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Abstract 21 

The ingenious construction of electron donor-acceptor (D-A) system has been proven to be the major 22 

trend for novel advanced-performance optoelectronic materials. However, the related development is 23 

undiversified and become stereotyped in recent years, and the explorations of new architecture with both 24 

prominent optoelectronic property and innovatively coined optoelectronic mechanism are appealing yet 25 

significantly challenging tasks. We herein exploit a series of novel Janus luminogens, namely TAOs, with 26 

unique charge separation in a simple five-membered mesoionic ring. TAOs having low molecular weight 27 

present efficient aggregation-induced red/near-infrared emission with up to 21.5% of fluorescence 28 

quantum yield. A new mechanism termed as bended intramolecular charge transfer (BICT) is proposed 29 

to understand the fluorescence behavior. It is experimentally demonstrated that TAOs exhibit great 30 

potential for the use as molecular transistor, and can be efficiently utilized in brain imaging 31 

straightforwardly through intravenous postinjection. 32 

 33 

Introduction 34 

In the last decades, the explosive advances of organic optoelectronic materials have been witnessed in 35 

organic light emitting diodes (OLEDs)1,2, organic field-effect transistors (OFETs)3,4, organic photovoltaic 36 

cells (OPVs)5,6, sensors7,8, and many other fields9. The construction of such materials with efficient 37 

charge transport is a fascinating target, which is usually realized by two strategies: (1) expansion of 38 

π-conjugation10-12, and (2) enhancement of electron donating-accepting (D-A) strength13,14. The latter has 39 

been regarded as the most powerful tool in the development of novel high-performance organic materials 40 

by virtue of its great contributions in effectively narrowing the energy gap, enhancing the electron transfer, 41 

diversifying intermolecular interaction and adjusting molecular packing15-20. Scientists have spent much 42 



effort on the exploration of desirable electron donors or acceptors, which were assembled by conjugated 43 

moiety as cross-bridges to construct the most popular D-π-A conjugated structure21-25. Nevertheless, the 44 

exploration of optoelectronic materials on the basis of these guidances has become stereotyped in recent 45 

years. And novel organic architecture with extraordinary optoelectronic properties and new 46 

optoelectronic principle remains barely exploited and supremely desirable. 47 

Mesoionic compounds, as peculiar five-membered heterocycles bearing heteroatoms like O, N, S 48 

and P, were firstly defined by Baker, Ollis and Poole in 194926,27 and recently focused on bioortogonal click 49 

reaction in living system28-30. These structures are described as “cannot be satisfactorily represented by 50 

any one covalent or polar structure and possesses a sextet of electrons in association with the five atoms 51 

of the ring”. It has been demonstrated that they possess planar and π-conjugated central ring with a 52 

side-chain whose α-atom is in the same plane which are both involving the delocalizations of electrons 53 

and charges31-33. Inspired by the strong charge separation of mesoionic compounds, we hypothesize it 54 

might be utilized for the construction of a unique family of mesoionic optoelectronic materials with high 55 

D-A strength in a single ring, rather than complicated modifications by long π-conjugation and bulky D/A 56 

units. More interestingly, intramolecular charge transfer in the ring rather than spatially segregated D-A 57 

structure in the excited state might provide a new perspective for in-depth understanding of optoelectronic 58 

mechanism. Given the circumstances, systemic evaluation on the optoelectronic characteristics of 59 

mesoionic compounds will be an appealing task. 60 

Here, we reported a novel family of Janus luminogens on the basis of mesoionic fragment for the first 61 

time. Thiazol-3-ium-4-olate was utilized as a building block to construct 62 

2,3,5-triphenylthiazol-3-ium-4-olate derivatives (TAOs) sharing red/near-infrared (NIR) 63 

aggregation-induced emission (AIE) characteristics. A meaningful mechanism termed as bended 64 

intramolecular charge transfer (BICT) was innovatively coined for elaborating the Janus structure, 65 

unusual optical properties and AIE behavior. Moreover, their optical properties can be effectively 66 

modulated by adjusting the substituent group at 3-position, indicating great potential for molecular 67 

transistor. TAOs having excellent biocompatibility were also exploited to serve as distinctive bioimaging 68 

agents for visualizing cell, bacteria, and particularly living mouse brain.  69 

 70 

Results 71 

Synthesis and characterization of TAO-TP 72 

To validate the hypothesis, mesoionic compound 2,3,5-triphenylthiazol-3-ium-4-olate (TAO-TP) was 73 

facilely synthesized through a one-step reaction giving the yield of 89% (Fig. 1a). The structure of 74 

TAO-TP was fully characterized by NMR and high-resolution mass spectrometry (Supplementary Fig. 21). 75 

The strong and long-wavelength fluorescence emission in the solid of this simple structure whose 76 

molecular weight is only 329 g�mol-1 stimulated our interests in its optical properties. The UV-vis spectra 77 

were measured in various solvents (MeCN, DMSO, DMF, DCM, EA, THF, Dioxane, Et2O and Toluene), 78 

as illustrated in Fig. 1b and Supplementary Fig. 1-2, these absorption maximums located in the range of 79 

visible light and red-shifted from 440 to 504 nm with the decrease of solvent polarity. The outcome 80 

diametrically opposed to that of twisted intramolecular charge transfer (TICT) system. More interestingly, 81 

THF solution of TAO-TP was barely emissive showing an extremely low fluorescence quantum yield 82 

(Fsoln = 0.02%), while fluorescence emission was boosted upon adding water into the THF solution and 83 

achieve 28-fold enhancement in the case of 95% water fraction (Fig. 1c), in which uniform acicular 84 

morphology of TAO-TP with the size of 50 micrometers in the length was observed by fluorescence 85 



microscope indicating the aggregate formation (Supplementary Fig. 3). In addition, the fluorescence 86 

quantum yield in solid state (Fsolid) was determined to be 17.0% with the maximum emission wavelength 87 

at 624 nm (Supplementary Figure 1 and Table 1), which was about 85-fold higher than that in THF. 88 

These results clearly illustrated that TAO-TP is a red-emissive luminogen with typical AIE characteristics. 89 

The term, AIE, described a distinctive photophysical phenomenon was firstly put forward in 2001 by Tang 90 

group34. Nowadays, AIE luminogens (AIEgens) have drawn particular concerns which break through the 91 

limitations of traditional luminogens due to aggregation-caused quenching (ACQ) tendency35, and 92 

undergo explosive developments in material science and biological science36-38. 93 

 94 

  95 

Figure 1. The synthetic route and basic characterizations of TAO-TP. a, Synthetic rout to TAO-TP and schematic 96 

diagram of Janus structure. b, Absorption spectra of TAO-TP (2´10-5 M) in different solvents. c, PL spectra of TAO-TP 97 

(2´10-5 M) in THF/water mixtures with different water fractions (fw); λex = 495 nm. Fluorescence photographs of 98 

TAO-TP solution with 0, 95% water faction and of TAO-TP powder irradiated by 365 nm UV light. d, The molecular 99 

orbital amplitude plots of HOMO and LUMO energy levels in the ground state (S0) and excited state (S1) calculated by 100 

using the (TD) M062X/6-31G (d, p) basis set. e, Simulated electrostatic potential and dipole moment in the ground 101 

state (S0) and excited state (S1) of TAO-TP. 102 

 103 



Density functional theory (DFT) calculations were conducted for in-depth understanding the unique 104 

optical phenomenon of TAO-TP. As depicted in Figure 1d and 1e, the simulated electrostatic potentials 105 

and molecular orbital amplitude plots of TAO-TP in the ground state (S0) and excited state (S1) revealed 106 

that negative π-charge (related to highest occupied molecular orbital, HOMO) was mainly distributed in 107 

the left of central ting with O atom of the side-chain and ring V, while positive π-charge (related to lowest 108 

unoccupied molecular orbital, LUMO) was mainly delocalized in the other part of central ring and ring II. 109 

The energy gap between HOMO and LUMO was effectively reduced (from 4.52 eV in the S0 to 3.48 eV in 110 

the S1) which may be in a good accordance with the large stoke shift (152 nm). Moreover, the large 111 

simulated dipole moment of 6.510 Debye and segregated charges in the S0 suggested the strong planar 112 

D-A structure at 2,5-positions of TAO-TP. The dipole moment in the S1 was declined to be 3.495 Debye, 113 

which explained that the abnormal negative solvatochromism of TAO-TP was due to the better stabilizing 114 

effect of polar solvent on the ground state orbital39. On the basis of these dramatic results, we classified 115 

the TAO-TP as a “Janus” luminogen because it is possessed two antipodal charges in the same 116 

molecule like the mythological two-faced god who looked to the future and past in ancient roman religion. 117 

 118 

TAO derivatives and related optical properties 119 

According to the DFT calculation results, ring Ⅲ at 3-position of TAO-TP partially participated in 120 

charge distribution in HOMO and had flexible motions due to less steric hindrance of side-chain at 121 

4-position. These features enabled the systematic investigations on regulation of optical properties by ring 122 

Ⅲ to be possible and significant. Hence, 12 derivatives of TAOs were synthesized with moderate to good 123 

yields and well characterized (Supplementary Fig. 22-33). A series of substituted TAOs with 124 

electron-donating (-OMe) or electron-withdrawing (-Br, -CF3, -NO2) groups at para-position of ring Ⅲ	125 

were prepared for evaluating the electronic effect (Fig. 2a). Several TAOs were also assembled by small 126 

alkyl groups substituted at the different positions (ortho, meta and para, Fig. 2b) or different-size 127 

substituted groups at the ortho-position (Fig. 2c) of ring Ⅲ	to study the steric effect.  128 

 129 

 130 
Figure 2. Structures and optical properties of TAOs. a, Structures of TAOs with different electron-donating and 131 

electron-withdrawing groups substituted at the para-position of ring Ⅲ. b, Structures of TAOs with small alkyl groups 132 

substituted at the different positions of ring Ⅲ. c, Structures of TAOs with different-size groups substituted at the 133 

para-position of ring Ⅲ and TAO-DP without ring Ⅲ. d, The relative emission intensity of TAOs (I/I0, TAO-TP) in THF 134 

(down) and the quantum yield (Fsolid) of TAOs in the solid state (up). 135 

 136 



Optical properties of TAOs were investigated and summarized in Supplementary Table 1 and Fig. 4. 137 

Collectively, all those compounds were determined to be AIE-active showing bright aggregate emission 138 

in red/NIR region with up to 21.5% of fluorescence quantum yield in solid state (Supplementary Fig. 6-7). 139 

In the solution, whether electro-donating or electro-withdrawing groups only led to the emission 140 

wavelength shift, while the fluorescence intensity was slightly affected. Yet it was interesting to note that 141 

the fluorescence intensity gradually enhanced along with increasing steric hindrance (22.4 folds of 142 

TAO-TPDiP than TAO-TP, Fig. 2d). In the solid state, fluorescence efficiency presented by Fsolid was 143 

susceptible to molecular packing. It was observed that twisted conformations resulted from asymmetric 144 

structure, high steric hindrance and electron-withdrawing groups caused fluorescence efficiency 145 

decrease (Fig. 2d). Combining with the results of melting point test and X-ray diffraction (Supplementary 146 

Fig. 5 and Table 2), it solidly demonstrated that the ring Ⅲ	at 3-position indeed played a significant role 147 

in modulating the optoelectronic behaviors of TAOs, which was neglected in previous reports on 148 

luminous heterocycles. 149 

 150 

Mechanism study 151 

TAOs represent a new family of luminogens with AIE characteristics, thus the luminescence 152 

mechanism study is of vital significance. For this purpose, single crystal structure analysis, theoretical 153 

calculations and mechanism experiments were successively conducted. Firstly, the single crystal 154 

structure of TAO-TPpM was obtained by slow solvent evaporation and shown in Figure 4a-c and 155 

Supplementary Fig. 8. Both rings Ⅱ and Ⅴ showed coplanar conformations by small dihedral angles 156 

33.56° and 12.49° with planar mosoionic central ring, while ring Ⅲ showed twisted conformations by 157 

dihedral angles 66.04°. The bond length of C-O bond was 1.23 Å, suggesting the double-bond feature. 158 

To do careful observations of molecular packing in different view, those intermolecular interactions 159 

between central ring and surrounding three phenyl groups (such as strong C-H…S and C-H…π), therein O 160 

atom and surrounding three phenyl groups of different molecules (strong C-H…O) were clearly presented 161 

by imaginary lines. These interactions resulted in well-ordered arrangement of TAO-TPpM with 162 

appropriate intermolecular distance (>3.73 Å) between two parallel planes to avoid the intermolecular 163 

π-π stacking. Moreover, the molecular conformation can be strongly rigidified to achieve effective 164 

restriction of molecular motions which was beneficial for boosting the excited-state energy dissipation 165 

from radiative decay pathway, consequently enhancing the emission efficiency in aggregation state. 166 

The electron vibration couple analysis of TAO-TPpM was further investigated through combined 167 

quantum mechanical and molecular mechanical (QM/MM) simulations to illustrate the refined structural 168 

changes upon excitation respectively in the solution and crystal40,41. Based on the crystal structure of 169 

TAO-TPpM, the intermolecular packing effect is incorporated through electrostatic interaction modeled 170 

by a force field. The reorganization energies versus the normal mode frequencies of TAO-TPpM in both 171 

gas and crystal phases were plotted in Fig. 3d-f. The results revealed that the total reorganization energy 172 

was 6619 cm-1 in the gas phase indicating vigorous molecular motions, whereas it significantly 173 

decreased to 1984 cm-1 in the crystal phase. The energy decrease was dominated by the suppression of 174 

the low-frequency (<400 cm−1) vibration, in which the remarkable decrease of the dihedral angle from 70% 175 

in the gas phase to 29% in the crystal phase made a vital contribution. Further detailed classification 176 

analysis on the central ring and outer phenyl rings showed the dominant component of the dihedral angle 177 

associated with the motions in the central five-membered ring, from 54.9% in the gas phase to 7.6% in 178 

the crystal phase (Fig. 3e). Interestingly, it was different from the common AIE systems containing 179 



five-membered heterocycles, in which the phenyl-ring motions at the 2- and 5-positions were always 180 

crucial40. To clarify the relationship between the energy dissipation and the molecular structure, the 181 

structural change between the ground state and excited state was further assessed. As depicted in Fig. 182 

3f, an obvious conformation bending of planar central ring occurred upon excitation in the gas state and 183 

further prompted the warping of surrounding phenyl rings. On the contrary, such bending was quite 184 

negligible in the crystal state. These results suggested that the excited-state energy dissipation was 185 

easily suppressed via restriction of the bend in the central ring by aggregates formation.  186 

 187 
Figure 3. Mechanism for AIE characterization of TAOs. a, Single-crystal structure of TAO-TPpM. b and c, The 188 

molecular packing and intermolecular interactions in crystal of TAO-TPpM. d, QM/MM simulation for TAO-TPpM 189 

calculated by using the ONIOM((TD)-M062X/6-31G(d,p):UFF) basis set. Calculated reorganization energies versus 190 

the normal-mode frequencies of TAO-TPpM molecule in the gas phase (blue) and the solid phase (red). e, Classified 191 

contributions to the total reorganization energy from central ring and outer rings of TAO-TPpM in the gas phase and 192 

the solid phase. f, Contributions to the total reorganization energy from bond length, bond angle and dihedral angle of 193 

TAO-TPpM in the gas phase and the solid phase. And the comparison of structures in the ground state (grey) and 194 

excited state (green). g, Schematic representation in photophysical potential surface of bended intramolecular charge 195 

transfer state (BICT). M062X calculated geometries of the S0, S1, MECI and simulated energy profiles along the 196 

constructed LIIC pathways between the optimized S1 and MECI geometries of TAO-TPpM. h, The plot of fluorescent 197 

peak intensity of TAO-TPMS, TAO-TPoM, TAO-TP and TAO-TPpM. 198 



Aiming to elaborate the dynamic evolution of energy dissipation and molecular bending behaviors, 199 

S0/S1 minimal energy conical intersection (MECI) of TAO-TPpM was subsequently calculated by 200 

optimizing the geometries at the XMS-CASPT2//SA2-CASSCF(8,8)/cc-pVDZ level42-44. The constructed 201 

linearly interpolated internal coordinate (LIIC)	pathways were constructed between the optimized S0 and 202 

S1, as well as S1 and MECI. The energy profiles were computed along the LIIC pathways with 203 

XMS-CASPT2//SA2-CASSCF(12,12)/ cc-pVDZ. As illustrated in Fig 3g, the optimized S0 geometry of 204 

TAO-TPpM possessed almost planar central ring with a dihedral angle of about 0.47° which was in good 205 

accordance with that in the crystal (0.24°) (Supplementary Table 6 and Fig. 9-10). Upon photoexcitation, 206 

both the optimized S1 and MECI geometries exhibited a strong bending along the D-A charges divide of 207 

central ring giving large dihedral angles of 24.07° and 44.67°, respectively. Although the energy of S1 208 

state is directly uphill from the optimized geometries of S1 to MECI, the energy of MECI is only larger than 209 

that of S1-min by approximately 3.0 kcal/mol, indicating that the MECI is easily reached. It seems 210 

reasonable to infer that these presented mesoionic TAOs emit light through a new mechanism termed as 211 

bended intramolecular charge transfer (BICT). The BICT process enables TAOs to show both long 212 

emission wavelength and vanished fluorescence efficiency in the molecularly dissolved state, while the 213 

non-radiative decay was able to be efficiently suppressed via restriction of the bend in the central ring by 214 

aggregates formation, consequently offering significantly boosted emission intensity in the aggregation 215 

state. 216 

In order to further verify this mechanism, the fluorescence properties of TAOs were measured in 217 

THF/water mixture with different water fractions (Fig. 3h). It was demonstrated that TAOs showed 218 

fluorescence intensity decrease when the fraction of water in high polarity was increased in the range of 219 

10% to 80%, indicating strong BICT effect. Continuous raising water faction to over 80% led to the 220 

formation of aggregates, in which the bending of central ring and other intramolecular motions can be 221 

restricted to suppress the non-radiation decay, giving remarkably amplified emission. Nevertheless, in the 222 

cases of TAO-oM and TAO-TPMS, the constant reduction of fluorescence efficiency can be attributed to 223 

the bulky groups, which perhaps simultaneously hindered both those intramolecular motions in single 224 

molecule state and intense molecular packing in aggregate state. Eventually, BICT effect dominated their 225 

photophysical process against AIE effect in aggregates. 226 

 227 

TAOs towards molecular transistor for the regulation of optical properties 228 

Evaluation of structure-function relationships of TAOs was carried out by experiments and theoretical 229 

calculations. We first checked the viscosity effect on emission45. The emission intensity exhibited linear 230 

increase with raising the glycerol fraction from 0 to 90% (Fig. 4a and Supplementary Fig. 11). Moreover, 231 

the emission behavior of TAOs without bulky substituent group was more sensitive to environmental 232 

viscosity than that of their counterparts with bulky substituent group, which was determined by the slope 233 

comparison as shown in Fig. 4a. Analysis on their optimized geometries and charge distribution in S0 and 234 

S1 calculated by using M062X/6-31G (d, p) basis set demonstrated that stronger steric hindrance could 235 

result in more twisted conformation of ring Ⅲ with larger dihedral angle (θⅢ) in S0, less bending of central 236 

ring with larger dihedral angle (θcore) upon excitation, and smaller changes in θⅢ	from S0 to S1 (Fig. 4b, 237 

Supplementary Fig. 12 and Table 8). Combining these results, steric effect of ring Ⅲ mainly influenced the 238 

molecular motions especially the ring-bending in the solution to regulate the optical properties. The 239 

electronic effect of ring Ⅲ	was then investigated. It was revealed that the absorption and emission 240 

wavelengths underwent red-shift with the gradual enhancement of electron-withdrawing effect, which was 241 



in good accordance with the HOMO-LUMO energy gap outcomes (Fig. 4c-d and Supplementary Table 7). 242 

Evidently, in this presented mesoionic system, accompanying with efficient charge transfer from the D to 243 

A moiety, ring Ⅲ acted as a modulator to regulating fluorescence intensity and wavelength of TAOs, 244 

suggesting an ideal molecular transistor model as represented in Figure 4e.  245 

246 

Figure 4. Molecular transistor of TAOs for fluorescent regulation. a, PL peak intensity of TAO-TP, TAO-TPoM 247 

and TAO-TPMS (2´10-5 M) in MeOH/glycerol mixtures with different glycerol fractions (fw). b, The dihedral angles (θⅢ, 248 

θcore) of TAO-TP, TAO-TPoM and TAO-TPMS in the ground state and excited state calculated by using the 249 

M062X/6-31G (d, p) basis set. c, Plots of the maximum wavelengths of absorption and emission of TAOs. d, Plots of 250 

HOMO, LUMO energy levels and the energy gap (DEL-H) between HOMO and LUMO of TAOs calculated by using the 251 

M062X/6-31G (d, p) basis set. e, Schematic representation of electronic effects of molecular transistor. 252 

 253 

Bioimaging of TAOs in living system 254 

Luminogens with efficient red/NIR-emission have attracted great attentions as fluorescence probes in 255 

living system due to large penetration depth, low background antofluorescence and slight irradiation harm 256 

to tissues. Inspired by the good biocompatibility (Fig. 5b) and the AIE-active long-wavelength emission of 257 

TAOs, in vitro and in vivo bioimaging studies involving cell, bacteria and mouse brain were conducted. 258 

Taking TAO-TP as a representative, as illustrated in Fig. 5a and Supplementary Fig. 13, lysosome of 259 

cells can be clearly visualized with excellent image contrast to the cell background, and the imaging of 260 

TAO-TP and a commercially available lysosome tracker (LysoTracker) perfectly overlapped with as high 261 

as 92.6% of Pearson’s correlation coefficient, indicating the high specificity for lysosome-staining. 262 

Various cell lines including HeLa, NIH 3T3, COS-7 and bEnd.3 were utilized for confirming the 263 



lysosome-targeting ability of TAO-TP (Supplementary Fig. 14-16). And the photostability of TAO-TP 264 

dramatically outperformed LysoTracker (Fig. 5c and Supplementary Fig. 17). Moreover, this imaging 265 

protocol was further successfully extended to both Gram-negative and positive bacteria imaging, giving 266 

supremely high signal-to-noise ratio (Supplementary Fig. 18-19). The excellent imaging output could be 267 

benefited from the low molecular weight (MV~329 g�mol-1) and suitable lipophilicity (the calculated log P 268 

= 4.8) of TAO-TP.  269 

 270 

 271 
Figure 5. Biocompatible imaging of TAOs. a, Co-localization imaging of HeLa cells stained with LysoTracker Green 272 

and TAO-TP. λex = 488 nm (3% laser power). Concentrations: TAO-TP (1 μM), LysoTracker Green (1 μM). The 273 

colocalization plot of LysoTracker Green and TAO-TP (Pearson’s correlation coefficient: 92.6%). b, Cell viability of 274 

HeLa cells stained with different concentrations of TAO-TP in the absence or presence of white light irradiation. c, 275 

Loss in fluorescence of HeLa cells stained with TAO-TP and LysoTracker Green with the number of scans of laser 276 

irradiation. d, In vivo living imaging of BALB/c mice at different time points (0-120 h) before and after intravenous 277 

injection of TAO-TP (2.0 mg·kg-1). (λex = 500 nm, λem = 660 nm). e, Ex vivo fluorescence imaging of tissues (tumor, 278 

heart, liver, spleen, lung, kidney and brain) at 24 h and 120 h post-injection. f, Pathological analysis of the 279 

H&E-stained main organs sections of normal mice treated with PBS and TAO-TP (2.0 mg·kg-1). g, In vivo living 280 

imaging of BALB/c mice at proper time after intravenous injection of TAO-TPTF, TAO-TPDE and TAO-TPDiP (2.0 mg 281 

kg-1). 282 

 283 

Additionally, it was found that the physicochemical properties of TAO-TP indeed met the rigorous 284 

requirements to assess the blood-brain barrier (BBB) penetrability, in terms of MV (<450), log P (1-5), 285 

polar surface area (PSA<80 Å2) and hydrogen-bond donors (HBD<3)46,47. Expectedly, TAO-TP is 286 

capable of penetrating BBB to achieve brain imaging of mouse. Experimental research demonstrated 287 



that fluorescence can be detected in brain at 1 h intravenous postinjection of TAO-TP (2.0 mg�kg-1), and 288 

arrived maximum at 48 h postinjection (Fig. 5d). Subsequently, the signal stepwisely declined afterward 289 

to be undetected at around 120 h postinjection because of the metabolism. In order to further assess the 290 

biodistribution of TAO-TP, ex vivo fluorescence images of various organs were obtained at 24 h and 120 291 

h postinjection, which confirmed the in vivo imaging results (Fig. 5e). Hematoxylin and eosin (H&E) 292 

staining of organ slices revealed the good biocompatibility of TAO-TP (Fig. 5f). Furthermore, 293 

fluorescence living imaging of the brain was also successfully realized by employing other TAO 294 

derivatives, such as TAO-TPTF, TAO-TPDE and TAO-TPDiP (Fig. 5g and Supplementary Fig. 20). 295 

These results indicated that TAOs were potentially powerful as versatile fluorescent probes for 296 

bioimaging, of particular towards brain imaging. 297 

In conclusion, we developed a novel family of Janus luminogens with aggregation-induced red/NIR 298 

emission, namely TAOs, on the basis of mesoionic skeleton. These unique five-membered heterocycles 299 

featured an unprecedented D-A structure with high strength in a single ring and possessed inherent 300 

advantages including facile synthesis, adjustable structure and fine π-conjucation, endowing them with 301 

significant charge separation and transport. Combining QM/MM simulations and the excited state decay 302 

pathway simulations, we proposed BICT as a new mechanism to in-depth understanding the distinctive 303 

optical properties, and figured out that the AIE tendency was benefited from supremely suppressed 304 

non-radiation decay caused by efficient restriction of ring-bending and rotations. It was also found that 305 

the substitution at 3-position plays a critical role as modulator to modulate the optical properties, which 306 

makes TAOs potentially useful towards molecular transistor. In addition, TAOs well performed as 307 

fluorescent bioprobes sharing negligible toxicity, high photostability and excellent image contrast for 308 

visualizing cells and bacteria, especially for living brain benefiting from their appropriate physicochemical 309 

properties for BBB penetrability. The pioneering and comprehensive studies on TAOs provide significant 310 

insights for the development and structural regulation of novel mosoionic luminogens with advanced 311 

optoelectronic performance. More applications are being anticipated in molecular transistor device, and 312 

long-term bioactive molecule tracking and pathological research related cerebral disease diagnosis such 313 

as Alzheimer's disease, glioma and encephalitis. 314 

 315 

Methods 316 

Materials and instruments. All the chemicals and biological reagents for synthesis and analysis were 317 

purchased from Energy, Bide and Sigma-Aldrich Chemical Reagent Ltd., and used without further 318 

purification unless specified requirement. Nuclear magnetic resonance (NMR) spectra were measured 319 

on Bruker AVANCE III 400MHZ and 500MHZ NMR spectrometers. High resolution mass spectrometer 320 

(HRMS) was tested on Thermo Exactive Focus Q. UV-vis absorption spectra were measured on a 321 

PerkinElmer Lambda 950 spectrophotometer and SHMADZU UV-2450 UV-vis spectrophotometer. 322 

Fluorescence spectra were recorded on Edinburgh FS5 fluorescence spectrophotometer. Quantum yield 323 

was determined by a HAMAMATSU C11347 Quantaurus-QY plus. The theoretical calculations were 324 

performed with the Gaussian 09 program. Fluorescence images were collected on a confocal laser 325 

scanning microscope (CLSM, ZEISS-LSM880) and analyzed by using ZEN 3.2 software. In vivo 326 

fluorescence imaging was performed at Perknelmer IVIS Spectrum. 327 

 328 

Synthesis of TAOs. In a dried screw cap tube, substituted N-phenylbenzothioamides (0.6 mmol, 1 eq.) 329 

and α-bromophenylacetyl chloride (140 mg, 0.6 mmol, 1 eq.) were stirred for 1 hour at room temperature 330 



in dry toluene (3 mL). Then trimethylamine (164 μL, 1.20 mmol, 2 eq.) was added and the reaction 331 

mixture was stirred overnight at room temperature. The solvent was evaporated under vacuum and the 332 

crude product was extracted with dichloromethane and water. The combined organic layers were dried 333 

over magnesium sulfate and evaporated under vacuum. The desired product was purified by column 334 

chromatography (ethyl acetate/dichloromethane 1:4) and obtained by recrystallization as a powder. 335 

 336 

Single crystal of TAO-TPpM. A suitable crystal of TAO-TPpM was obtained by solvent evaporation and 337 

tested on a SuperNova, Dual, Cu at home/near, Atlas diffractometer. The crystal was kept at 100.00(10) 338 

K during data collection. The deposition number 1935601 was provided free of charge by the joint 339 

Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures 340 

service www.ccdc.cam.ac.uk/structures. 341 

 342 

Theoretical calculations. The geometries of isolated TAOs in the ground state (S0) and the first excited 343 

state (S1) were optimized using Gaussian 09 at M062X/6-31G (d, p) level. The electronic structure of 344 

TAO-TPpM was evaluated with the combined quantum mechanics and molecular mechanics (QM/MM) 345 

method using the ONIOM model in Gaussian 16 package. We constructed the ONIOM model by cutting a 346 

cluster containing 31 TAO-TPpM molecules. The central molecule was treated as the QM part at 347 

(TD)M062X/6-31G(d) level and the surrounding ones acted as the MM part with the universal force field 348 

(UFF). All the structures at the lowest energy point were confirmed by calculating the analytical frequency. 349 

Then the electron-vibration analysis was performed in the MOMAP package. The geometries of S0, S1, 350 

and MECI between S0 and S1 (MECIS0/S1) were firstly optimized with the equal-weight, two-root (S0, S1) 351 

state-averaged (SA2) complete-active-space self-consistent-field (CASSCF) method. M062X calculated 352 

geometries of the S0, S1, MECI and XMS-CASPT2//SA2-CASSCF (12,12)/cc-pVDZ computed energy 353 

profiles along the constructed LIIC pathways between the optimized S1 and MECI geometries of 354 

TAO-TPpM.  355 

 356 

Bioimaging experiments.  357 

Cell viability assay. All cell viability tests were evaluated by MTT assay in HeLa cells. Briefly, cancer 358 

cells were seeded in 96-well culture plate at a density of 6 × 104 cells per well incubated with 359 

DMEM/RPMI-1640 medium for 24 h. Then the medium was replaced by DMEM/RPMI-1640 containing 360 

TAO-TP with a series of concentrations. Afterwards, cells were incubated for another 12 h, or 24 h, or 48 361 

h. MTT solution (5 mg/mL in PBS) was added as 10 μL per well, followed by another incubation for 4 h. 362 

All the mediums were removed and 150 μL DMSO was added. Cell viability was assessed by the 363 

measurement of the absorbance at 570 nm by microplate reader (BioTek). The relative cell viability was 364 

calculated by the equation: cell viability (%) = (ODtreated/ODcontrol) × 100%. 365 

 366 

Cell imaging by confocal laser scanning microscope (CLSM, ZEISS-LSM880). The HeLa cells, NIH 367 

3T3 cells and COS-7 cell (5 × 104 cells mL−1) were seeded in confocal dishes and incubated for 24 h. 368 

TAO-TP (1 µM) was incubated with the cells for 30 min. After the removal of TAO-TP, the cells were 369 

washed three times with PBS, and LysoTracker Green (1 µM) was incubated with the cells for 30 min. 370 

The imaging of the cells was recorded by a CLSM. TAO-TP: Ex = 488 nm, Em = 550-740 nm; LysoTracker 371 

Green: Ex = 488 nm, Em = 500-550 nm. 372 

 373 



Bacteria staining. 500 µM bacteria (OD600=1.0) in a 1.5 mL centrifuge tube were harvested by 374 

centrifuging. Then the supernatant was removed, 50 µL of 1, 5,10 µM TAO-TP in PBS solutions were 375 

added, and incubated for 20 min at room temperature. 2 µL of the stained bacteria solution was 376 

transferred to a glass slide, and covered by a coverslip for imaging. The images of E.coli and S. aureus 377 

were captured by a CLSM. TAO-TP: Ex = 488 nm, Em = 550-740 nm. 378 

 379 

In vivo imaging and biosafety study. Experiment protocols involving animals were authorized by the 380 

Laboratory Animal Center of Shenzhen Graduate School Peking University. BALB/c male nude mice (4 381 

weeks of age) was purchased from Beijing Vital River Laboratory Animal Technology. Mice were 382 

intravenously injected via tail vein with 200 μL of TAOs (2.0 mg kg-1), mice without any treatment were 383 

used as negative control. The in vivo fluorescence intensity was monitored at different time points after 384 

intravenous injection by using PerkinElme IVIS Spectrum In-Vivo imaging system (Ex = 500 nm, Em = 660 385 

nm). For study the biodistribution profiles of TAOs, mice were sacrificed by cervical vertebra dislocation 386 

at 12, 24 and 72 h, eventually the heart, liver, spleen, lung, kidney and brain were taken from the mice. 387 

The main organs (heart, liver, spleen, lung, kidney and brain) were carried out ex vivo imaging and 388 

stained with H&E for the histological section. 389 

 390 
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