
excited-state guarantees a sufficient time lapse for molecular
aggregation against the electron relaxation. As exemplified by

the photoconvertible self-assembly accompanied by the
organic-phase AIE, a visual monitoring of the solution pro-
cessing of the materials with different morphologies could
be achieved. Totally different from the previously reported
examples of photoexcitation strategy with self-relaxation, a
steady-state design conception was introduced here, moving
forward the materialization of the photoexcitation-based
physical strategy for material processing.
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365nm. Figure S12: AFM height images of (a) H and (b)
PH. Figure S13: the XRD spectra of PH-b-PG before and
after UV irradiation for 10min. Figure S14: the emission
changes of H, PH, and PH-b-PG in the film state after irra-
diation for 90 s, followed by the relaxation without irradia-
tion for the same period. Figure S15: TGA of (a) H and
(b) PH-b-PG before and after irradiation and (c) a partially
magnified spectrum of (b). (Supplementary Materials)
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