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Introduction

Theoretical insights into the rational design
of small organic phototheranostic agents for
promoting image-guided cancer surgeryy

*ac

Jia Zhang,® Junfang Yang,® Yi Zeng,® Ze-Sheng Li{2? and Xiaoyan Zheng
To realize the precise regulation of phototheranostics for AIE luminogens (AlEgens), unraveling the
molecular configuration, molecular packing and phototheranostic property relationships is of vital
importance. Through a multiscale modeling protocol that combines molecular dynamics simulations,
implicit polarizable continuum models and thermal vibration correlation function formalism coupled
guantum mechanics/molecular mechanics models, the inherent mechanism of two structurally similar
donor—(n)—acceptor-type AlEgens (Tl and TSSI) with significantly different performances in
phototheranostics were firstly explored. It is found that TSSI with additional thiophene rings as a bridge
largely improves the phototheranostic properties, which includes a redshifted emission, a high
photothermal conversion efficiency (PCE) and a good intersystem crossing (ISC) efficiency. Based on
that, we propose a molecular design strategy and design a series of AlEgens via structural modification
of the acceptor moiety or extending the n-bridge of TSSI. It is found that, TSSSSI is predicted to be a
potential candidate for NIR-II fluorescence imaging guided photodynamic and photothermal therapy
applications owing to its excellent fluorescence efficiency, efficient ISC process, and emission spectrum
in the NIR-II region. Lastly, the fluorescence quantum efficiency enhancement of TSSI upon aggregation
was caused by suppressing the rotational vibrations in the low-frequency region. Our theoretical
protocol is general and applicable to other AlEgens, thus laying a solid foundation for the rational design
of advanced AlEgens for applications in phototheranostics.

imaging (PAI) has a centimeter-scale imaging depth, but lacks
sensitivity.'>!" Photothermal imaging (PTI) shows good tem-

Phototheranostic strategies using organic luminescence are
experiencing a rapid development, because of their high accu-
racy, high efficiency and non-invasive nature,"” which over-
come the disadvantages of conventional tumor treatment
methods with a high surgical risk and limited efficacy.*’ In
current diagnostic technology, fluorescence imaging (FLI) has a
high sensitivity, a fast response and is non-invasive, although it
is limited in its penetration depth.®® By contrast, photoacoustic
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perature sensitivity and a real-time monitoring ability.'*"?
Photothermal therapy (PTT) and photodynamic therapy (PDT)
are both light-controllable and non-invasive, but have heat
shock effects and hypoxic nature, respectively."*"> The combi-
nation of different diagnostic and therapeutic techniques can
overcome these intrinsic shortcomings and achieve both accu-
rate diagnosis and a good treatment efficiency.'® In addition,
the absorption and emission of long wavelengths in near-
infrared (NIR) region are important in photo-theranostic appli-
cations in vivo, because they help to achieve better penetration
into tissue with less damage'’ and a high signal-to-noise
ratio.'®"°

The performance of phototheranostics is closely related to
the relative contributions of the different decay channels of
photoexcited molecules. According to the Jablonski diagram,
there are three key dissipative channels of excited state ener-
gies. First is the radiative channel, which generates fluores-
cence and affords FLL>®*' The second is the internal
conversion process through thermal vibrations, which is uti-
lized in PTI, PAI and PTT." The third is the intersystem
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crossing (ISC) process, which produces reactive oxygen species
(ROS) for PDT.**>* The three decay channels of excited states
compete with each other, and the energy partition between
these different decay channels influences the probabilities of
the different functions for phototheranostics. AIE luminogens
(AIEgens) are ideal candidates for phototheranostics. AIEgens
with non-planar twisted conformations pack loosely in the
condensed phase, which is not only beneficial for fluorescent
emission but also keeps the intramolecular motions active in the
aggregates, and this could well balance the energy partition of the
different decay channels of the excited states.>'*'*!%?>>730
The precise control of the energy partition on the different decay
channels of AlEgens is key to regulating their performance in
phototheranostics.

Nonetheless, the development of AIEgen-based organic
luminescence for phototheranostics requires the optimization
of many factors, such as the absorption/emission wavelength,
the photothermal conversion efficiency, spin-orbit coupling
(SOC), chemical stability and so on. These factors interplay
with each other and cannot be optimized separately; therefore,
it is a great challenge for researchers to design organic AIEgens
through trial-and-error. Unraveling the microscopic mechan-
isms behind the phototheranostics of organic luminescence is
a key prerequisite for the precise design of organic lumines-
cence with good performance for phototheranostics; these
remain elusive, however, due to the limited spatial-temporal
resolution of current experimental techniques. Multiscale mod-
eling has played an important role in elucidating the relation-
ship between the molecular configuration, molecular packing
and phototheranostic properties of AlIEgens and understanding
their system-dependent performance in phototheranostics,
which is beneficial for the rational design of AlEgens at mini-
mal cost compared with the trial-and-error screening approach
of experiments.*" ™ This can be exemplified by two representa-
tive AIEgens: TI and TSSI. As shown in Scheme 1, TI consists of
triphenylamine as the donor (D) and the 1,3-bis(dicyano-
methylidene) indane moiety as the acceptor (A); for TSSI, except

donor

acceptor

Scheme 1 Chemical structures of (a) Tl and (b) TSSI. The acceptor,
n-bridge, and donor are labeled in blue, orange and green, respectively,
and the corresponding dihedral angles are A,-1-s, Bh-12 and Dp_y_3,
respectively.
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for the same D and A, it also comprises two additional thiophene
rings as a m-bridge. Therefore, TI and TSSI are D-A and D-n-A
type molecules, respectively, and their only difference is that TSSI
contains the additional thiophene rings as the n-bridge. Although
TI and TSSI have similar chemical structures, they display
distinct performances in phototheranostics. Experimentally, TI
and TSSI are both AIEgens, where TSSI displays much redder
absorption (NIR-I) and emission (NIR-II) spectra than TI. In
addition, TSSI simultaneously demonstrates a higher PCE and
a superior ROS production efficiency than TI.>° In contrast to TI,
TSSI shows an unprecedented performance in NIR-II FLI-PAI-PTI
trimodal-imaging-guided PDT-PTT synergistic therapy.*®

In this contribution, we adopt a theoretical protocol that
combines molecular dynamics simulations (MD), implicit
polarizable continuum models (PCM) and hybrid quantum
mechanics/molecular mechanics (QM/MM) models (see
Fig. S1, ESIT)*”*® to systematically explore the striking differ-
ence in the phototheranostic performance of TI and TSSI,
which have similar chemical structures, at the microscopic
level. Based on these theoretical calculations, we further design
a series of AIEgens and study their potential abilities in photo-
theranostics to systematically optimize the performance of the
AlEgens with respect to the target function of phototheranos-
tics, such as NIR-II FLI. Finally, the AIE mechanism of the
representative AIEgen TSSI is demonstrated.

Results and discussion
Phototheranostic properties of TI and TSSI

The structural changes in both TI and TSSI upon excitation
were demonstrated. For clarity, the key dihedral angles of the
acceptor, the n-bridge and the donor are defined as A, (41, 4,
As, A4, and A4;), B, (B, and B,) and D, (D;, D,, and Dj3),
respectively (see Scheme 1). Moreover, the changes of the TI
and TSSI bond lengths (within 0.03 A) and bond angles (within
1.1°) are negligible (see more details in Table S2, ESIt). This
indicates that TSSI is more flexible and displays more obvious
structural modifications than TI in dilute solution. For exam-
ple, the change in A, for TSSI (28.3°) is much larger than that
for TI (3.3°) (see Fig. 1a and Table S2, ESI{). Upon excitation,
the A backbone of TI becomes more planar and that of D is
more twisted, as reflected by the decreased dihedral angles of
the A moiety (4, 4,, A3, A, and As) and the increased dihedral
angles of the D moiety (D,, D, and D;). By comparison, the
configuration of TSSI becomes more planar after excitation,
because all the extracted dihedral angles of D, n-bridge and A
are decreased, indicating that the introduction of the n-bridge
effectively improves the conjugation of TSSI (Fig. 1b, ¢ and
Table S2, ESIT). The statistical population of the key dihedral
angles of TSSI obtained from MD simulations also shows wider
distributions than that of TI (Fig. 1d). For example, the dis-
tribution of D, in TSSI is in range of —180° to 180°, while that of
TI is only in range of 10° to 180°; at the same time, B; and B, of
the additional thiophene rings in TSSI also have a certain range
of distributions (Fig. 1d). This indicates that the dynamic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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(a) Modification of dihedral angles between Sg and S; of optimized Tl and TSSI in dilute solution. (b and c) Selected dihedral angles of Tl and TSSI at

both Sg and S;. (d) Distributions of the representative dihedral angles of Tl and TSSI based on MD trajectories. (e) HOMO, LUMO and energy gaps (AEg), as
well as (f) the orbital delocalization index of the HOMO and LUMO for the S;-geometry of Tl and TSSI in dilute solution. (g) Calculated absorption and
emission spectra, as well as (h and i) the AEst and spin—orbit couplings (&) of Tl and TSSI in solution.

conformational changes of TSSI in aqueous solution are much
easier than in TI (see the representative conformations of TI
and TSSI in Fig. S2, ESIT). Therefore, TSSI is more flexible than
TI, and it may release more heat energy vibrationally through
the non-radiative decay channel of the excited state, which is
beneficial for improving the performance in PTI, PAI and PTT.

The S; transition orbitals of TI and TSSI are both mainly
contributed by HOMO — LUMO, although HOMO—-1 — LUMO
plays a minor role (Fig. 1e, Fig S3 and Table S3, ESI}). As shown
in Fig. le, TI has a twisted intramolecular charge transfer
(TICT) feature with the HOMO and LUMO distributed on the
D and A moieties, respectively. TSSI shows a hybrid local
excited (LE) and charge transfer (CT) state, with the HOMO
and LUMO delocalized over almost the entire TSSI skeleton,
because the introduced n-bridge largely improves the backbone
planarity and enlarges the effective conjugation length for the
S1 of TSSI. Accordingly, the AE, of TSSI (2.54 eV) is smaller than
that of TI (2.86 eV) (see Fig. 1e). The orbital delocalization can

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

be quantitatively characterized via the orbital delocalization
index (ODI), where the smaller the ODI, the larger the extent of
orbital delocalization. Clearly, the ODI of both the HOMO and
LUMO of TSSI are smaller than those of TI, which is supportive
of the increased planarity and conjugation of TSSI induced by
the m-bridge (Fig. 1f). The absorption and emission spectra of
TSSI are both redshifted compared with TI, because of the
better planarity and the smaller AE, of TSSI (Fig. 1g), in good
agreement with the experimental results.>® In particular, the
absorption and emission spectra of TSSI fall in the NIR-I and
NIR-II regions with peak maxima at 628 nm and 850 nm,
respectively, which is also beneficial for its FLI application
in vivo.*®

The ISC process is estimated from the energy gap (AEsy)
between S; and the low-lying triplet states (T, or T,), as well as
the SOC (&) values. Generally, reducing AEgy or increasing ¢ can
effectively increase the ISC efficiency and enhance the PDT
performance. As shown in Fig. 1h and i, the negligible AEgr

Mater. Chem. Front., 2023, 7, 545-553 | 547
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(0.001 eV) and the excellent ¢ (0.45 cm™ ') between S; and T, for
TSSI can realize a more efficient ISC process than TI, which
shows AEgr (0.136 €V) and ¢ (0.63 cm ™). Therefore, TSSI has a
better performance in PDT applications than TI, consistent
with experimental results.>®

Above all, in contrast to TI, the introduction of the
thiophene-ring bridge between the donor and acceptor of TSSI
largely improves its performance of the phototheranostic prop-
erties, which not only redshifts the absorption and emission
spectra but also improves the PCE due to the boosting of non-
radiative decay pathways. In addition, the small AEgr and the
large ¢ value also enhance the PDT function. Therefore, TSSI
has a better phototheranostic performance than TI, in good
agreement with experimental results.>®

Molecular design

Further molecular design based on TSSI was performed to deepen
our understanding of the structure-property relationship of the
AlEgens on the phototheranostic performance. Two molecular
design strategies were proposed to optimize the specific functions
of the phototheranostics. (i) We introduced an additional electron-
deficient cyano group at 4-position or 5-position of the indane
moiety of TSSI, which are designated as o0-TSSI or m-TSSI, respec-
tively (see Fig. 2). Introducing a cyano group into the A moiety of
TSSI only not can increase the electron-withdrawing ability of the A
moiety and enhance the separation of D and A but also incorpo-
rates the steric hindrance of the cyano group into the molecular
conformations and phototheranostic properties. (ii) We extended
the n-bridge of TSSI to three or four thiophene rings, designated as
TSSSI or TSSSSI, respectively, to further improve the conjugation
length and red-shift the absorption and emission spectra of TSSI
(see Fig. 2).

As shown in Fig. 3a and Scheme S2 (ESIt), the key dihedral
angles of the A moiety (particularly for A; and A,) of 0-TSSI for
both S, and S; are much larger than those of the other four
AlEgens, TSSI, m-TSSI, TSSSI and TSSSSI, because of the steric
hindrance of the 4-position of the indane moiety of 0-TSSI. For
example, A; increases from 12.2° and 1.2° for TSSI to 30.5° and

Regulating acceptor
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28.4° for o-TSSI for S, and S,, respectively (Tables S2 and S4,
ESIT). Therefore, the introduction of the additional cyano group
at the 4-position of o-TSSI increases the steric effect of the A
moiety and results in a more distorted conformation for o-TSSI
(Fig. S4, ESIt). By contrast, for m-TSSI, the dihedral angles of
the D, n-bridge and A moieties are all similar to those of TSSI,
indicating the neglectable steric hindrance from introducing
the cyano group at the 5-position of the indane moiety (Fig. S4
and Tables S2, S4, ESIT). Lengthening the n-bridge to three and
four thiophene rings can enhance the planarity of the n-bridge
(supportive of the small B; and B, in Fig. 3a, Fig. S4 and Table
S4, ESIf) and enlarge the conjugation length of TSSSI and
TSSSSI; therefore, the absorption and emission spectra of TSSSI
and TSSSSI are more redshifted than TSSI

Similar to TSSI, all four designed AIEgens display hybrid LE
and CT features, and the transition orbitals for S; are domi-
nated by the HOMO — LUMO transition, with the HOMO
mainly distributed on the D and =n-bridge, and the LUMO
distributed on the A and n-bridge, respectively (see Fig. S5
and Table S5, ESIt). For o-TSSI and m-TSSI, the introduced
cyano group effectively increases the electron-withdrawing abil-
ity of the A moiety and enhances the degree of separation
between the hole and the electron (see Fig. S6, ESIt); therefore,
the AE, values of 0-TSSI and m-TSSI (2.52 eV and 2.47 eV) are
smaller than that of TSSI (2.54 eV). In addition, the AE, values
of TSSSI and TSSSSI are decreased to 2.34 eV and 2.23 eV
because of the increased conjugation length and planarity after
lengthening the m-bridge of TSSI (Fig. 3a and b). Therefore,
relative to TSSI, all the absorption and emission spectra of m-
TSSI, TSSSI, and TSSSSI are redshifted with maximum emission
wavelengths of 861 nm, 893 nm and 918 nm, respectively
(Fig. 3c). It is clear that the absorption and emission spectra
of TSSSSI cover almost the whole NIR-I and NIR-II regions. It is
noted that the fluorescent emission of 0-TSSI is blueshifted
because of the torsional conformations induced by the steric
hindrance of the additional cyano group at the 4-position
of the indane moiety. Therefore, the strategy of lengthening
the n-bridge is more conducive to the spectral redshift and is

Z/ \S

S

TSSSI TSSSSI

Fig. 2 Schematic illustration of the design strategies of the four organic molecules based on TSSI: 0-TSSI, m-TSSI, TSSSI, and TSSSSI.
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and S;. (b) HOMO, LUMO and AE4 of the S; geometry. (c) Absorption and emission spectra. (d) Radiative rate constant (k,) and total reorganization energy

(Aotal) Values. (e) Calculated AEst and spin—orbit coupling (¢) values.

more effective for improving the FLI performance for photo-
theranostics in vivo.

The fluorescence quantum efficiency (®y) is determined via
the radiative decay rate (k;) and the internal conversion rate
constant (k). The k; value is calculated using the simple
spontaneous emission relationship, whereas ki can be

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

characterized via the reorganization energy (4), and these are
useful parameters for measuring the extent of electron-vibra-
tion coupling. In general, the increase in 4 implies a larger k;.
As shown in Fig. 3d and Table S5 (ESIt), the k; values of the four
designed compounds all increase from 0.6 x 10® s~ (TSSI) to
1.5 x 10® s7" (0-TSSI), 0.8 x 10° s~' (m-TSSI), 0.9 x 10% s~*
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(TSSSI), and 1.2 x 10® s~ (TSSSSI), respectively; simultaneously,
Atotal 1S reduced from 1.2 eV (TSSI) to 0.4 eV (0-TSSI), 1.0 eV
(m-TSSI), 1.0 eV (TSSSI), and 0.8 eV (TSSSSI). In particular,
0-TSSI with the cyano group at the 4-position of the indane moiety
has the largest &, and the smallest A,; therefore, this additional
cyano group can effectively restrict the intramolecular vibrations of
0-TSSI and improve its fluorescent emission. In addition, TSSSSI,
with longest n-bridge, displays a larger k. and a smaller Ay, than
those of TSSI, and shows better FLI than TSSI. Therefore, both
0-TSSI via the introduction of the additional cyano group at the
indane 4-position and TSSSSI with the lengthened bridge dimen-
sion are beneficial for FLI.

Then, AEsy and ¢ were calculated to qualitatively estimate
the ISC process (Fig. 3e). It is found that, AEr, s; is reduced
successively from 0-TSSI (0.100 eV) to TSSSI (0.012 eV), m-TSSI
(0.005 eV), TSSI (0.001 eV) and TSSSSI (~ 0 eV), and the AEr, g;
value of TSSSSI is the smallest at almost equal to zero. Simulta-
neously, the corresponding &1,_s; values of all the compounds
are of the same order of magnitude (0.19 cm ', 0.29 cm *,
0.26 cm ' 0.45 cm ' and 0.15 cm %), indicating the relative
facilitated ISC process and the good performance for PDT
(Fig. 3e). Therefore, the TSSSSI with the n-bridge lengthened to four
thiophene rings is predicted to be a potential candidate for photo-
theranostic applications owing to its excellent FLI, efficient ISC
process, and emission spectrum in the NIR-II region.

Aggregation effect

The hybrid QM/MM models of representative amorphous aggre-
gates were set up to elucidate the aggregation effects of TSSI and

View Article Online
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to systematically investigate the influence of the molecular
packing on the photophysical properties of TSSI. Considering
the irregular molecular packing of TSSI in amorphous aggre-
gates, three representative conformations were randomly
selected and the QM/MM models set up accordingly to calculate
their photophysical properties (Fig. 4a). It was found that the
TSSI monomer is more flexible compared with as amorphous
aggregates, due to the dense molecular packing, and the struc-
tural modifications upon excitation are sharply decreased after
aggregation (Fig. 4b and Tables S2, S6, ESIT). For example, the
structural modification of A, and A5 of TSSI are largely reduced
from 28.3° and 32.2° in the dispersed state to 4.4° and 4.9° in an
amorphous aggregate, respectively. Moreover, the backbone of
TSSI suffers a significant distortion from linear to bent upon
aggregation, which is supported by the variation of B; and B,
from 7.1° and 0.2° in the dispersed state to 18.8° and 37.8° in an
amorphous aggregate for the S;-geometry (Fig. S7, ESIT).

The major transition orbitals, HOMO and LUMO, of TSSI are
localized at the D and A moieties, respectively (Fig. 4c, Fig. S8,
and Table S7, ESIY), showing the ICT features. Due to the
twisted backbone and the reduced conjugation after aggrega-
tion, the corresponding AE, of TSSI in the aggregate (2.62 eV) is
larger than that of the dispersed form (2.54 eV), and therefore
the emission spectrum of TSSI is blueshifted upon aggregation
(Fig. 4c, d and Fig. S9-511, ESI{). Moreover, the absorption and
emission spectra of TSSI in the amorphous aggregate fall in
NIR-I and NIR-II regions with peaks at 706 nm and 824 nm,
respectively. Relative to TSSI in the dispersed state, the emis-
sion spectrum of the amorphous aggregate is blueshifted.
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Fig. 4

(@) QM/MM model of TSSI as an amorphous aggregate, where one central TSSI was selected as the QM region and the others were set as the MM

region. (b) Structural modification between Sg and Sy, as well as (c) the HOMO, LUMO and energy gap (AE,) for the S;-geometry of TSSI in monomer and
amorphous aggregate forms. (d) Calculated absorption and emission spectra of TSSI in monomer and amorphous aggregate forms. (e and f) Projection of
the reorganization energy in the ground state (igs) on the normal mode frequency and internal coordinates of TSSI in monomer and amorphous

aggregate forms.
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The k;, ki and @ data of TSSI in the amorphous aggregate
were also estimated using the thermal vibration correlation
function protocol through the MOMAP program.**™*! The cal-
culated k, and ;. values of TSSI in the amorphous aggregate are
2.9 x 107 s7" and 6.6 x 10° s, respectively, and the corres-
ponding @ is 81.5% (Table S7, ESIT). As reported in previous
studies,****™* k, is immune to the environment, and the &, of
TSSI in solution and the amorphous aggregate are of the same
order of magnitude. By contrast, k;. is quite sensitive to the
environment and is closely related to A. It was found that the
Atotal Of TSSI in dilute solution is 1.2 eV, whereas it decreases to
0.4 eV in the aggregated state (Table S7, ESI{), implying the
much larger k. of TSSI in solution compared with that as an
amorphous aggregate; therefore, the @ of TSSI in the aggregate
is improved upon aggregation. To gain more theoretical
insights into the suppressed non-radiative channel in the
aggregated state, we further projected the Ay values of TSSI
in both solution and the aggregated state for S, into the
vibrational normal modes (Fig. 4e). It can be seen that the Ay
values of TSSI are much smaller as aggregates than in dilute
solution, particularly for the low-frequency region (<300 cm™?)
(see Fig. 4e). Moreover, the summation of iy for TSSI in the
low-frequency region in solution and in the aggregated form is
411 meV and 97 meV, respectively. These findings indicate that
the energy dissipation pathways are easily blocked via low-
frequency components upon aggregation. To clarify the rela-
tionship between the energy dissipative channel and the mole-
cular structure, we projected the 44 of TSSI in both the solution
and aggregated form onto the internal coordinates (Fig. 4f). It is
noted that the contribution from the dihedral angles decreases
from 496 meV in solution to 70 meV in the aggregated state,
while the changes for the bond length and bond angle are
negligible (Fig. 4f). The major components of the dihedral
angles are associated with the out-of-plane motions of the A
moieties, consistent with analysis of the structural modifica-
tions in Fig. 4b. These results confirm the crucial role of the
phenyl-ring motions of the A-moiety in determining the photo-
physical properties of TSSI, which is fully consistent with the
structural modification from S, to S; (Fig. 4b).

Conclusions

In summary, the underlying mechanisms of the dramatically
different phototheranostic performance characteristics of two
structurally similar AIEgens (i.e., TI and TSSI) were first
explored using a multiscale modeling protocol that combines
MD simulations and the PCM model. It is found that TSSI,
which contains a thiophene-ring bridge to link the donor and
acceptor moieties, shows largely improved phototheranostic
properties that include a redshifted emission, a higher PCE
and a good ISC efficiency. Therefore, TSSI has a better photo-
theranostic performance for PTI, PTT, PAIL, and PDT compared
with TI, which is consistent with experimental results.>® Based
on unraveling the structure-property relationship of TSSI, we
propose a rational molecular design strategy, and further
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design a series of AIEgens via structural modification of the A
moiety or by extending the n-bridge of TSSI. It is found that,
relative to structural modification of the A moiety of TSSI, the
lengthening of the n-bridge, particularly for TSSSSI, is predicted
to provide a potential candidate for phototheranostic applica-
tion owing to its excellent FLI, efficient ISC process, and
emission spectrum in the NIR-II region. Lastly, the aggregation
effects of the representative AIEgen TSSI were explored using a
multiscale modelling protocol that combines MD simulations
and the thermal vibration correlation function formalism
coupled QM/MM model. It is demonstrated that the enhance-
ment of the fluorescent quantum efficiency of representative
TSSI was realized by blocking the excited-state non-radiative
decay channels through suppressing the rotational vibrations
in the low-frequency region. These calculations demonstrate a
clear picture of the relationship between the molecular configu-
ration, the molecular packing and the phototheranostic proper-
ties, which could provide valuable insight for the rational
design of high-performance AIEgens for phototheranostics.
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