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Achieving an ideal light-harvesting system at a low cost remains a challenge.
Herein, we report the synthesis of a hybrid dye system based on tetra-
phenylene (TPE) encapsulated organic dyes in a continuous flow microreactor.
The composite dye nanoparticles (NPs) are synthesized based on supramole-
cular self-assembly to achieve the co-emission of aggregation-induced emis-
sion dyes and aggregation-caused quenching dyes (CEAA). Numerical
simulations and molecular spectroscopy were used to investigate the synth-

esis mechanism of the CEAA dyes. Nanoparticles of CEAA dyes provide a
platform for efficient cascade Forster resonance energy transfer (FRET).
Composite dye nanoparticles of TPE and Nile red (NiR) are synthesized for an
ideal light-harvesting system using coumarin 6 (C-6) as an energy inter-
mediate. The light-harvesting system has a considerable red-shift distance
(-126 nm), high energy-transfer efficiency (®gt) of 99.37%, and an antenna
effect of 26.23. Finally, the versatility of the preparation method and the
diversity of CEAA dyes are demonstrated.

Light is a resource on which human beings depend and is one of
the essential energy sources on earth’. People have a long history
of using and researching light. Today optical materials research
plays an important role in various fields, such as solar cells**,
flow  photochemistry®®,  biofluorescent  probes’®,  artificial
photosynthesis’™, and photodetectors'>", Scientists have been keen
on tuning the properties of optical materials to achieve the specific
needs of light in their respective fields, such as fluorescence
lifetime'*", quantum yield'*", excitation means'®?°, etc. Organic dyes
are one of the classical optical materials, but their susceptibility to
aggregation-caused quenching (ACQ) effects in aqueous solutions has
limited the scope of conventional organic dyes. In 2001, Ben-Zhong
Tang proposed the concept of aggregation-induced emission (AIE)?,
which significantly improved the range of options for aqueous dyes?.
In addition, studies have been conducted to combine conventional
organic dyes or AIE dyes to mimic the photosynthesis of cells for the
light-harvesting process*. In general, an ideal artificial light-
harvesting system should have an energy-transfer efficiency close to

100% and an antenna effect greater than 10%. At present, there are few
reports of ideal light-harvesting nanoparticle systems constructed
using commercially available dyes based on a cascade FRET process.
It makes sense to encapsulate organic dyes with nanoparticles to
avoid fluorescence loss due to the ACQ effect in the water. The
encapsulated NPs can be used in fluorescence imaging*?¥, light-
harvesting??, optical anti-counterfeiting’®®”, etc. Here, we con-
trolled the strength of the hydrophobic interaction by modulating
the concentration difference between ACQ dyes (C-6, LR305, and
NiR) and TPE and thus synthesized a series of ACQ@AIE-type com-
posite dyes (CEAA dyes). The relative molecular masses of TPE, C-6,
and NR are on the same order of magnitude, and the mass ratio
between the dyes is used uniformly in the text. The preparation of
luminescent nanoparticles by precipitation is efficient*>**. In order to
control the synthesis conditions more precisely, the whole synthesis
process was carried out in a 3D printed jet-type microreactor (Sup-
plementary Fig. 1), which has been shown to possess the advantage of
enhanced mass transfer during nanoparticle synthesis®****. While
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synthesizing CEAA dyes, the preparation mechanism and the synth-
esis conditions of CEAA dyes were investigated by further experi-
ments and finite-element calculations. CEAA NPs can provide an
efficient FRET platform. For example, three FRET processes can exist
simultaneously in C-6&NiR@TPE NPs. We obtained C-6&NiR@TPE
NPs with light-harvesting ability close to the ideal state by adjusting
the content of the intermediate C-6. Finally, a series of CEAA dyes
with different emission wavelengths were prepared using the classi-
cal AIE dyes, such as hexaphenylsilole (HPS) and tetra-
phenylthiophene (TP) instead of TPE. The universality of the CEAA
dye preparation method and the variety of CEAA dyes were further
demonstrated.

Results

The preparation process of CEAA dyes

Figure 1a shows a schematic diagram of the preparation of CEAA dyes
using a continuous flow microreactor. The inner phase fluid in the
capillary tube is acetonitrile (MeCN) solution of precursor (TPE and
organic dye), and the outer square fluid channel is filled with anti-
solvent water. The precursor solution is ejected through the capillary
and precipitates in the water to form the CEAA dye. Figure 1b, c shows
the fluorescence spectra of TPE, C-6, and LR305 in aqueous and acet-
onitrile solutions, respectively. TPE does not produce fluorescence
emission in acetonitrile solution but undergoes an aggregation-
induced emission effect in the water. In contrast, the other two
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Fig. 1| Synthesis and characterization of CEAA dyes. a Schematic diagram of the
synthesis of CEAA dyes using a continuous flow microreactor. b Fluorescence
spectra of TPE, C-6, and LR305 in acetonitrile. ¢ Fluorescence spectra of TPE, C-6,
and LR305 in water. d Optical photos of TPE, C-6@TPE, and LR305@TPE in water
under 365 nm UV light. e Fluorescence spectra of C-6@TPE and LR305@TPE in

Size (d.nm)

water. f Particle size distribution of TPE, C-6@TPE, and LR305@TPE in water.g TEM
image of C-6@TPE NPs. h-j EDS results for elements C and N in C-6@TPE. All bars
are 500 nm. The internal and external phase flow rates are 60 and 600 pL min™,
respectively. Source data are provided as a Source Data file.
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Fig. 2 | The mechanism of CEAA dyes synthesis. a The random function defines
the initial state of the phase field diagram of the TPE. b Phase field diagram of TPE at
10 ms. ¢ Phase field diagram of TPE at 30 ms. d Phase field diagram of TPE at 50 ms.
e Phase field diagram of C-6 at 50 ms. f UV-Vis absorption spectra of C-6, TPE, and
C-6@TPE dyes. g Fluorescence spectra of C-6+TPE obtained with different
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concentrations of TPE precursors. h Fluorescence spectra of LR305 + TPE obtained
with varying concentrations of TPE precursors. The geometric size of the simula-
tion area is 2.8 pum x 2 pm. The internal and external phase flow rates are 60 and
600 pL min’, respectively. Source data are provided as a Source Data file.

organic dyes undergo the ACQ effect in water and can produce
fluorescence emission in acetonitrile solution. Since the concentration
of TPE (1 mg mL™) in the precursor was higher than that of the ACQ dye
(0.05 mgmL™), two CEAA dyes, C-6@TPE and LR305@TPE, shown in
Fig. 1d, were prepared. The ACQ dyes emit fluorescence after being
encapsulated in TPE. Figure le shows the fluorescence emission
spectra of the two CEAA dyes.

The characteristic peak of C-6 in the C-6@TPE dye was more
obviously redshifted than that of C-6 in MeCN, meaning that the C-6
had partly aggregated. The character emission of the aggregated TPE
at 472 nm was not observed. It may be the energy transfer from TPE to
C-6. In LR305@TPE, LR305 maintained the original emission peak
position due to its larger molecular volume and unfavored energy level
match, which was less prone to multimolecular aggregation and
energy transfer. Figure 1f shows the particle size distribution of the
TPE, C-6@TPE, and LR305@TPE products, all with an average particle
size of approximately 250 nm. The TEM images of C-6@TPE NPs and
their energy dispersive X-ray spectroscopy (EDS) results (Supple-
mentary Table 1) are shown in Fig. 1g-j. The uniform distribution of N
elements in the C-6@TPE NPs indicated that the C-6 dye was also
uniformly encapsulated in the TPE.

Mechanism of CEAA dye preparation

The key to the preparation of CEAA dyes is the proper concentration
difference between the TPE and the organic dye. In antisolvent pre-
cipitation, a higher solute concentration makes it easier to pre-
cipitate. When a higher concentration of TPE and a lower

concentration of C-6 are sprayed into the water simultaneously, the
TPE will preferentially precipitate as a solid, and C-6 will aggregate
but will not precipitate at the exact moment. According to the
principle of “like dissolves like”, C-6 will be encapsulated by TPE
instead of remaining in the aqueous phase. This process was simu-
lated by the phase field method based on finite-element analysis. The
mixture of water and acetonitrile was considered the solvent phase,
and the single solute was the other phase. The initial state of the
phase field was first defined using a stochastic function (Fig. 2a), such
that the single solute was uniformly distributed in the solution.
Figure 2b-d shows the phase field of TPE (I1mgmL™) at different
times, where the TPE in solution aggregates and precipitates with
time. Within 50 ms, TPE would be completely precipitated as nano-
particles of approximately 250 nm, which fit well with the experi-
mental results. Additionally, at 50 ms, C-6 (0.05mgmL™) did not
aggregate to produce nanoparticles (Fig. 2e) until 70 ms, when it
started to aggregate and precipitate (Supplementary Fig. 2). There-
fore, C-6 would be encapsulated by TPE NPs to form C-6@TPE dyes.
The difference between the simulated results and the real pre-
cipitation time of the TPE is not significant (Supplementary Fig. 3, 4).

Figure 2f shows the UV-Vis absorption spectra of each dye. Due to
aggregation and precipitation in an aqueous solution, the spatial dis-
tribution of C-6 in the solution was low, so the characteristic absorp-
tion peak of C-6 (in water) was not detected. When C-6 was uniformly
encapsulated in the higher concentration of TPE NPs, which disperse
well in the water, the C-6@TPE had the characteristic absorption peaks
of TPE and C-6 (in MeCN), and no new absorption peak appeared. In
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Fig. 3 | FRET process between TPE and C-6. a Emission spectrum of TPE with the
absorption spectrum of C-6. b Fluorescence spectra of the products at different
excitation wavelengths for a precursor C-6 to TPE mass ratio of 1:2000.

¢ Fluorescence spectra of the precursors at different excitation wavelengths for a
mass ratio of C-6 to TPE of 1:2000. d Fluorescence spectra of C-6@TPE at 350 nm
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excitation light when different ratios of C-6 to TPE were used in the precursors.

e The fluorescence lifetime of C-6 (in MeCN) and C-6 in C-6@TPE at a mass ratio of
1:20. IRF (instrument response function). f Fluorescence spectra of C-6@TPE pre-
pared with different internal phase flow rates at a mass ratio of 1:20. Source data are
provided as a Source Data file.

addition, the IR spectra showed no significant changes in the char-
acteristic peaks of TPE after C-6 doping (Supplementary Fig. 5). TPE
and C-6 should be physically mixed. These results indicated that C-6 in
the C-6@TPE did not precipitate as nanoparticles alone, consistent
with the simulation results. The TEM results also did not reveal sig-
nificant C-6 aggregation in C-6@TPE (Supplementary Fig. 6). Figure 2g
shows the fluorescence spectra of the C-6@TPE product when only the
concentration of TPE in the precursor was changed, and the flow rate
ratio of the inner and outer phases was kept at 1:10. When the con-
centration of TPE decreased from 2.5mgmL™ to 0.1mgmL?, the
fluorescence of C-6 decreased, and the emission of TPE appeared.
When the concentration of TPE changed from 0.1mgmL™ to
0.025 mgmL™, a blue-shifted emission peak of TPE first appeared at
440 nm, and then all the emission peaks became very weak. The peak
at 440 nm indicated that the TPE was not fully aggregated (Supple-
mentary Fig. 7). Moreover, this blue-shifted peak did not appear for
pure TPE at the corresponding concentration (Supplementary Fig. 8).
The reason is that the TPE concentration (0.025 mg mL™) was lower
than C-6 (0.05mgmL™). Therefore, C-6 precipitated first (Supple-
mentary Fig. 9) and encapsulated TPE to form TPE@C-6 dye, resulting
in incomplete aggregation of TPE. As an ACQ dye, the fluorescence
emission peak of the aggregated C-6 largely disappeared. Therefore,
the luminescence characteristics of the products were adjusted by
regulating the content difference between the two dyes. Figure 2h
shows a similar conclusion that the ratio of LR305 to the TPE char-
acteristic peak gradually decreased when the TPE concentration in the
precursor steadily reduced, which meant that the ability of TPE to
encapsulate LR305 gradually became weaker.

CEAA dyes provide a platform for efficient FRET

As shown in Fig. 3a, the emission spectrum of TPE overlaps with the
absorption spectrum of C-6 over a large area. The mass ratio of C-6 to
TPE in the precursor was adjusted to 1:2000, and C-6 (in MeCN) was
barely excitable (Fig. 3c) under shortwave light (e.g., 350 nm). Con-
versely, the TPE was excited by shortwave light instead of longwave

light (Supplementary Fig. 10). The FRET effect allowed the C-6 com-
ponent in the C-6@TPE to be excited by shortwave light (Fig. 3b,
excitation peak position: 482 nm). As a result, the excitation intensity
was higher than that using longwave light excitation. By increasing the
content of C-6, the emission peak of C-6 was gradually redshifted
(Fig. 3d), implying that the energy acceptor of the FRET process is an
aggregation of multiple C-6 molecules and the energy gap of the
acceptor is reduced (Supplementary Fig. 11, see below)®. The solid-
state fluorescence data showed the same trend (Supplementary
Fig. 12). It indicated that during the CEAA preparation, the C-6 did not
precipitate as nanoparticles, but the molecules were still partially
aggregated. As shown in Fig. 3e, the fluorescence lifetime of C-6 in C-
6@TPE increased to 5.1 ns compared to C-6 (in MeCN, 2.6 ns) after the
aggregation of C-6 molecules (Supplementary Table 2). The fluores-
cence lifetime of the assembled TPE decayed due to the FRET process
(Supplementary Fig. 13, Supplementary Table 3). In addition, the flow
rate ratio of the inner and outer phases of the microreactor also affects
the luminescence properties of the products (Fig. 3f). The external
phase flow rate was kept at 600 pL min™ and the internal phase flow
rate varied from 5 pL min™ to 160 pL min™. When the internal phase
flow rate of the microreactor was low (<40 pL min™), the spectrum of
C-6@TPE was blue-shifted. It was because the dye concentration of
TPE and C-6 in the microchannel decreased simultaneously, resulting
in a lower encapsulation of C-6 in TPE.

To evaluate the light-harvesting ability of the CEAA, the classical
Nile red (NiR) was selected as the acceptor. As shown in Fig. 4b, the
emission spectrum of TPE only partially overlapped with the absorp-
tion spectrum of NiR, which implied a limited FRET process between
the two. Since the excitation wavelength of the C-6@TPE could be
adjusted from 482 nm to 523 nm depending on the content of C-6
(Fig. 3d), C-6 would act as an intermediate responsible for energy
transfer from TPE to NiR. Based on this, the C-6&NiR@TPE dye system
was prepared. As shown in Fig. 44, this dye system had a FRET 1 process
and a cascade FRET process (FRET 2 + FRET 3). The mass ratio of TPE
(0.5 mgmL™) to NiR (0.05 mg mL™) in the precursor was kept at 2001,
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of TPE to NiR was fixed at 200:1. d Fluorescence spectra of TPE and C-6&NiR@TPE
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and the content of C-6 was gradually increased to regulate the cascade
FRET process. As shown in Fig. 4c, the mass ratio of C-6 to NiR in the
precursor gradually increased from 0:1 to 48:1. When the C-6 content
was in the range of 2:1 to 8:1, the system mainly underwent the FRET 2
process, and FRET 1 and FRET 3 processes existed. When the C-6
content was in the range of 16:1 to 48:1, the emission peak of C-6 was
gradually redshifted and entered the absorption spectral region of NiR,
which significantly promoted the FRET 3 process. As a result, the
emissions of TPE and C-6 were weakened, and the emission of NiR was
enhanced.

It was more intuitive from the CIE chromaticity diagram in Fig. 4e
that the system change was dominated by FRET 2 when the C-6
content increased from 2:1 to 8:1. When the ratio of the two increased
from16:1to 48:1, the system change was dominated by FRET 3. The C-
6&NiR@TPE system had an energy-transfer efficiency of 99.37%, an
antenna efficiency of 26.23, and an ultralong red-shift distance of
126 nm (Fig. 4d). Since the organic dyes are uniformly dispersed and
immobilized in the solid CEAA NPs, this will facilitate a stable and
efficient FRET process. The fluorescence lifetime of the TPE in this
system was significantly reduced and below 0.4 ns (Supplementary
Fig. 14 and Supplementary Table 4). In addition, density functional
theory (DFT) calculations (Fig. 4f) showed that the lowest unoccu-
pied molecular orbital (LUMO) of TPE was calculated to be -1.39 eV,
and the highest occupied molecular orbital (HOMO) was calculated
to be only -5.58 eV, with a higher energy gap of 4.19 eV. The lower
HOMO energy meant that TPE was more likely to generate electron
excitation and was a more desirable energy donor. In comparison,
the calculated LUMO value for C-6 was -2.16 eV, while NiR was only
-2.47 eV, which meant that they were more prone to electron

Table 1 | Preparation conditions of CEAA dyes

Entry Precursor type Mass ratio
1 TP /

2 HPS /

3 HPS +C-6 20:1

4 TP+C-6 20:1

5 HPS +C-6 + LR305 200:9:1

6 TP+C-6 +LR305 200:9:1

7 HPS +LR305 20:1

8 TP+LR305 20:1
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Fig. 5 | The universality of CEAA dyes preparation. a Optical photographs of

CEAA with different emission wavelengths under UV light (No. 1-8). b Fluorescence
spectra and ¢ CIE chromatograms of CEAA dyes 1-8. The internal and external

(o] 0.9

reception and were more desirable energy acceptors®. The proper
energy gradient between the three dyes facilitated the efficient
antenna effect of the system?®.

The universality of CEAA dyes preparation methods

In addition to TPE, CEAAs with different emission wavelengths were
prepared by combining two classical AIE dyes, HPS and TP, with
organic dyes (C-6 and LR305). The conditions for the preparation of
CEAA are shown in Table 1. Figure 5a shows the optical photographs of
CEAA dyes under UV light. Figure 5b, ¢ shows the fluorescence emis-
sion spectra and CIE images of the CEAA dyes. The prepared CEAA dye
particle size was 200-300 nm (Supplementary Fig. 15). Keeping the
appropriate concentration difference between AIE and ACQ dyes, the
preparation of CEAA is universal. CEAA products with different emis-
sion characteristics can be easily prepared by doping with other dyes
to suit the needs of various fields.

Discussion

We prepared ACQ@AIE-type nanoparticles (CEAA dyes) using a con-
tinuous flow microreactor. The concentration difference of different
dyes can control the preparation of CEAA, an the CEAA achieves co-
emission of ACQ and AIE dyes in the same nanoparticle. CEAA, based
on the TPE system, provides an efficient FRET platform. C-6&NiR@TPE
dyes have the ultraefficient light-harvesting ability with a high energy-
transfer efficiency of 99.37%, an antenna effect of 26.23, and a long red-
shift distance of 126 nm. The efficient light-harvesting ability is attrib-
uted to (1) the necessary conditions for a stable FRET process since the
organic dyes are uniformly dispersed and immobilized in the AIE solid
particles; (2) the intermediate C-6 has adjustable emission peak posi-
tions, thus achieving an efficient cascade FRET process; and (3) the
three selected dyes have gradually decreasing LUMO energy levels and
increasing HOMO energy levels, which will also facilitate the FRET
process. This investigation guides the preparation of CEAA light-
emitting materials. Moreover, CEAA dyes have an efficient light-
harvesting ability and are expected to be applied in biomimetic arti-
ficial light harvesting.

Methods

Materials

All reagents were used as received and were not further purified. N,
N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-
3,4:9,10-tetracarboxdiimid (LR305, 95%, TCI, CAS Registry Number:
123174-58-3). Coumarin 6 (98%, aladdin). Acetonitrile (AR, aladdin).

520

0.8

0.7

0.6

500
0.5

y
0.4

phase flow rates are 60 and 600 pL min™, respectively. Source data are provided as
a Source Data file.
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Nile red (95%, aladdin). Tetraphenylene (98%, aladdin). Tetra-
phenylthiophene (98%, aladdin). Hexaphenylsilole (98%, macklin).

Measurements

All fluorescence spectra were acquired by G9800A fluorescence
spectrometer. UV-visible absorption spectra were acquired by a TU-
1900 spectrophotometer. The fluorescence lifetimes of all the pro-
ducts were acquired by FLS1000 (EPL-300) fluorescence spectro-
photometer. All particle size distribution results were collected by
Litesizer 500 (Anton Paar). TEM images were measured by JEM-F200.
IR data were measured by Nicolet 6700. All surface tension coefficients
were determined by OCAS50.

Precursor solution
If not otherwise specified, the solution to configure the precursor is as
follows: TPE (MeCN, 2mgmL™); TP (MeCN, 2 mgmL™); HPS (MeCN,
2mg mL™7); LR305 (MeCN, 0.1 mg mL™?); C-6 (MeCN, 0.1 mg mL™); NiR
(MeCN, 0.1mgmL™).

Assembly of microreactors

The microreactor consists of two parts: the glass capillary and the 3D
printed body. The model of the light-curing printer is Formlabs Form 2
(0.05 mm layer resolution). The cross section of the square channel is
1.5 mm long. The glass capillary tube has an outer diameter of 1 mm
and an inner diameter of 580 pm (the nozzle diameter is 200 pum). The
capillary tube is bonded to the main structure by an epoxy glue. The
inlet of the capillary is connected to a Teflon tube (i-Quip P2790-05).
The flow rate is controlled by two syringe pumps (Longer pump
LSPO1-2A).

Calculations of energy-transfer efficiency (@) and antenna
effect”

(1) Energy-transfer efficiency (Eq. 1)

F
Per=1-7" M
Fp and Fp, are the fluorescence intensity of the donor in the absence
and presence of the acceptor, respectively.
(2) Antenna effect (Eq. 2)

/ AFA(D)

antenna effect =
Taraa)

()]

Iarn(py is the emission intensity of the acceptor upon donor excitation,
and /apaa is the emission intensity of the acceptor upon direct
excitation.

DFT calculations

The structural optimization of TPE, C-6, and NiR and the calculation of
molecular orbitals are based on Gaussianl6. The optimization geometry
task is performed using Becke’s three-parameter hybrid functional with
the Lee-Yang-Parr correlation functional (B3LYP)* and 6-311G (2d, p)
basis set. Rendering of molecular orbitals and intermolecular interac-
tions using VMD (version 1.9.3) software®. Multiwfn 3.8 software is used
for wavefunction calculations®. The visualization of RDG (reduced
density gradient) plots is done using Python 3.9.7 software. Dispersion
correction is performed using the Grimme-D3 method*’.

Finite-element simulation

Numerical calculations are based on COMSOL Multiphysics software.
The initial mixture is generated by a random function such that the
mean value of the phase field function is O and the standard deviation
is 0.05. The Cahn-Hilliard equation (Eq. 3) describes the separation of

Table 2 | Numerical parameters

Name Value Description

pf.epsilon_pf 2.8x107® [m] Parameter controlling inter-
face thickness

pf.dfdphi 0 phi-derivative of external

free energy

pf.sigma 68.41 [mN/m] Surface tension coefficient
(TPE, 1mg/mL)

pf.sigma 31.39 [mMN/m] TPE, 0.025 mg/mL

pf.sigma 32.75 [mMN/m] Surface tension
coefficient (C-6)

pf.mobility pf.epsilon_pf*2*pf.chi Mobility

pf.lam 3*pf.sigma*pf.epsilon_pf/sqrt(8) Mixing energy density

pf.Vf1 1-pf.vf2 Volume fraction of solute

pf.Vf2 min(1,max(0.5*(1+ phipf),0)) Volume fraction of solvent

pf.phipfReg  min(1,max(phipf,-1)) Regularized phase field
variable

pf.chi 5.90 x10™ [m*s/kg] Mobility tuning parameter
(TPE, 1Tmg/mL)

pf.chi 1.02x107 [m*s/kg] TPE, 0.025 mg/mL

pf.chi 9.50x10™ [m*s/kg] Mobility tuning
parameter (C-6)

pf.lref 10*pf.epsilon_pf [m] Reference length for two
phase flow

pf.GOi nojac(2/pf.lref) [1/m] Auxiliary wall variable

pf.DwVar 1/GI-1/pf.GOi [m] Help variable

pf.Dwi pf.DwVar [m] Initial interface distance

the two phases:

aip_ yA
5V S—Zv(p 3)

where @ is the dimensionless phase field variable and t is the time. y is
the mobility (m® s kg™), A is the mixing energy density (N), and ¢ is the
capillary width proportional to the interface thickness (m). ¥ is the
phase field assistant variable (Eq. 4).

= —V-2Vp+ (92~ 1) @

A and ¢ are related to the surface tension coefficient through Eq. 5:

go 224 )
3 ¢

A mapping method is used for mesh profiling. The maximum cell
size is 0.028 um. The dissection results contain 7200 domain cells and
344 boundary elements.

Initialization. The random functions (phi_init) is defined as “2 argu-
ments with a mean value of 0.322 and a range of 9 x10™". Variables
(VfLint) is defined as “ intopl(pf.Vfl), mass fraction ”. Integration
(intopl) is defined as “ all domain, order of integration: 4 ”. Phase field
variable is defined as “ phipf ”. Phase field help variable is defined as “
psi ”. Reciprocal initial interface distance is defined as “ GI ”. Dis-
cretization is defined as “ element order is quadratic ”. Initialize phase
field variable is defined as “ phi_init(x[1/um],y[1/um]) ".

Boundary conditions. The wetted wall condition is used for all four
boundaries of the calculation area. The contact angle is set to 90°
Table 2.
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Solver settings. The time-dependent solver performs the direct
solution, and the solver is selected as MUMPS.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data for this study are available in this article or are included in the
Supplementary Information, which is also available from the corre-
sponding authors upon request. Source data are provided with
this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

Nilsson, H., Rappaport, F., Boussac, A. & Messinger, J. Substrate-
water exchange in photosystem |l is arrested before dioxygen for-
mation. Nat. Commun. 5, 4305 (2014).

Dogutan, D. K. & Nocera, D. G. Artificial photosynthesis at effi-
ciencies greatly exceeding that of natural photosynthesis. Acc.
Chem. Res. 52, 3143-3148 (2019).

Massiot, I., Cattoni, A. & Collin, S. Progress and prospects for
ultrathin solar cells. Nat. Energy 5, 959-972 (2020).

Chen, W., Li, X, Li, Y. & Li, Y. A review: crystal growth for high-
performance all-inorganic perovskite solar cells. Energy Environ.
Sci. 13, 1971-1996 (2020).

Cambie, D. & Noel, T. Solar photochemistry in flow. Top. Curr.
Chem. 376, 45 (2018).

Buglioni, L., Raymenants, F., Slattery, A., Zondag, S. D. A. &
Noel, T. Technological innovations in photochemistry for
organic synthesis: flow chemistry, high-throughput experi-
mentation, scale-up, and photoelectrochemistry. Chem. Rev.
122, 2752-2906 (2022).

Colom, A. et al. A fluorescent membrane tension probe. Nat. Chem.
10, 1118-1125 (2018).

Huang, Y., Chen, W., Chung, J., Yin, J. & Yoon, J. Recent progress
in fluorescent probes for bacteria. Chem. Soc. Rev. 50,
7725-7744 (2021).

Chen, R., Wan, L. & Luo, J. Extraterrestrial artificial photosynthesis.
Joule 6, 944-946 (2022).

Kuang, T. A breakthrough of artificial photosynthesis. Natl Sci. Rev.
3, 2-3 (2016).

Tian, L. et al. Nanoarray structures for artificial photosynthesis.
Small 17, e2006530 (2021).

Wu, M. et al. Flexoelectric thin-film photodetectors. Nano Lett. 21,
2946-2952 (2021).

Wang, H., Li, L., Ma, J., Li, J. & Li, D. 2D perovskite narrowband
photodetector arrays. J. Mater. Chem. C. 9, 11085-11090 (2021).
Frei, M. S. et al. Engineered HaloTag variants for fluorescence life-
time multiplexing. Nat. Methods 19, 65-70 (2022).

Keshri, P. et al. Quantitative and multiplexed fluorescence lifetime
imaging of intercellular tensile forces. Angew. Chem. Int. Ed. 60,
15548-15555 (2021).

Shim, H. S. et al. Enhancement mechanism of quantum yield in
alloyed-core/shell structure of ZnS-CulnS2/ZnS quantum dots. J.
Phys. Chem. C. 125, 9965-9972 (2021).

Yang, H. et al. Colloidal alloyed quantum dots with enhanced
photoluminescence quantum yield in the NIR-Il window. J. Am.
Chem. Soc. 143, 2601-2607 (2021).

Vogel, Y. B., Darwish, N. & Ciampi, S. Spatiotemporal control of
electrochemiluminescence guided by a visible light stimulus. Cell
Rep. Phys. Sci. 1, 100107 (2020).

Yao, J., Li, L., Li, P. & Yang, M. Quantum dots: from fluores-
cence to chemiluminescence, bioluminescence, electro-
chemiluminescence, and electrochemistry. Nanoscale 9,
13364-13383 (2017).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

He, J. et al. Multiple anti-counterfeiting guarantees from simple
spiropyran derivatives with solid photochromism and mechan-
ochromism. Cell Rep. Phys. Sci. 2, 100643 (2021).

Luo, J. et al. Aggregation-induced emission of 1-methyl-1,2,3,4,5-
pentaphenylsilole. Chem. Commun., 1740-1741 (2001).

Mei, J., Leung, N. L., Kwok, R. T., Lam, J. W. & Tang, B. Z.
Aggregation-induced emission: together we shine, united we soar!
Chem. Rev. 115, 11718-11940 (2015).

Xiao, T. et al. Supramolecular polymer-directed light-harvesting
system based on a stepwise energy transfer cascade. Chem.
Commun. 57, 5782-5785 (2021).

Nicoli, F. et al. Directional photonic wire mediated by homo-forster
resonance energy transfer on a DNA origami platform. ACS Nano 11,
11264-11272 (2017).

Peng, H. Q. et al. Biological applications of supramolecular
assemblies designed for excitation energy transfer. Chem. Rev. 115,
7502-7542 (2015).

Khalin, I. et al. Ultrabright fluorescent polymeric nanoparticles with
a stealth pluronic shell for live tracking in the mouse brain. ACS
Nano 14, 9755-9770 (2020).

Liu, M. et al. Fluorescent nanoparticles from starch: facile pre-
paration, tunable luminescence and bioimaging. Carbohydr. Polym.
121, 49-55 (2015).

Li, Y. et al. Aggregation-induced emission and light-harvesting
function of tetraphenylethene-based tetracationic dicyclophane. J.
Am. Chem. Soc. 141, 8412-8415 (2019).

Wang, P. et al. Tetraphenylethene-based supramolecular coordi-
nation frameworks with aggregation-induced emission for an arti-
ficial light-harvesting system. ACS Appl. Mater. Interfaces 12,
22630-22639 (2020).

Li, C. et al. Ultra-stable anti-counterfeiting materials inspired by
water stains. Cell Rep. Phys. Sci. 2, 100571 (2021).

Lin, Z. et al. Photoswitchable ultrahigh-brightness red fluorescent
polymeric nanoparticles for information encryption, anti-
counterfeiting and bioimaging. J. Mater. Chem. C. 7,

11515-11521 (2019).

An, B.K., Kwon, S.K., Jung, S.D. &Park, S. Y. Enhanced emission and
its switching in fluorescent organic nanoparticles. J. Am. Chem.
Soc. 124, 14410-14415 (2002).

Xiao, T. et al. An artificial light-harvesting system based on the
ESIPT-AIE-FRET triple fluorescence mechanism. J. Mater. Chem. A
10, 8528-8534 (2022).

Li, C., Ding, B., Zhang, L., Song, K. & Tao, S. 3D-printed continuous
flow reactor for high yield synthesis of CH3NH3PbX3 (X =Br, I)
nanocrystals. J. Mater. Chem. C. 7, 9167-9174 (2019).

Ajayaghosh, A., Vijayakumar, C., Praveen, V. K., Babu, S. S. &
Varghese, R. Self-location of acceptors as “isolated” or “stacked”
energy traps in a supramolecular donor self-assembly: a strategy to
wavelength tunable FRET emission. J. Am. Chem. Soc. 128,
7174-7175 (2006).

Cui, W.-R. et al. Tunable covalent organic framework electro-
chemiluminescence from non-electroluminescent monomers. Cell
Rep. Phys. Sci. 3, 100630 (2022).

Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple
zeta valence and quadruple zeta valence quality for H to Rn: Design
and assessment of accuracy. Phys. Chem. Chem. Phys. 7,
3297-3305 (2005).

Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33-38 (1996). 27-28.

Lu, T. & Chen, F. Multiwfn: a multifunctional wavefunction analyzer.
J. Comput. Chem. 33, 580-592 (2012).

Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

Nature Communications | (2022)13:6034



Article

https://doi.org/10.1038/s41467-022-33857-x

Acknowledgements

This study was supported by the National Natural Science Foundation of
China (No. 21872018) and the Fundamental Research Funds for the
Central Universities (No. DUT22LAB607), and Funds provided by the
Aviation Industry Corporation of China.

Author contributions
Q.L. tested the fluorescence lifetime. S.T. provided manuscript revision
and experimental guidance. All other work was done by C.L.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33857-x.

Correspondence and requests for materials should be addressed to
Shengyang Tao.

Peer review information Nature Communications thanks Tangxin Xiao
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:6034


https://doi.org/10.1038/s41467-022-33857-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Coemissive luminescent nanoparticles combining aggregation-induced emission and quenching dyes prepared in continuous flow
	Results
	The preparation process of CEAA dyes
	Mechanism of CEAA dye preparation
	CEAA dyes provide a platform for efficient FRET
	The universality of CEAA dyes preparation methods

	Discussion
	Methods
	Materials
	Measurements
	Precursor solution
	Assembly of microreactors
	Calculations of energy-transfer efficiency (ΦET) and antenna effect25
	DFT calculations
	Finite-element simulation
	Initialization
	Boundary conditions
	Solver settings
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




