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ABSTRACT: The development of single-component materials with low cytotoxicity and
multichannel fluorescence imaging capability is a research hotspot. In the present work,
highly electron-deficient pyrazine monomers were covalently connected into a
polyurethane backbone using addition polymerization with terminal poly(ethylene
glycol) monomethyl ether units containing a high density of electron pairs. Thereby, an
amphiphilic polyurethane-pyrazine (PUP) derivative has been synthesized. The polymer
displays cluster-induced emission through compact inter- and/or intramolecular
noncovalent interactions and extensive through-space electron coupling and delocaliza-
tion. Molecular rigidity facilitates red-shifted emission. Based on hydrophilic/hydro-
phobic interactions and excitation dependence emission at low concentrations, PUP has
been self-assembled into fluorescent nanoparticles (PUP NPs) without additional
surfactant. PUP NPs have been used for cellular multicolor imaging to provide a variety of
switchable colors on demand. This work provides a simple molecular design for
environmentally sustainable, luminescent materials with excellent photophysical proper-
ties, biocompatibility, low cytotoxicity, and color modulation.

The research and development of fluorescent materials
have brought huge commercial and industrial benefits to

today’s society. In recent years, the photoluminescence of
nonconjugated luminescent polymers (NCLPs) in the
aggregation state has been discovered, offering a new class of
luminescent materials.1−4 Due to the advantages of simple
synthesis, easy functionalization and low biotoxicity, NCLPs
are showing prominent applications in photochemical
sensing,5,6 information encryption,7,8 biomedicine,9,10 and so
on. However, because NCLPs have flexible segment structures,
their luminescence is generally limited to the short-wavelength
region (blue or green light).11−13 There are few NCLPs with
red-shifted wavelength emission.14 The mechanism for this
remarkable photophysical phenomenon is still unclear and
controversial, and substantially more data are needed to test
the proposed models, which are based on restricted intra-
molecular motions. Obtaining NCLPs with red-shifted
emission through reasonable structural design is currently a
hot topic in the field of new luminescent materials and is of
great significance for theoretical research and practical
applications.

Excitation wavelength-dependent emission (EDE) of a
luminescent material can be applied as a simple way to switch
the emission color (wavelength). It has potential applica-
tions15−18 in the fields of photoelectric displays, biological
probes and imaging, and dynamic anticounterfeiting. To date, a
variety of EDE luminescent materials have been developed,
such as single-molecule organic compounds,19−21 multi-

component composites,22−24 quantum dots,25,26 polymeric
hydrogels,27 and metal complexes.28−31 However, these
materials usually require harsh synthetic conditions (such as
high concentration, high temperature, and high pressure),
cumbersome operation conditions, high preparation cost, and
poor stability. Moreover, the emission can be too weak at low
concentrations and be restricted to a narrow adjustable range
of wavelengths.32−34 Therefore, it is still a challenge to
construct a single-component EDE material with a simple
preparation, low cost, good biocompatibility, and excellent
photophysical properties in low concentration applications.

Polyurethane (PU) is a typical NCLP containing repeated
carbamate groups in the main chain, and PU has a wide range
of industrial uses. The global production of PU in 2021 was
>23 million tons, with the global market value of >63 billion
US dollars, making PU a rational alternative to traditional
materials.35 Moreover, because of its excellent biological and
blood compatibility, biodegradability, and wear- and aging-
resistant properties, PU and its derivatives are widely used in
biomedical fields such as tissue-engineering stents, surgical
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dressings/pressure-sensitive adhesives, antibacterial surfaces,
and catheters.36−38 At the same time, because of its good light
stability, rich and diverse chemical composition and properties,
PU derivatives have become popular new luminescent
materials.39−41 Therefore, the development of luminescent
polyurethane materials is of great significance for theoretical
research into NCLPs and their practical application in
biomedicine.

Based on the above background, pyrazine units with high
electron deficiency and straight-chain poly(ethylene glycol)
(PEG) monomethyl ether units with high-density shared
electron pairs were introduced into a polyurethane main chain
by a one-pot method, with the aim of promoting electronic
communication and red-shifting the luminescence (Figure S1).
This new polyurethanepyrazine (PUP) derivative has long-
wavelength emission and self-assembly characteristics. The
abundant electron-rich groups (carbonyl oxygen, alkyl oxygen,
and amide units) in the polyurethane main chain can interact
with the electron-deficient pyrazine chromophores, with
sufficient electron coupling and delocalization to red shift the
luminescence (Figure 1a). Generally, the water solubility of

polymers and nanoparticles can be enhanced by coating them
with surfactants, especially for biological applications.42 The
addition of PEG surfactant units can improve the water
solubility and reduce the biotoxicity of NPs by altering the
molecules’ interactions with proteins.43 However, it should be
noted that increasing the amount of PEG may reduce the
cellular uptake of NPs and their efficacy as a drug delivery
system. On the other hand, the limited stability of such
noncovalent wrapped materials also has been a drawback.43,44

In the present work, PEG was attached covalently at the ends
of the PUP chains to avoid the above problems. The resulting
amphiphilic polyurethane can easily self-assemble into ultra-
stable PUP NPs through hydrophilic/hydrophobic interactions
(Figure 1c) that readily disperse in water. The properties of
PUP and its nanoparticles were characterized by gel
permeation chromatography (GPC), UV−vis absorption
spectroscopy, Fourier transform infrared spectroscopy (FT-
IR), scanning electron microscopy (SEM), and dynamic light
scattering (DLS). In addition, the cellular uptake and
multichannel optical imaging of PUP NPs were investigated

to evaluate their biological potential. PUP NPs were used for
multicolor imaging of cells, benefiting from excellent
biocompatibility and the EDE properties of aggregate
luminescence.

As shown in Figure S1, PUP was produced by a one-pot
reaction with pyrazine-2,3-diol, trimethylhexamethylene diiso-
cyanate, and poly(ethylene glycol) monomethyl ether. The
chemical structure of PUP was characterized by 1H NMR and
FTIR spectra (Figures S2 and S3). The results of powder X-ray
diffraction (PXRD) also show that the unique steamed bun
peaks of crystalline and amorphous states coexist (Figure S4).
Figure 1b shows the molecular electrostatic potential diagram
from which the delocalization of electrons in the non-
conjugated PUP backbone can be intuitively understood.
First, the electrostatic potential of the backbone is relatively
continuous, which should be closely related to the multiple
tight, noncovalent interactions present within the molecular
chain. The oxygen atoms assume the role of electron donor,
and the electrons delocalize to the −NH part of the main chain
and near the electron-deficient pyrazine unit, respectively. The
extended delocalization promotes the overlap of electron
clouds, leading to rigid conformations due to restricted
intramolecular motion and ultimately promoting luminescence.

After the polymerization reaction, the absorption of the PU
derivative PUP significantly broadened, increasing the light
utilization rate (Figure S5). Figure 2a shows the emission

spectra of the PUP powder under different excitation
conditions. With increased excitation wavelength, the emission
peak sequentially redshifts from 429 to 516 nm, demonstrating
EDE fluorescence, which is one of the characteristics of
nonconjugated luminous polymers.24,27 In addition, the fine
structure of the cluster luminescence peak of PUP indicates its
rigid conformation. Rigid structures can inhibit nonradiative
attenuation and further enhance luminescence intensity.45

More importantly, as shown in Figure S6, the emission
spectrum of PUP still changes with the change of excitation
wavelength at a concentration as low as 5 μg/mL. This is
because PUP has an appropriate chain flexibility and an
architecture which facilitates many kinds of noncovalent
interactions within/between molecules. The formation of
oxygen clusters and the extension of electron delocalization
enhance the degree of compact aggregation of PUP chains,
thereby promoting the formation of a variety of clustered
luminescence centers, enabling PUP to retain a good EDE
even at very low concentrations.

To understand the influence of polymerization on the
photophysical properties of the materials, the microscopic

Figure 1. (a) Chemical structure of PUP. (b) Optimized molecular
conformation and electrostatic potential map. (c) Proposed model for
noncovalent bond assembly of PUP leading to formation of
nanoparticles.

Figure 2. (a) Emission spectra of PUP powder with different
excitation wavelengths at room temperature. Inset: Photos of PUP
powder under room light and 356 nm UV light. (b) Emission spectra
of PUP NPs (5 μg mL−1) in aqueous solution with different excitation
wavelengths at room temperature.
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morphology was studied before and after polymerization. SEM
images of the same amount of pyrazine monomer (20 mg/mL)
and PUP after polymerization are shown in Figure 3. The

monomer has a relatively dispersed blocky irregular micro-
structure (Figure 3a); however, PUP showed many relatively
regular and tight flower-shaped nanowires/sheets (Figure
3b,c). Compared with large nanoblocks, close-knit nanostruc-
tures are more conducive to inter- and/or intrachain
interactions and electron transport. Because the molecular
chains of NCLPs are relatively soft, the aggregation behavior is
variable and the aggregation forms and photophysical proper-
ties are tunable.

To improve the water solubility of PUP for biological
applications, nanoparticles were prepared by a solvent
exchange method as described in the Supporting Information.
The concentration of PUP NPs prepared is 5 μg/mL
according to the standard curve (Figure S7). Figure 2b
shows that the emission of PUP NPs maintains a good
excitation dependence. Moreover, the emission intensity after
self-assembly is higher than that of PUP in DMSO solution at
the same concentration (Figures 2b and S6). The self-
assembled PUP NPs had considerable quantum efficiency
(0.6%) even at very dilute concentrations (5 μg/mL) in
aqueous solution (Table S1). The above results suggest that
after self-assembly, PUP has a more rigid structure and thus
exhibits excellent light-emitting properties at a low concen-
tration, which will be further discussed in the mechanism part
later.

The size and morphology of NPs are critical for their
biomedical applications. Therefore, the self-assembly behavior
of PUP was examined by dynamic light scattering (DLS) and
scanning electron microscopy (SEM). DLS (Figure S9)
showed that the average hydrated kinetic particle size of the
PUP NPs was 62 nm. The study of PUP NPs in aqueous
solution on carbon-coated copper mesh by SEM showed
spherical particle morphologies with a diameter of 49−110 nm
and with an elliptical/heart-shaped nanosphere fusion (Figure
3d), which is consistent with the DLS results. PUP NPs of this
size are well-suited to enter cells by endocytosis.46 In addition,
spherical NPs are more likely to enter cells through
endocytosis, compared with nonspherical NPs, thus facilitating

a longer cycle time.47 After 15 days, SEM images showed that
the micromorphology and size of the PUP NPs had barely
changed (Figure S10), indicating that they have good stability.
The high stability of the nanoparticles is conducive to their
better circulation in the blood. Therefore, PUP NPs with good
water solubility, suitable size and high stability can be applied
in living cells.47 The introduction of poly(ethylene glycol)
chains can reduce the cytotoxicity of organic materials. The
negligible cytotoxicity of PUP NPs toward 4T1 cells (Figure
S11) demonstrated the successful design of efficient and safe
NPs.

Theoretical calculations for PUP were performed at the
B3LYP/6-31G(d) level using Gaussian based on density
functional theory (DFT). Figure S12 shows that the optimized
molecular conformation of PUP has an appropriate structural
distortion to favor multiple intra- and/or interchain
interactions (e.g., C�O···H�C, N�H···N, and C�H···N
hydrogen bonds, etc.) and short contacts, which are very
conducive to aggregation and hence the restriction of
intramolecular movement of the molecules in their excited
states, ultimately promoting emission. Figure S13 shows the
highest occupied and lowest unoccupied molecular orbital
(HOMO and LUMO) diagrams of PUP. The HOMO and
LUMO orbitals are located on both sides of the chain,
respectively, showing spacially well-separated frontier molec-
ular orbitals, indicating the possible existence of intramolecular
charge transfer (ICT). To verify this, the emission spectra of
PUP were obtained in different polarity solvents (Figure S8).
The results showed that the emission red-shifted with
increased solvent polarity, indicating ICT, which will bring
spatial electron conjugation within the chains, conducive to
luminescence.14 In addition, under the influence of hydrogen
bonds, most of the oxygen atoms in PUP are less than 2.8 Å
apart. It is suggested that oxygen atoms within and between
molecular chains aggregate to form oxygen clusters32 (Table
S2).

Molecular dynamics simulations further explored the sources
of long wavelength emission and the excellent luminescence
properties of PUP (Figure S14). The radial distribution
function g(r) of C�N (N) and C�O (O) of PUP was
obtained. As shown in Figure 4a, the distance between C�N

(N) and C�O (O) atoms is in the range of 3.0 to 4.8 Å. The
peak at 3.0 Å represents the interaction between C�N (N)
and C�O (O) in the PUP chain; the peaks at 3.5 and 4.8 Å
represent the interaction of C�N (N) and C�O (O)
between different PUP chains. It is proved that N on the
pyrazine unit plays an important role in both interchain and
intrachain aggregation behavior. The radial distribution

Figure 3. SEM images of 20 mg mL−1 (a) pyrazine-2,3-diol, (b, c)
PUP dispersed in ethanol, and (d) PUP NPs in aqueous solution (5
μg mL−1).

Figure 4. (a) Radial distribution function of C�N (N) and C�O
(O) in PUP by molecular dynamics simulation. (b) The proposed
mechanism of the EDE of PUP.
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function g(r) of N and C�O (O), C�O�C (O), and O�
C�O (O) of PUP was also obtained. Their first peaks
correspond to 2.3, 2.4, and 3.0 Å, respectively, and the
remaining peaks are shown in Figure S15, with the purple line
representing the ether-oxygen chains, which interact weakly
with N due to its greater distance. The interaction between N
and oxygen in C�O is the strongest. The excitation
dependent fluorescence will result from the combined
functional groups, such as C�O, N�H, and C�O, of
PUP chains that give rise to intra- and/or interchain n−π* and
π−π* transitions with different energy levels within the various
emissive clusters. Figure 4b shows clusters of different
hierarchy in which various types of electronic transitions
occur, and finally, energy level splitting and EDE are realized.

Inspired by the promising excitation-dependent fluorescence
and good water solubility, we studied the multicolor cell
imaging ability of PUP NPs. 4T1 cells were selected as a
representative cell model for future development of anticancer
drug delivery. 4T1 cells were incubated with 5 μg mL−1 PUP
NPs for 6 h and then observed under a confocal laser scanning
microscope (CLSM). The images showed bright fluorescence
in both the cell nucleus and cytoplasm of 4T1 cells under blue,
green, and red channels (Figure 5a−c). The combined image

(Figure 5d) shows light yellow fluorescence produced by the
superposition of the three channels, clearly validating the
material’s multicolor imaging capabilities.

In summary, in this work, a polymer-induced luminescence
enhancement strategy has been used to covalently embed
electron-deficient pyrazine units into a polyurethane main
chain through a one-pot reaction. Then the PU chains were
terminated by a polyethylene glycol monomethyl ether unit
with a high density of electron pairs to give the target PUP
material with electron donor and electron acceptor fragments.
PUP displays excitation wavelength dependent colorful
luminescence in the visible region. Water-soluble PUP NPs
were constructed by a simple and mild self-assembly strategy
without the need for additional surfactant. PUP NPs retained
EDE in a dilute aqueous solution. PUP NPs were efficiently
taken up by 4T1 cells, and color-tunable cell imaging with
multiple channels has been demonstrated. This work should
further inspire the exploitation of aggregation-induced

luminescence based on restricted intramolecular motions of
single-component polyurethane derivatives for biomedical and
other emerging applications.48 The piperazine skeleton plays
an important role in the development of new biological targets
for the treatment of various diseases.49 However, there are
fewer reports on pyrazine fragments in the field of medicinal
chemistry.50,51 This study can promote the application of
pyrazine derivatives in rational drug design and nanomedicinal
chemistry research.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657.

Additional structural characterization; Copies of NMR
spectra; FT-IR spectra; Additional photophysical data;
Scanning electron microscopy (SEM); Powder X-ray
diffraction (PXRD) data; Computational data (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Yan-Hong Xu − Key Laboratory of Preparation and
Applications of Environmental Friendly Materials, Key
Laboratory of Functional Materials Physics and Chemistry of
the Ministry of Education, Jilin Normal University,
Changchun 130103, China; orcid.org/0000-0002-9930-
587X; Email: xuyh198@163.com

Martin R. Bryce − Department of Chemistry, Durham
University, Durham DH1 3LE, United Kingdom;
orcid.org/0000-0003-2097-7823; Email: m.r.bryce@

durham.ac.uk

Authors
Nan Jiang − Key Laboratory of Preparation and Applications
of Environmental Friendly Materials, Key Laboratory of
Functional Materials Physics and Chemistry of the Ministry
of Education, Jilin Normal University, Changchun 130103,
China

Ke-Xin Li − Key Laboratory of Preparation and Applications
of Environmental Friendly Materials, Key Laboratory of
Functional Materials Physics and Chemistry of the Ministry
of Education, Jilin Normal University, Changchun 130103,
China

Jia-Jun Wang − Key Laboratory of Preparation and
Applications of Environmental Friendly Materials, Key
Laboratory of Functional Materials Physics and Chemistry of
the Ministry of Education, Jilin Normal University,
Changchun 130103, China

You-Liang Zhu − State Key Laboratory of Supramolecular
Structure and Materials, College of Chemistry, Jilin
University, Changchun 130012, China; orcid.org/0000-
0002-9561-0770

Chang-Yi Zhu − Key Laboratory of Preparation and
Applications of Environmental Friendly Materials, Key
Laboratory of Functional Materials Physics and Chemistry of
the Ministry of Education, Jilin Normal University,
Changchun 130103, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.3c00657

Figure 5. CLSM images of 4T1 cells incubated with PUP NPs (5 μg
mL−1) for 6 h under (a) blue, (b) green, and (c) red channels in the
cells. (d) The merged image of blue, green, and red channels.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.3c00657
ACS Macro Lett. 2024, 13, 52−57

55

https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00657/suppl_file/mz3c00657_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00657/suppl_file/mz3c00657_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Hong+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9930-587X
https://orcid.org/0000-0002-9930-587X
mailto:xuyh198@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+R.+Bryce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2097-7823
https://orcid.org/0000-0003-2097-7823
mailto:m.r.bryce@durham.ac.uk
mailto:m.r.bryce@durham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke-Xin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Jun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="You-Liang+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9561-0770
https://orcid.org/0000-0002-9561-0770
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang-Yi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00657?fig=fig5&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
CRediT: Nan Jiang conceptualization, data curation, funding
acquisition, investigation, project administration, writing-
original draft; Ke-Xin Li formal analysis, visualization; Jia-
Jun Wang software; You-Liang Zhu software; Chang-Yi Zhu
validation; Yan-Hong Xu project administration, resources,
supervision; Martin R. Bryce investigation, project admin-
istration, resources, writing-review & editing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The work was funded by the Science and Technology
Development Program of Jilin Province (YDZJ202301-
ZYTS305), the Research Program on Science and Technology
from the Education Department of Jilin Province (Grant No.
JJKH20220433KJ), and NSFC (Grant No. 21975103), and
M.R.B. thanks EPSRC Grant EP/L02621X/1 for funding.

■ REFERENCES
(1) Shang, C.; Wei, N.; Zhuo, H.; Shao, Y.; Zhang, Q.; Zhang, Z.;

Wang, H. Highly Emissive Poly(Maleic Anhydride-Alt-Vinyl
Pyrrolidone) with Molecular Weight-Dependent and Excitation-
Dependent Fluorescence. J. Mater. Chem. C 2017, 5, 8082−8090.
(2) Yang, T.; Zhou, J.; Shan, B.; Li, L.; Zhu, C.; Ma, C.; Gao, H.;

Chen, G.; Zhang, K.; Wu, P. Hydrated Hydroxide Complex
Dominates the AIE Properties of Nonconjugated Polymeric
Luminophores. Macromol. Rapid Commun. 2022, 43, 2100720.
(3) Zhang, Z.; Zhang, Z.; Zhang, H.; Sun, J. Z.; Tang, B. Z. The

Mysterious Blue Emission around 440 Nm in Carbonyl-based
Aliphatic Clusteroluminogens. J. Polym. Sci. 2022, 60, 2127−2135.
(4) Li, W.; Qiao, M.; Chen, Z.; Jin, X.; Su, Y.; Chen, X.; Guo, L.;

Zhang, Z.; Su, J. H-Bond Interaction Traps Vibrating Fluorophore in
Polyurethane Matrix for Bifunctional Environmental Monitoring.
Chem. Commun. 2023, 59, 7439−7442.
(5) Han, B.; Yan, Q.; Xin, Z.; Liu, Q.; Li, D.; Wang, J.; He, G. Color-

tunable and Bright Nonconjugated Fluorescent Polymer Dots and
Fast Photodegradation of Dyes under Visible Light. Aggregate 2022, 3,
e147.
(6) Guo, L.; Yan, L.; He, Y.; Feng, W.; Zhao, Y.; Tang, B. Z.; Yan, H.

Hyperbranched Polyborate: A Non-conjugated Fluorescent Polymer
with Unanticipated High Quantum Yield and Multicolor Emission.
Angew. Chem., Int. Ed. 2022, 61, e202204383.
(7) Bauri, K.; Saha, B.; Banerjee, A.; De, P. Recent Advances in the

Development and Applications of Nonconventional Luminescent
Polymers. Polym. Chem. 2020, 11, 7293−7315.
(8) Zhao, B.; Yang, S.; Yong, X.; Deng, J. Hydrolyzation-Triggered

Ultralong Room-Temperature Phosphorescence in Biobased Non-
conjugated Polymers. ACS Appl. Mater. Interfaces 2021, 13, 59320−
59328.
(9) Wang, Z.; Zou, X.; Xie, Y.; Zhang, H.; Hu, L.; Chan, C. C. S.;

Zhang, R.; Guo, J.; Kwok, R. T. K.; Lam, J. W. Y.; Williams, I. D.;
Zeng, Z.; Wong, K. S.; Sherrill, C. D.; Ye, R.; Tang, B. Z. A
Nonconjugated Radical Polymer with Stable Red Luminescence in
the Solid State. Mater. Horiz. 2022, 9, 2564−2571.
(10) Weng, C.; Fan, N.; Xu, T.; Chen, H.; Li, Z.; Li, Y.; Tan, H.; Fu,

Q.; Ding, M. FRET-Based Polymer Materials for Detection of Cellular
Microenvironments. Chin. Chem. Lett. 2020, 31, 1490−1498.
(11) Wang, Y. L.; Chen, K.; Li, H. R.; Chu, B.; Yan, Z.; Zhang, H.

K.; Liu, B.; Hu, S.; Yang, Y. Hydrogen Bonding-Induced Oxygen
Clusters and Long-Lived Room Temperature Phosphorescence from
Amorphous Polyols. Chin. Chem. Lett. 2023, 34, 107684.
(12) Wang, Z.; Zhang, H.; Li, S.; Lei, D.; Tang, B. Z.; Ye, R. Recent

Advances in Clusteroluminescence. Top. Curr. Chem. 2021, 379, 14.
(13) Liu, B.; Chu, B.; Zhu, L.; Zhang, H.; Yuan, W. Z.; Zhao, Z.;

Wan, W. M.; Zhang, X. H. Clusteroluminescence: A Gauge of
Molecular Interaction. Chin. Chem. Lett. 2023, 34, 107909.

(14) He, Y.; Feng, W.; Qiao, Y.; Tian, Z.; Tang, B. Z.; Yan, H.
Hyperbranched Polyborosiloxanes: Non-traditional Luminescent
Polymers with Red Delayed Fluorescence. Angew. Chem., Int. Ed.
2023, 62, e202312571.
(15) Berezin, A. S.; Vinogradova, K. A.; Krivopalov, V. P.;

Nikolaenkova, E. B.; Plyusnin, V. F.; Kupryakov, A. S.; Pervukhina,
N. V.; Naumov, D. Y.; Bushuev, M. B. Excitation-Wavelength-
Dependent Emission and Delayed Fluorescence in a Proton-Transfer
System. Chem.�Eur. J. 2018, 24, 12790−12795.
(16) Guo, D.; Le, X.; Shang, H.; Shan, F.; Li, D.; Ouyang, C.; Chen,

T. Excitation-Wavelength-Dependent Fluorescent Organohydrogel
for Dynamic Information Anti-Counterfeiting. Chin. Chem. Lett. 2023,
34, 108347.
(17) Zhang, Y.; Yang, H.; Ma, H.; Bian, G.; Zang, Q.; Sun, J.; Zhang,

C.; An, Z.; Wong, W. Excitation Wavelength Dependent Fluorescence
of an ESIPT Triazole Derivative for Amine Sensing and Anti-
Counterfeiting Applications. Angew. Chem., Int. Ed. 2019, 58, 8773−
8778.
(18) Shen, X. B.; Song, B.; Fang, B.; Jiang, A. R.; Ji, S. J.; He, Y.

Excitation-Wavelength-Dependent Photoluminescence of Sili-con
Nanoparticles Enabled by Adjustment of Surface Ligands. Chem.
Commun. 2018, 54, 4947−4950.
(19) Ma, X.; Jia, L.; Yang, B.; Li, J.; Huang, W.; Wu, D.; Wong, W. Y.

A Color-Tunable Single Molecule White Light Emitter with High
Luminescence Efficiency and Ultra-Long Room Temperature
Phosphorescence. J. Mater. Chem. C 2021, 9, 727−735.
(20) Su, Y.; Zhang, Y.; Wang, Z.; Gao, W.; Jia, P.; Zhang, D.; Yang,

C.; Li, Y.; Zhao, Y. Excitation-Dependent Long-Life Luminescent
Polymeric Systems under Ambient Conditions. Angew. Chem., Int. Ed.
2020, 59, 9967−9971.
(21) Gu, L.; Shi, H.; Bian, L.; Gu, M.; Ling, K.; Wang, X.; Ma, H.;

Cai, S.; Ning, W.; Fu, L.; Wang, H.; Wang, S.; Gao, Y.; Yao, W.; Huo,
F.; Tao, Y.; An, Z.; Liu, X.; Huang, W. Colour-Tunable Ultra-Long
Organic Phosphorescence of a Single-Component Molecular Crystal.
Nat. Photonics 2019, 13, 406−411.
(22) Ni, X. L.; Chen, S.; Yang, Y.; Tao, Z. Facile Cucurbit[8]Uril-

Based Supramolecular Approach To Fabricate Tunable Luminescent
Materials in Aqueous Solution. J. Am. Chem. Soc. 2016, 138, 6177−
6183.
(23) Zhang, M.; Saha, M. L.; Wang, M.; Zhou, Z.; Song, B.; Lu, C.;

Yan, X.; Li, X.; Huang, F.; Yin, S.; Stang, P. J. Multicomponent
Platinum(II) Cages with Tunable Emission and Amino Acid Sensing.
J. Am. Chem. Soc. 2017, 139, 5067−5074.
(24) Du, H.; Zhao, W.; Xia, Y.; Xie, S.; Tao, Y.; Gao, Y. Q.; Zhang,

J.; Wan, X. Effect of Stereoregularity on Excitation-dependent
Fluorescence and Room-temperature Phosphorescence of Poly(2-
vinylpyridine). Aggregate 2023, 4, e276.
(25) Hu, S.; Trinchi, A.; Atkin, P.; Cole, I. Tunable Photo-

luminescence Across the Entire Visible Spectrum from Carbon Dots
Excited by White Light. Angew. Chem., Int. Ed. 2015, 54, 2970−2974.
(26) Tonti, D.; Van Mourik, F.; Chergui, M. On the Excitation

Wavelength Dependence of the Luminescence Yield of Colloidal
CdSe Quantum Dots. Nano Lett. 2004, 4, 2483−2487.
(27) Deng, J.; Wu, H.; Xie, W.; Jia, H.; Xia, Z.; Wang, H. Metal

Cation-Responsive and Excitation-Dependent Nontraditional Multi-
color Fluorescent Hydrogels for Multidimensional Information
Encryption. ACS Appl. Mater. Interfaces 2021, 13, 39967−39975.
(28) Li, J.; Wang, L.; Zhao, Z.; Li, X.; Yu, X.; Huo, P.; Jin, Q.; Liu,

Z.; Bian, Z.; Huang, C. Two-Coordinate Copper(I)/NHC Com-
plexes: Dual Emission Properties and Ultralong Room-Temperature
Phosphorescence. Angew. Chem., Int. Ed. 2020, 59, 8210−8217.
(29) Yang, J.; Li, K.; Wang, J.; Sun, S.; Chi, W.; Wang, C.; Chang, X.;

Zou, C.; To, W.; Li, M.; Liu, X.; Lu, W.; Zhang, H.; Che, C.; Chen, Y.
Controlling Metallophilic Interactions in Chiral Gold(I) Double Salts
towards Excitation Wavelength-Tunable Circularly Polarized Lumi-
nescence. Angew. Chem., Int. Ed. 2020, 59, 6915−6922.
(30) Song, B.; Zhong, Y.; Wu, S.; Chu, B.; Su, Y.; He, Y. One-

Dimensional Fluorescent Silicon Nanorods Featuring Ultra-high
Photostability, Favorable Biocompatibility, and Excitation Wave-

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.3c00657
ACS Macro Lett. 2024, 13, 52−57

56

https://doi.org/10.1039/C7TC02381B
https://doi.org/10.1039/C7TC02381B
https://doi.org/10.1039/C7TC02381B
https://doi.org/10.1002/marc.202100720
https://doi.org/10.1002/marc.202100720
https://doi.org/10.1002/marc.202100720
https://doi.org/10.1002/pol.20210954
https://doi.org/10.1002/pol.20210954
https://doi.org/10.1002/pol.20210954
https://doi.org/10.1039/D3CC00754E
https://doi.org/10.1039/D3CC00754E
https://doi.org/10.1002/agt2.147
https://doi.org/10.1002/agt2.147
https://doi.org/10.1002/agt2.147
https://doi.org/10.1002/anie.202204383
https://doi.org/10.1002/anie.202204383
https://doi.org/10.1039/D0PY01285H
https://doi.org/10.1039/D0PY01285H
https://doi.org/10.1039/D0PY01285H
https://doi.org/10.1021/acsami.1c19504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c19504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c19504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2MH00808D
https://doi.org/10.1039/D2MH00808D
https://doi.org/10.1039/D2MH00808D
https://doi.org/10.1016/j.cclet.2019.11.009
https://doi.org/10.1016/j.cclet.2019.11.009
https://doi.org/10.1016/j.cclet.2022.07.027
https://doi.org/10.1016/j.cclet.2022.07.027
https://doi.org/10.1016/j.cclet.2022.07.027
https://doi.org/10.1007/s41061-021-00326-w
https://doi.org/10.1007/s41061-021-00326-w
https://doi.org/10.1016/j.cclet.2022.107909
https://doi.org/10.1016/j.cclet.2022.107909
https://doi.org/10.1002/anie.202312571
https://doi.org/10.1002/anie.202312571
https://doi.org/10.1002/chem.201802876
https://doi.org/10.1002/chem.201802876
https://doi.org/10.1002/chem.201802876
https://doi.org/10.1016/j.cclet.2023.108347
https://doi.org/10.1016/j.cclet.2023.108347
https://doi.org/10.1002/anie.201902890
https://doi.org/10.1002/anie.201902890
https://doi.org/10.1002/anie.201902890
https://doi.org/10.1039/C8CC00047F
https://doi.org/10.1039/C8CC00047F
https://doi.org/10.1039/D0TC04234J
https://doi.org/10.1039/D0TC04234J
https://doi.org/10.1039/D0TC04234J
https://doi.org/10.1002/anie.201912102
https://doi.org/10.1002/anie.201912102
https://doi.org/10.1038/s41566-019-0408-4
https://doi.org/10.1038/s41566-019-0408-4
https://doi.org/10.1021/jacs.6b01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/agt2.276
https://doi.org/10.1002/agt2.276
https://doi.org/10.1002/agt2.276
https://doi.org/10.1002/anie.201411004
https://doi.org/10.1002/anie.201411004
https://doi.org/10.1002/anie.201411004
https://doi.org/10.1021/nl0486057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0486057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0486057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201916379
https://doi.org/10.1002/anie.201916379
https://doi.org/10.1002/anie.201916379
https://doi.org/10.1002/anie.202000792
https://doi.org/10.1002/anie.202000792
https://doi.org/10.1002/anie.202000792
https://doi.org/10.1021/jacs.6b00479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b00479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


length-Dependent Emission Spectra. J. Am. Chem. Soc. 2016, 138,
4824−4831.
(31) Jeong, Y. K.; Lee, Y. M.; Yun, J.; Mazur, T.; Kim, M.; Kim, Y. J.;

Dygas, M.; Choi, S. H.; Kim, K. S.; Kwon, O. H.; Yoon, S. M.;
Grzybowski, B. A. Tunable Photoluminescence across the Visible
Spectrum and Photocatalytic Activity of Mixed-Valence Rhenium
Oxide Nanoparticles. J. Am. Chem. Soc. 2017, 139, 15088−15093.
(32) Cai, M.; Lang, T.; Fang, S.; Han, T.; Valiev, D.; You, H.; Liu,

C.; Yu, J.; Su, P.; Jing, X.; Ge, G.; Liu, B.; Polisadova, E. F. Color
Tunable (Ba,Ca)ScO2F: Eu2+, Bi3+, K+ Perovskite with Dependence of
Excitation Wavelength for Advanced Anti-Counterfeiting Application.
J. Lumin. 2023, 257, 119713.
(33) Huahua, Z.; Ruiyi, L.; Zaijun, L. Excitation-Depended

Fluorescence Emission of Boron-Doped Graphene Quantum Dot as
an Optical Probe for Detection of Oxytetracycline in Food and
Information Encryption Patterns. Microchim. Acta 2023, 190, 278.
(34) Lai, S.; Jin, Y.; Shi, L.; Zhou, R.; Zhou, Y.; An, D. Mechanisms

behind Excitation- and Concentration-Dependent Multicolor Photo-
luminescence in Graphene Quantum Dots. Nanoscale 2020, 12, 591−
601.
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