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Abstract: Clusteroluminescence (CL) materials without largely 

conjugated structures have gained significant attention due to their 

unique photophysical properties and potential in bioimaging. However, 

low luminescence efficiency and short emission wavelength limit their 

development. This work designs three luminogens with CL properties 

(CLgens) by introducing n-electron-involved through-space 

conjugation (TSC) into diarylmethane. Apart from single-photon 

excited long-wavelength (688 nm) and high-efficiency (29%) CL, two-

photon clusteroluminescence (TPCL) is successfully achieved in such 

small luminogens with only two isolated heteroatomic units. TSC 

stabilized in the aggregate state has been proven to realize efficient 

spatial electron delocalization similar to conventionally conjugated 

compounds. Encouraged by the excellent TPCL properties, two-

photon imaging of blood vessels in vivo and biocompatibility 

verification utilizing CLgens are also achieved. This work illustrates 

the essential role of TSC in promoting nonlinear optical properties of 

CLgens and may facilitate further design and development of the next 

generation of bioprobes with excellent biocompatibility. 

Visualizing and monitoring biological structures and processes is 

of great significance for exploring the mysteries of biological and 

physical science.[1] Fluorescence technology, with its high 

sensitivity and spatiotemporal resolution, has become an 

essential tool, especially for bioprobes with high biological activity 

and low toxicity.[2] For example, green fluorescent protein (GFP) 

expressed autonomously in cells has been developed as diverse 

fluorescent bioprobes.[3] However, due to the large size and 

complex expression of the protein, GFP-based bioprobes are 

limited to some microenvironments and sometimes output false 

signals.[4] Thus, developing biocompatible fluorescent probes with 

simple structures and small sizes is an emerging topic. Recently, 

clusteroluminescence (CL) materials with nonconjugated 

structures, such as polyethylene glycol, polyesters, and 

polyamide, have gained significant attention because they can 

produce intrinsic luminescence in the aggregate state.[5] Unlike 

traditional luminogens based on through-bond conjugation (TBC) 

and polycyclic aromatic skeletons, luminogens with CL property 

(CLgens) do not contain any extended conjugated unit, making 

them promising bioprobes with high biocompatibility and 

biodegradability.[6] Additionally, the working mechanism of 

CLgens, based on noncovalent through-space conjugation (TSC), 

gives them high sensitivity to stimuli and external environments, 

which is advantageous for monitoring biological processes.[7] 
However, since the strength of the -electron-involved TSC is 

relatively weak, most reported CLgens exhibit low efficiency and 

short emission wavelength within the blue region, limiting their 

potential for biological applications.[7a, 8] Recent studies have 

discovered that introducing n electrons could significantly 
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enhance the strength of TSC and electron delocalization due to 

the high electron density of heteroatoms and formed 

intermolecular TSC, which enable CLgens to produce red and 

near-infrared (NIR) CL with high luminescence efficiency, 

considerably improving their photophysical properties.[5c, 9] On the 

other hand, realizing the two-photon excitation of organic 

luminogens using NIR light is of interest for many practical 

applications due to the low phototoxicity and deep penetration 

depth in biological tissues.[10] Many luminogens with two-photon 

fluorescence are constructed based on TBC and largely 

conjugated donor and acceptor groups (Figure 1a).[11] However, 

due to the lack of extended conjugated structures, the potential 

nonlinear optical properties of CLgens, such as two-photon 

fluorescence, have not been considered or explored. Thus, 

developing CLgens with two-photon excited behaviors as new 

bioprobes would be significant but challenging regarding 

fundamental photophysical theories and application values. 

 In this work, we demonstrate a general design strategy by 

introducing n-electron units into the diarylmethane derivatives to 

efficiently increase the strength of TSC. Apart from single-photon 

excited long-wavelength (up to 688 nm) and high-efficiency (up to 

29%) CL, for the first time, we successfully achieve the two-

photon clusteroluminescence (TPCL) from these CLgens with 

only two isolated heteroatomic units (Figure 1b). Leveraging 

these properties, we also demonstrate two-photon vascular 

imaging of mouse ears in vivo and high biocompatibility of the 

designed CLgens. It is believed that elucidation of the structure-

property relationships in emerging CLgens, with unconventional 

nonlinear TPCL arising from TSC, could promote the 

development of TSC-based organic photophysics and next-

generation bioprobes. 

 

 
Figure 1. (a) Schematic diagram of traditional molecular skeletons with two-

photon fluorescence based on through-bond conjugation, D/A = donor/acceptor 

groups. (b) Schematic illustration of newly designed CLgens with TSC-based 

two-photon clusteroluminescence under near-infrared (NIR) laser excitation. 

 
Figure 2. (a–c) Absorption spectra of (a) 2Btz, (b) 2Bxz, and (c) 2Md in ACN solutions with different concentrations and single-photon photoluminescence (PL) 

spectra of samples in the crystalline (2Btz and 2Bxz) or oily (2Md) state. Excitation wavelength: 390 nm for 2Btz, 470 nm for 2Bxz, and 510 nm for 2Md. Inset: 

chemical structures and luminescent photographs of corresponding samples under a 365 nm UV lamp. (d–f) Two-photon clusteroluminescence (TPCL) spectra of 

(d) solid 2Btz, (e) solid 2Bxz, and (f) oily 2Md under different excitation wavelengths.
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The photophysical properties of the synthesized CLgens were 

first investigated. 2Btz and 2Bxz show typical maximum 
absorption wavelength (ab) at 295 nm and 278 nm in dilute 

acetonitrile (ACN) solutions (10-6 mol/L), respectively, which arise 

from their isolated heteroatomic rings (Figure 2a and b).[12] 

Interestingly, new broad absorption peaks in the range of 
300400 nm are observed in 2Btz and 2Bxz when the 

concentration increases to 5  10-4 mol/L, which suggests the 

formation of stable TSC according to previous studies.[13] Apart 
from the ab at 284 nm from isolated pyrimidine units,[14]  2Md also 

shows strong absorption peaks at 496 nm and 618 nm even in the 

dilute solution of 10-6 mol/L (Figure 2c), suggesting the ultrastrong 

TSC between intramolecular pyrimidine units. These absorption 

peaks gradually increased with the increased concentration of 

solutions. We then studied their single-photon 

photoluminescence (PL) properties. Similar to many reported 

CLgens, these three CLgens are weakly emissive in the dilute 

solutions due to intramolecular molecular motions upon 

photoexcitation.[15] Nevertheless, long-wavelength emissions at 

473 nm of 2Btz, 555 nm of 2Bxz, and 662 nm of 2Md could be 

detected in dilute solutions, respectively, indicating the 

appearance of CL caused by the intramolecular TSC (Figure S7). 

These emission peaks are excitation-dependent and become 

more dominant with the increased concentrations. In the 

crystalline state, 2Btz and 2Bxz show green and yellow CL with 

long-wavelength emission peaks at 476 nm and 560 nm and 

absolute quantum yields (QY) of 11% and 29%, respectively 

(Figure 2a and b). Unexpectedly, oily 2Md exhibits NIR emission 

at 688 nm with a QY of 19%, which is a new record of small-

molecule CLgens (Figure 2c). It is noteworthy that their emission 

peaks are excitation-independent, suggesting the stabilization of 

TSC-based emission species in the solid and oily states (Figures 

S8 and S9). The decay curves of emission intensity within the 

nanosecond range support the fluorescent nature of their CL 

(Figure S10). 

The long-wavelength emission and high QY compared to their 

isolated heteroatomic units indicate that n-electron-involved TSC 

endow these CLgens with a more substantial spatial conjugation 
effect for electron delocalization compared to pure -electron 

CLgens. This excellent property encourages the investigation of 

their two-photon excited luminescence, which is traditionally 

observed in well-conjugated compounds. Surprisingly, all these 

CLgens display TPCL under NIR-II laser excitation with a broad 
two-photon excitation window of 9001100 nm (Figure 2df). The 

emission peak of TPCL is almost the same as the steady-state 

CL at 525 nm of 2Btz, 566 nm of 2Bxz, and 668 nm of 2Md, 

respectively, proving the same processes from the excited state 

to the ground state under the one-photon and two-photon 

excitation.[16] To our knowledge, it is the first example of CLgens 

showing nonlinear optical properties and two-photon excited 

luminescence. 

To further illustrate their photophysical properties, electronic 

structures and transitions were calculated based on the hole-

electron analysis (Figure 3a). It is obvious that electrons are 

delocalized between two isolated heteroatomic units (pink arrow), 

suggesting the formation of typical intramolecular TSC.[7a] 

Besides, the lone-pair electrons from N atoms of 2Md directly 

overlap together, which should be responsible for its NIR CL and 

high QY. This result also supports the idea that introducing n 

electrons is an effective approach to enhancing TSC. The 
oscillator strength (f) and electric transition dipole moment (ge) of 

each CLgens were further calculated in the aggregate model 

(Figure 3b), which are essential parameters for luminogens with 

two-photon luminescence. In particular, 2Bxz displays the largest 
value of f (0.5316) and ge (5.745 Debye) due to its symmetric 

conformation and electron distribution in the excited state (Figure 

S11), indicating that it is a good candidate for TPCL materials.[17] 

 

 
Figure 3. (a) Hole-electron analysis of 2Btz, 2Bxz, and 2Md in the aggregate 

state. (b) Summary of photophysical parameters of these three CLgens, 

including absorption (ab) and TPCL (TPCL) wavelength, absolute quantum yield 

(QY), and calculated oscillator strength (f) and electric transition dipole moment 

(ge). (c) Schematic diagram of potential energy surfaces of CLgens in the 

isolated and aggregate states. 1PA = single-photon absorption, 2PA = two-

photon absorption, NR = nonradiative decay. 

Apart from intramolecular TSC, intermolecular interactions in 

the aggregate state also play an important role in promoting CL 

and TPCL properties of these CLgens. With the help of molecular 

dynamics calculation, the aggregate-state models of these three 

CLgens were obtained and compared with the single-molecule 
state (Figure S12). Reorganization energy (re) was also 

calculated to indicate the geometry change between the 

optimized ground and excited state. As expected, intramolecular 

motion (IMM) of 2Btz and 2Bxz is violent, as evidenced by their 
large re of 18929 cm-1 and 10422 cm-1, respectively (Figures S13 

and S14). In comparison, the re value of 2Md (8497 cm-1) is 

smaller, which is consistent with its strongest TSC and CL 

reaching the NIR region (Figure S15). After aggregation, the 
reduced re value and proportion of dihedral-angle change to total 
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re indicate that IMM is restricted due to multiple intermolecular 

interactions. In addition, multiple intermolecular interactions 
between heteroatoms (e.g., SS, SN of 2Btz, and NO of 2Bxz) 

with shorter distances than intramolecular interactions are 

observed based on the single-crystal structures and Hirshfeld-

surface analysis of 2Btz and 2Bxz (Figures S16-S19), proving 

their crucial role in the forming of intermolecular TSC and 

restricted IMM in the aggregate state.[18] Unfortunately, due to the 

oily state of 2Md, its crystal structure can not be obtained. 

Accordingly, Figure 3c illustrates the photophysical behaviors of 

these CLgens in isolated and aggregate states. In the isolated 

state, CLgens could form TSC after photoexcitation. However, 

dynamic IMM usually destroys TSC and leads to a dark state via 

nonradiative decay. In contrast, IMM is restricted in the aggregate 

state due to the confined environment and multiple intermolecular 

interactions, stabilizing formed TSC and promoting efficient CL 

under both one-photon and two-photon excitation. 

 
Figure 4. (a) Preparation of nanoparticles based on CLgens (CL NPs) using 

2Bxz and PS-g-PEG. (b) Hydrodynamic size distributions of CL NPs solution 

stored at 4 °C for 8 days. Inset: TEM image of CL NPs. (c) Normalized UV-Vis 

absorption and single-photon PL spectra of CL NPs in solution. Excitation 

wavelength: 370 nm. (d) TPCL spectra of CL NPs solution under different 

excitation wavelengths. 

Compared to largely conjugated luminogens, CLgens with 

simple and isolated units endow them with high biocompatibility 

and biodegradability, promoting them as a new type of bioprobes. 

Although 2Md shows the longest emission wavelength of TPCL, 

its fabricated nanoparticles exhibit low-quality bioimaging due to 

the oily state of 2Md and the poor stability of nanoparticles in the 

physiological environments (Figures S20 and S21), requiring 

further optimization. Nevertheless, with the highest QY, largest 
ge, and excellent TPCL property, 2Bxz was also a good 

candidate and was selected as an example to investigate this 

potential biological application. Nanoparticles based on CLgens 

(CL NPs) of hydrophobic 2Bxz were fabricated via the 

nanoprecipitation method with poly(ethylene glycol) grafted 

polystyrene (PS-g-PEG) (Figure 4a). The size distribution and 

stability of the fabricated CL NPs were verified by the dynamic 

light scattering technique, which shows a consistent diameter of 

78 nm for more than 1 week (Figure 4b). The transmission 

electron microscopy (TEM) image also proves their 

homogeneous spherical morphology. The photophysical 

properties of the fabricated CL NPs are similar to those of 2Bxz in 

the aggregate state, with the TSC-based absorption peak at 377 

nm and PL emission at 525 nm, respectively (Figures 4c and S22). 

The TPCL emission also peaks at 536 nm with a two-photon 
excitation window of 720880 nm within the NIR region, which is 

relatively blueshifted compared to the crystalline sample, 

probably due to irregular aggregates formed in nanoparticles 

(Figure 4d). 

Encouraged by the excellent performance of the fabricated CL 

NPs, further investigation was carried out for in vivo angiography 

using BALB/c mice. The CL NPs in deionized water were injected 

into the tail vein and allowed to circulate within blood vessels. 

Under two-photon excitation of 830 nm, accompanied by the blue 

fluorescence of the second-harmonic generation (SHG) signal 
(within 415485 nm) from surrounding collagen fibers, the blood 

vessels of the mouse ear show a bright green CL signal, which 

does not show an obvious change after several minutes (Figure 

5a). The superior imaging quality can resolve the small blood 

vessel with a diameter of 18 μm, suggesting its high resolution. 

Besides, a 3D reconstruction imaging of blood vessels in the 

mouse ear was also performed in vivo by scanning the tissue of 

37 µm depth to obtain a better spatial resolution and multi-

dimensional information (Figure 5b).  

Finally, the biocompatibility and biosafety of CL NPs were 

verified, which is another important parameter for CLgens as a 

new type of bioprobes. The weights of mice bodies and major 

organs (heart, lung, liver, kidney, and spleen) treated with CL NPs 

or phosphate-buffered saline (PBS) show no significant difference 

(Figure 5c-d). Besides, the histological study based on 

hematoxylin and eosin (H&E) staining displays that no obvious 

toxicity, such as neutrophil aggregation, tissue oedema, or 

microstructural damage, occurs in these major organs after 

treatment with CL NPs for 7 days, indicating excellent 

biocompatibility of the fabricated CL NPs (Figure 5e). To our 

knowledge, it is the first time that the CLgens were used for 

bioimaging in vivo with biocompatibility verification, which 

suggests that CLgens hold great promise as a new generation of 

bioprobes for biological applications. 

In conclusion, three diarylmethane-based CLgens were 

designed and constructed by integrating heteroatomic rings. The 

n-electron-involved TSC endows them with long-wavelength CL 

(up to 688 nm) and high efficiency (up to 29%). Interestingly, 

TPCL was observed in CLgens without largely conjugated 

structures, which breaks the traditional cognition of two-photon 

fluorescent materials. Besides, these CLgens were successfully 

utilized for two-photon imaging of blood vessels in vivo, showing 

high resolution and good biocompatibility. This work highlights the 

essential role of TSC in promoting the nonlinear optical property 

of TPCL in CLgens and may open up new opportunities for 

developing the next-generation bioprobes.
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Figure 5. (a) Real-time imaging of mouse ear blood vessels under the two-photon microscope with the excitation wavelength of 830 nm after intravenous injection 

of CL NPs. Collection wavelength: 415485 nm for the SHG signal of collagen fibers and 506593 nm for the TPCL signal of CL NPs. (b) 3D reconstruction of 

mouse ear blood vessels. (c) The body weight in PBS (n = 3) and CL NPs groups collected at 24-hour intervals for 7 consecutive days. Data represent means ± 

standard deviation, n = 3. (d) The organ weights in three groups (PBS, Day 3, and Day 7). The statistical significance was calculated using the Student’s T-test. ns 

= non-significant. (e) H&E staining of heart, lung, liver, kidney, and spleen. Mice were injected with CL NPs (1 mg/mL, 100 μL) via the tail vein, while the control 

group received an equal volume of PBS. 
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vivo bioimaging of CLgens with excellent biocompatibility. 
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