L T

/

1\

=y

Check for
updates

Photoexcitation-controlled self-recoverable molecular
aggregation for flicker phosphorescence

Xiaoyong Jia**', Cancan Shao“', Xin Bai¢, Qiaohui Zhou*, Bin Wu?, Linjun Wang“?, Bingbing Yue?, Haiming Zhu,

and Liangliang Zhu®?

3State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, 200438 Shanghai, China;
PHenan Key Laboratory of Photovoltaic Materials, Henan University, 475004 Kaifeng, China; and “Department of Chemistry, Center for Chemistry of Novel &

High-Performance Materials, Zhejiang University, 310027 Hangzhou, China

Edited by Richard Eisenberg, University of Rochester, Rochester, NY, and approved January 28, 2019 (received for review December 28, 2018)

Chemical systems with external control capability and self-
recoverability are promising since they can avoid additional
chemical or energy imposition during the working process.
However, it remains challenging to employ such a nonequilibrium
method for the engineering of optoelectronic function and for
visualization. Here, we report a functional molecule that can
undergo intense conformational regulation upon photoexcitation.
It enables a dynamical change in hydrophobicity and a follow-up
molecular aggregation in aqueous media, accordingly leading to
an aggregation-induced phosphorescence (AIP) behavior. This
successive performance is self-recoverable, allowing a rapid
(second-scale cycle) and long-standing (>10° cycles) flicker ability
under rhythmical control of the AIP. Compared with traditional
bidirectional manipulations, such monodirectional photocontrol
with spontaneous reset profoundly enhances the operability while
mostly avoiding possible side reactions and fatigue accumulation.
Furthermore, this material can serve as a type of luminescent
probe for dynamically strengthening visualization in bioimaging.

photoexcitation | conformational regulation | aggregation-induced
phosphorescence | self-recoverable | luminescent probe

rtificial molecular switches continue to attract research at-
tention due to their fascinating structures and smart control
performances (1-5). Nevertheless, most of these chemical systems
work between two or more stable states, and the rest of them re-
quires at least a secondary chemical or energy stimuli, imposing
additional inconvenience and the possibility of doubling fatigue
accumulation (6-8). Inspired by the underlying mechanism of
functional natural systems, scientists began to design and develop
molecules with self-recoverability for nonequilibrium action control
(9-11). Among the control methods, photocontrol is still a superior
fashion because light stimuli are usually rapid and precise, and can
be operated remotely (12, 13). In contrast to well-studied photo-
chemical processes like photoreaction, photocyclization, and pho-
toisomerization (14, 15), a photocontrol approach with self-
recoverability largely connects to a photoexcitation principle. Thus,
it may generally suffer from ultrafast energy relaxation and dissi-
pation, and is extremely difficult to be utilized in materials. Engi-
neering of optoelectronic function and visualization via such a
photocontrol method is particularly challenging but also desirable.
While luminescent probe techniques enabled a significant
scientific advancement in visualized analysis, sensing, and im-
aging (16-18), in this work, we expect to impose a photocontrol
with self-recoverability into the advancing of operating methods
for molecular luminescence. Aggregation-induced emission
(AIE) is a type of approach where the molecules can exhibit high
luminescence in condensed or constraint states by overcoming
the aggregation-caused quenching effect (19-21). Controllable
AIE probes that utilize specific chemical reactions have emerged
to facilitate a series of frontier biological usage (22-25). In
contrast, the necessity of spontaneous, repeatable, and rhythmic
manipulation of the AIE effect for dynamically strengthening
visualization desires a self-recoverability fashion for tuning the
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unique photophysical property. On this basis, this study proposes a
strategy for achieving photoactivatable and self-recoverable AIE
through a photoexcitation on a single emitter. The strategy is inspired
by the fact that excitation of organic luminophores can normally lead
to molecular conformational and energy change by electron-phonon
coupling (26-28). However, it is difficult to sufficiently employ these
tiny changes (10 ~ 20 kJ/mol). This study employs a well-defined
structure with a lifetime-prolonged excited state to cause a dynamical
follow-up of molecular aggregation to address AIE.

We herein present a hexathiobenzene skeleton linked with six
carboxylate groups on the periphery (compound 3; see Fig. 1 for
structure as well as for its precursor compounds 1 and 2). Per-
sulfurated aromatic molecules are prone to serve as metal-free
room-temperature phosphorescence emitters, since their intersys-
tem crossing process is environmentally adjustable (29-31). In this
study, we employed the long-excited state lifetime and the am-
phiphilic structural characteristic, and eventually found photo-
activation and self-recovery behavior of the aggregation-induced
phosphorescence (AIP) effect in water. This design can take ad-
vantage of the molecular conformational change from its ground-
state (GS) structure to the first excited state (ES1) upon photo-
irradiation as a facile control method. The ES1 structure was more
hydrophobic, and the formation was accompanied by a long-
lifetime dark state. Thus, the system will have sufficient time
against energy relaxation to ensure molecular aggregation as well
as to exhibit AIP (Fig. 1). Via optimization, the photoactivation
and self-recovery of the room-temperature phosphorescence can
be rapidly and rhythmically operated. This material can also exhibit
low cytotoxicity and high biocompatibility as exemplified by
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We employed photoexcitation as a unique control method to
manipulate molecular aggregation and emission to advance lu-
minescent probe techniques. This study harnesses dynamical and
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avoiding possible side reactions and fatigue accumulation, com-
pared with traditional bidirectional manipulations.

Author contributions: X.J. and L.Z. designed research; X.J., C.S., and Q.Z. performed re-
search; X.B. contributed new reagents/analytic tools; C.S., X.B., Q.Z., BW., LW., B.Y., H.Z,,
and L.Z. analyzed data; and X.J., LW., and L.Z. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

'X.J. and C.S. contributed equally to this work.

2To whom correspondence may be addressed. Email: ljwang@zju.edu.cn or
zhuliangliang@fudan.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1821991116/-/DCSupplemental.

Published online February 22, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1821991116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1821991116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ljwang@zju.edu.cn
mailto:zhuliangliang@fudan.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821991116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821991116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1821991116

COOEt @ COOH @ coo
HooC 2 ooc’ 3
Re g e
2 L L
" -6 B g
LE RE FR pg TR
6! B0 aie. PR RE
oo R g B wg P
% g i &
N R ke W e
Dissociation wy #R
(s ~ min)
h v "( )-\‘ll
. . Excited State
Torsion 1(C1-C2-5-C3) = 120 Conformational Change
(fs)
" M (fS)
A hv "OFF Conformational Relax
hv "ON i Dark State hv "OFF"
i Phosphorescence Formation Phosphorescence
H 'Quenched" pS) "Enhanced”
Aggregation
(s ~min) @ %

*

Torsion 1 (C1-C2-S-C3) = 90°

@ Strengthened ISC and
Triplet Emission

o
e
B

3
BRTE
by

Fig. 1.
change upon photoexcitation of compound 3. The dihedral torsion as well as

Schematic illustration of the photoexcitation-controlled AIP. (A) Chemical structure of the related compounds. (B) The proposed conformational

the related atoms were defined alongside the structure. (C) The successive action

of the photoactivation and self-recovery cycle of the AIP behavior of compound 3 in aqueous media, based on the conformational interconversion ac-

companied by a long-lifetime dark state. ISC, intersystem crossing.

imaging studies, featuring a superior dynamically strengthened vi-
sualization at the cellular level. Such a flicker phosphorescence can
be cycled for a long time since the utilization of the monodirec-
tional photocontrol with spontaneous reset can avoid additional
fatigue accumulation to the most extent for cycling.

Results and Discussion

Molecular Conformational Change with Dark-State Formation upon
Photoexcitation. Since compound 3 has six benzene side chains
linked to the central benzene ring with six sulfur atoms, obvi-
ously, both torsion C1-C2-S-C3 (torsion 1) and torsion C2-S-C3-
C4 (torsion 2) determine the overall conjugation of the molecule
(see atom labeling in Fig. 1). We therefore focused on the two
torsional degrees of freedom and calculated the GS potential
energy surface (Fig. 24). The equivalent torsions in the six side
chains were set to be identical during the computational scan.
Both torsion 1 and torsion 2 were found to exert a strong impact
on the GS energy, and the equilibrium geometry corresponds to
torsion 1 = 120° and torsion 2 = 35° (SI Appendix, Fig. S2A4).
Based on this geometry, the time-dependent density-functional
theory was utilized to calculate the excited states and to obtain
the absorption spectrum, which agrees well with the experimental
data (vide infra).

Similarly, the potential energy surface of the ES1 state was
calculated (Fig. 2C), and the equilibrium geometry was found to
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be torsion 1 = 90° and torsion 2 = 15° (SI Appendix, Fig. S2B).
The corresponding scan of the ES1 oscillator strength is shown in
Fig. 2D, which implies that the emission from ES1 is much more
sensitive to torsion 1 than to torsion 2. Apparently, the ES1 of
the equilibrium geometry is a dark state with almost zero oscil-
lator strength. We found that the majority of the contributions to
ES1 originate from the excitation of the highest occupied mo-
lecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). HOMO is localized on S atoms (SI Appendix,
Fig. S2C), while LUMO is localized on the central benzene ring
(SI Appendix, Fig. S2D). At the ES1 equilibrium geometry with
torsion 1 = 90°, HOMO is symmetric in the vertical direction of
the central benzene ring, while LUMO is antisymmetric. As a
result, the overlap of HOMO and LUMO is almost zero, further
featuring a dark-state characteristic. In fact, ES1 is a charge-
transfer state with negligible oscillator strength.

Direct experimental evidence that can confirm the existence of
a dark state and its lifetime was from transient absorption (S
Appendix, Fig. S3). Since the positive band around 400 nm is the
ground-state bleaching, a remarkable broadband excited-state
absorption signal (S; — S,) around 648 nm emerged during an
ultrafast period (~200 fs) upon photoexcitation. It can then rap-
idly decay with blue shift. Accompanied by the decay of this signal,
a signal maximum at 458 nm grew during the first few ps, at almost
the same rate as the decay of the 648-nm maximum (~1.6 x 10** s7™).
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Fig. 2. Theoretical study of the conformational change of compound 3 upon photoexcitation. (A) Calculated GS potential energy surface, where the black
solid circle indicates the equilibrium geometry. (B) Absorption spectrum calculated based on the GS equilibrium geometry. (C) ES1 potential energy surface.

(D) Scan of the ES1 oscillator strength.

Since there was no change of the molecular structure before and
after irradiation, the absorption at 484 nm was attributed to be
caused by a change in the molecular conformation with a charge-
transfer process. This indicates the chance of a dark-state formation
and is consistent with the computational results. The lifetime of the
dark state can be seen to be at a time scale of ps ~ ns.

Photoluminescence Study for the Photoactivation and Self-Recovery
Behavior of the AIP. The absorption spectrum of compound 3
shows different bands, and that with the lowest energy has a
maximum around 345 nm with a tail extending up to 450 nm
(Fig. 3B), similar to the absorption behavior of compound 2 (S
Appendix, Fig. S44). In this case, almost no photoluminescence
(PL) signals were observed initially upon excitation at 365 nm at
room temperature in solution (Fig. 34 and SI Appendix, Fig.
S5B). In contrast, compound 3 showed intense emissions around
525 nm at 77 K, while it also exhibited a similar emission around
510 nm in the solid state at room temperature (SI Appendix, Fig.
S5B). The temperature-dependent emission spectrum was also
collected (SI Appendix, Fig. SAD). These results agree with sim-
ilar findings in the literature that signify a typical AIP effect (31).

Next, a photoactivation phenomenon of phosphorescence was
experimentally found during an irradiation experiment with com-
pound 3 in water under room temperature. Compound 3 displayed
almost no emission before irradiation under 365 nm using a hand-
held UV lamp, whereas an immediate increase of the emission at
505 nm was observed after irradiation over time (Fig. 34). The
emission signal became stronger with extended irradiation time (S/
Appendix, Fig. S6A4). This phenomenon was also verified by the
change of the UV-vis absorption spectra, in which two absorption
bands at 396 and 421 nm emerged under irradiation (Fig. 3B). In-
terestingly, upon removal of the irradiation light, emission at
505 nm of compound 3 decreased quickly (SI Appendix, Fig. S6B),
and such a reversible cycle could be repeated (Fig. 3D). In contrast,
both compound 2 (SI Appendix, Fig. S4B) and compound 3 in DMF
(SI Appendix, Fig. S4C) did not show this unique phenomenon
along with photoirradiation.
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To further confirm that this phenomenon is a photoactivation and
self-recovery process of AIP, we collected the PL lifetimes of com-
pound 3. The PL lifetimes of compound 3 for its powder state and in
rigid matrices at 77 K were 336.2 ps (SI Appendix, Fig. S5C) and 3.9
ms (SI Appendix, Fig. S5D), respectively, due to the slowing of non-
radiative deactivation of excited states when exposed to a rigid en-
vironment (32-34). The PL lifetime of compound 3 in water after
irradiation was 65.3 ps at 505 nm (Fig. 3C), suggesting a phospho-
rescence band that likely originated from an aggregation factor that
can inhibit nonradiative decay factors (e.g., molecular vibration and
rotation) to strengthen the triplet emission. This unique phenomenon
is a monostable process without molecular structural change, because
there is no change in the fundamental characteristics before and after
irradiation as verified by proton nuclear magnetic resonance (S7
Appendix, Fig. S7A), carbon-13 nuclear magnetic resonance (SI Ap-
pendix, Fig. STB), electrospray ionization mass spectrometry (SI Ap-
pendix, Fig. S7C), high performance liquid chromatography (S
Appendix, Fig. STD), infrared (SI Appendix, Fig. STE), and Raman
spectra (SI Appendix, Fig. STF). A possible photooxidation route can
also be ruled out since the photoactivated phosphorescent signal can
still be observed after a strict degassing pretreatment by three cycles
of freeze—-pump-thaw (SI Appendix, Fig. SSE and Fig. S5F) (35).

We speculated that the light-controlled aggregation of compound
3 in water played a significant role in producing the phosphores-
cence at room temperature. To further validate this hypothesis,
transmission electron microscopy (TEM) and dynamic light scat-
tering (DLS) experiments were performed. The TEM image showed
that the well-dispersed nanometer-sized parts (about 15 nm in di-
ameter) of compound 3 (Fig. 4B) aggregated and formed larger
nanometer-sized aggregates (more than 200 nm in diameter) with
a normal distribution after irradiation (Fig. 4D). These results were
consistent with those obtained from DLS experiments before (Fig.
44) and after (Fig. 4C) irradiation, with which a photoactivation and
self-recovery process can also be monitored (SI Appendix, Fig. S8).

Mechanism Study for the Phosphorescence Amplification by

Photoexcitation. The theoretical investigation indicated that the equi-
librium geometry of GS and ES1 differ significantly. In particular,
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torsion 1 changed from 120° to 90°, and torsion 2 changed from
35° to 15°, greatly improving molecular aggregation. As shown in
Fig. 4 E and G, the GS equilibrium structure has a larger space
between the side chains than the ES1 equilibrium structure. Water
molecules may stay well between the side chains for GS, whereas
it is very difficult in the ES1 case. Moreover, due to different

torsions, the ES1 structure is much more regular than the GS
structure (Fig. 4 F and H). Molecules are expected to be parallel
to each other, preferring ordered stacking. Due to these reasons,
water does not easily mix with molecules in the equilibrium ge-
ometry of ES1, resulting in a larger aggregation than in GS. On
the other hand, the occurrence of this process is also because the
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Fig. 4. Nanoscale study (DLS results and TEM images of compound 3 in water) and computational data for confirming an AIP process. DLS results (A) before
and (C) after irradiation for 5 min. TEM image (B) before and (D) after irradiation for 5 min. (Scale bars: 100 nm.) Equilibrium geometry of the (£ and F) GS and
(G and H) ES1. The van der Waals surface has been used in E and G, and a water molecule has been shown to guide the eyes. The triangles indicate the
distances between corresponding hydrogen atoms.
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ES1 is a long-lifetime dark state, enabling the dynamic possibility
for a following aggregation behavior. The dark state (ps ~ ns)
upon photoexcitation sufficiently allows molecular collision (ps or
sub-ps) (36, 37) and the formation of aggregates with small number
of units (ns scale; see the time evolution of solvent-accessible sur-
face area simulation in some persulfurated aromatic systems) (30,
38). Furthermore, referenced from similar findings (39, 40), we
conclude that the aggregation state is more stable than the free
state upon photoexcitation. In this way, the disassociation rate will
be much slower than the aggregation rate upon photoexcitation,
thus ensuring molecular collision to finally complete an entire
aggregation for AIP. A possible photo-acid/base property can be
ruled out since the same phenomenon of light-controllable aggre-
gation can also be observed with increasing pH value. Removal
of photoexcitation changed the conformation back from ESI to
GS, and hence, the self-recovery of AIP started along with the
dissociation of compound 3, as illustrated in Fig. 1.

Bioimaging Studies. Dynamic emission with time-resolution charac-
teristics has received significant attention in photoluminescent probe
techniques (41-43). After establishing such a photoresponsive sys-
tem, we investigated its flicker emission imaging (44, 45) at the
cellular level. Before endocytosis for imaging, cytotoxicity evaluation
is an important parameter to consider. In this study, the accounting

kit-8 (CCKS) assay was conducted to test the cytotoxicity. Through
cell viability examination, no obvious cytotoxicity was observed with
concentrations from 1 to 10 pM after 24 h of incubation (SI Ap-
pendix, Fig. S94), demonstrating a low cytotoxicity of compound 3 in
aqueous media. Then, we investigated the application of compound
3 in cellular imaging using confocal laser scanning microscopy
(CLSM). After HeLa cells were incubated with aqueous solutions of
compound 3 (1 x 10~ M) and after irradiation, they can be excited
by an FITC channel laser to emit strong luminescence (SI Appendix,
Fig. S9D), whereas no emission signal was observed before irradi-
ation (SI Appendix, Fig. S9C). The bright regions overlap at the cell
position (SI Appendix, Fig. S9B), indicating that compound 3 has
been successfully taken up and accumulated in cells.

To conduct the flicker emission imaging experiment, the light
source was optimized and a visible light beam at 405 nm with a
relatively big power was applied instead of the traditional 365-nm
UV lamp, for reducing harm to the biosample and achieving a faster
photoresponse. By rhythmical irradiating for seconds and halting for
a specific period of time, a dynamic flicker emission effect was ob-
served from the CLSM images (Fig. 54). Such a phenomenon is
consistent with the PL signal alternation discussed above (Fig. 3D).
This indicates that the photoactivation and self-recovery of AIP in
each cycle can be observed in vivo. The brightness along the cellular
profile can also be quantified (Fig. 5B), showing that a distinct

Brightness Intensity

C

71 17 T 17T 7T 717 '
Time ——

Time

Fig. 5. Dynamic emission of compound 3 for imaging. (A) Confocal microphotographs (FITC channel) of Hela cells incubated with compound 3 upon
rhythmical irradiation at 405 nm. (B) Corresponding brightness intensity readout curves along the line highlighted in A. (C) Continuous enhancement of
luminescence of the cell solution dyed with compound 3 with prolonged irradiation time in a visualized patterning experiment.
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signal alternation works well along with rhythmic irradiation. Al-
though the current photoexcitation condition is limited for appli-
cation in bulk biosamples or animals, a visualized patterning
experiment in cell solution showed that such a strategy can utilize
the dynamic emission signal to strengthen the visualization in the
mapping (see an “F” character in a dynamic process, Fig. 5C and S
Appendix, Fig. $10). Our material can currently work at least 10
cycles, reflecting the merit of self-recoverable photocontrol.

Conclusion

In summary, this study presents a unique AIP molecule powered
by photoexcitation. This chemical system can perform AIP be-
havior with photoactivation and self-recovery in aqueous media.
Two factors play key roles for such a successive process: (i)
molecular conformational alteration mediated by photoexcita-
tion changing the hydrophobicity of the compound; (if) the dark
lowest-excited state ensuring a dynamical follow-up of the mo-
lecular aggregation. Upon aggregation, AIP occurred and was
self-resettable while photoexcitation was halted. By rhythmically
controlling the AIP in our system, a flicker emission effect upon
the delivery of the molecule into the cellular level was exhibited,
featuring a dynamically strengthened visualization in bio-
imaging. All these advantages are based on the merit of a type of
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