
Chinese Chemical Letters 35 (2024) 109554

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Multifunctional 2-(2′-hydroxyphenyl)benzoxazoles: Ready synthesis,

mechanochromism, fluorescence imaging, and OLEDs

Kangmin Wanga, Liqiu Wana, Jingyu Wangc, Chunlin Zhoua, Ke Yangb,∗, Liang Zhouc,∗,
Bijin Li a,b,∗

a Chongqing Key Laboratory of Natural Product Synthesis and Drug Research, School of Pharmaceutical Sciences, Chongqing University, Chongqing 401331,

China
b Jiangsu Key Laboratory of Advanced Catalytic Materials & Technology, School of Petrochemical Engineering, Changzhou University, Changzhou 213164,

China
c State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China

a r t i c l e i n f o

Article history:

Received 5 October 2023

Revised 10 January 2024

Accepted 19 January 2024

Available online 23 January 2024

Keywords:

Rhodium-catalyzed

2-(2′-Hydroxyphenyl)benzoxazoles
Mechanochromism

Fluorescence images

OLEDs

a b s t r a c t

Triphenylamine (TPA)-containing 2-(2′-hydroxyphenyl)benzoxazoles (2a-2c) have been synthesized via

a highly efficient rhodium-catalyzed C–H/C–H cross-coupling reaction. Compound 2a is a novel

mechanofluorochromic material with blue-shifted mechanochromic properties. Compounds 2b and 2c

presented opposite mechanochromic trends. For 2b, the enol-form emission enhanced, and the keto-

form emission blue-shift after grinding. In contrast, 2c exhibited the weak enol-form emission disap-

peared and the keto-form emission slightly red-shift after grinding treatments. The estrone-containing

2b-based water-dispersed nanoparticles (NPs) exhibit apparent dual-emission and were applied for fluo-

rescence images. In addition, bis(TPA)-containing 2c-based devices exhibit dual-emission with good per-

formance and a singlet exciton yield of 92%, which breaks through the theoretical upper limit of 25%

in conventional fluorescent OLEDs. This is one of the highest exciton utilization values recorded for the

ESIPT molecules with a dual emission system.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High-performance organic fluorescent materials are of great

interest to chemical and medical scientists because they can

be applied in mechanochromic devices, security systems, flu-

orescence imaging, organic light-emitting diodes (OLEDs), etc.

[1–24]. At present, the reported excited state intramolecular

proton transfer (ESIPT) fluorescent materials based on 2-(2′-
hydroxyphenyl)benzoxazoles feature planarity due to the in-

tramolecular hydrogen-bonding fixation on the dihedral angle of

the diaryl skeleton and, therefore, are apt to aggregate in the solid

state, resulting in a quenching enol-form or weak keto-form emis-

sion, which is unfavorable for mechanochromic luminescence ap-

plications, imaging, and high-performance OLEDs fabrication [4–

7,25-28]. Therefore, developing high-performance ESIPT fluorescent

materials based on 2-(2′-hydroxyphenyl)benzoxazoles is still highly

desirable.

Herein, we constructed high-performance fluorescent materials

based on triphenylamine (TPA)-containing 2-(2′-hydroxyphenyl)
benzoxazoles (2a-2c) using the efficient Rh(III)-catalyzed
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oxidative C–H/C–H cross-coupling reaction (Scheme 1). The

phenol-containing natural product estrone underwent the cou-

pling with S1 to afford product 2b with a 67% yield. Furthermore,

2-(benzo[d]oxazol-2-yl)phenol (2aa) has also been synthesized as

a reference molecule (Fig. 1, Section III in Supporting information).

The emission spectra of compounds 2a-2c and 2aa were measured

in toluene and shown in Fig. 1. Compound 2aa without a strongly

electron-donating TPA group only displays the excited-state in-

tramolecular proton transfer (ESIPT) keto-form emission at 487nm

with a low fluorescence quantum yield (2.0%) in toluene. TPA-

containing 2a exhibits sole the enol-form emission at 417nm with

a higher fluorescence quantum yield (25.6%) than 2aa in toluene.

Compound 2aa is a classical ESIPT molecule, and its mechanism

has been confirmed (Fig. 1 and Fig. S1a in Supporting informa-

tion) [3–7]. For TPA-containing 2-(2′-hydroxyphenyl)benzoxazoles
(2a), the energy level of the keto-form is higher than that of the

enol form in the lowest excited (Fig. 1 and Fig. S1b in Support-

ing information). As a result, 2a only exhibits sole the enol-form

emissions and lack of keto-form emission (Fig. 1d). Moreover, 2a

also displays sole the enol-form emission in other solutions (Fig. S3

in Supporting information). Bis(TPA)-containing 2c shows the weak

enol-form emission and the strong keto-form emission in toluene

https://doi.org/10.1016/j.cclet.2024.109554
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Scheme 1. Synthesis of TPA-containing 2-(2′-hydroxyphenyl)benzoxazoles (2a-2c) and their photophysical properties in toluene solution (5×10−5 mol/L). Absolute quantum

yield was determined with a calibrated integrating sphere system.

Fig. 1. (a) ESIPT mechanism of 2aa; photophysical properties in toluene solution

(5×10−5 mol/L). (b) ESIPT mechanism of 2a. (c) ESIPT mechanism of 2c. (d) Emis-

sion spectra of 2a-2c in toluene solution (5×10−5 mol/L).

(Fig. 1 and Fig. S1c in Supporting information). The excited-state

enol form of the 2c has a close energy level with its keto form.

In addition, the fluorescence quantum yields of 2b-2c were mea-

sured to be 20% and 23% respectively. These results demonstrate

that TPA-containing 2-(2′-hydroxyphenyl)benzoxazoles are a novel

fluorescent material.

Subsequently, the mechanochromic luminescence properties

of 2a-2c were investigated. Grinding of pristine powder 2a

displays a blue shift with an emission color change from

yellow-green (λem =512nm) to blue (λem =437nm), approximately

75nm (Fig. 2). The reference compound 2aa does not exhibit

piezochromic behavior. For 2b, a significant enhancement of the

Fig. 2. The fluorescent images (under UV light) and emission spectra of 2a-2c be-

fore and after grinding (λex =370nm).

enol-form emission at 433nm is observed after grinding, and its

keto-form emission is blue-shifted from 535nm to 500nm (Fig. 2).

The ratio of the two emission peaks remarkably changes before

and after grinding. After grinding, the intensity of the enol-form

emission of 2b exceeds its keto-form emission. The weak enol-

form emission of bis(TPA)-containing 2c almost disappears and the

strong keto-form emission induces a slight red-shift after grinding

treatment (Fig. 2).

To gain insight into the piezochromic mechanism, the phase

characteristics of 2a were studied by differential scanning

calorimetry (DSC) and powder X-ray diffraction (PXRD) analysis. A

transition between the metastable state and the stable state of 2a

was found because the ground of 2a presented a slight exother-

mal peak in the DSC experiment (Fig. S6 in Supporting informa-

tion). In addition, the crystalline morphological transition to amor-

phous phases was demonstrated due to the pristine 2a showing

sharp and intense reflection peaks and corresponding sharp peaks

disappearing at the ground 2a state (Fig. S7 in Supporting informa-

tion). We further obtained two single crystals of yellowish-green-

emitting 2bs1 (CCDC: 2261804) and green-emitting 2bs2 (CCDC:

2261803) by slow diffusion of EtOH or n-hexane vapor into a solu-
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Fig. 3. (a) Photograph of single crystal of 2bs1 under UV light (365nm). (b) The yellowish-green-emitting single crystal 2bs1 (CCDC: 2261804) and (c) its packing motif. (d)

Photograph of single crystal of 2bs2 under UV light (365nm). (e) The green-emitting single crystal 2bs2 (CCDC: 2261803) and (f) its packing motif.

tion of 2b in CHCl3 at room temperature (Fig. 3 and Fig. S8 in Sup-

porting information). The yellowish-green-emitting single crystal

2bs1 shows emission peaks at 433nm (minor) and 518nm, which

is close to those of pristine 2b. Furthermore, by grinding the crys-

tal, the enol-form emission is enhanced, and keto-form emission is

slightly blue-shifted, which shows the apparent dual-emission of

the enol-form (λem =433nm) and keto-form (λem =503nm) (Fig.

S9 in Supporting information). The single crystal 2bs1 exhibits a

twisted conformation and a strong π–π stacking mode. Although

the benzoxazole group and phenol are close to coplanar and have

a dihedral angle of 4.08°, the dihedral angle between the benzox-

azole ring and the phenyl plane in the TPA is 40.01°.
Moreover, the dihedral angles between the phenyl and the

other two phenyls in the TPA reveal 62.99° and 68.66° (Fig.

3). The green-emitting single crystal 2bs2 exhibits a weak enol-

form emission (λem =433nm) and a strong keto-form emission

(λem =503nm) (Fig. S9). By grinding the crystal 2bs2, the two

emission peak positions almost keep unchanged. However, the

enol-form emission significantly enhanced, which roughly coin-

cides with those of ground 2b (Fig. S9). The single crystal 2bs2
reveals 70.10°–73.67° dihedral angles between the phenyl and the

other two phenyls in the TPA, and a 42.53° dihedral angle be-

tween the benzoxazole ring and the phenyl plane in the TPA. Two

molecules are stacked in reverse parallel with distances of 3.567–

3.697 Å, and four molecules form a V-shaped structure in the sin-

gle crystal 2bs1 (Fig. 3). The shorter distance and tight molec-

ular packing indicate potential π–π stacking among neighboring

molecules. The single crystal of 2bs2 shows the reverse parallelism

of two molecules with distances of 5.521–6.357 Å. These results

demonstrate that the green-emitting single crystal 2bs2 displays

a more distorted conformation and loose accumulation than the

yellowish-green-emitting single crystal of 2bs1.

Thus, the emission of 2a and keto-form emission of 2b are

blue-shifted after grinding their powders can be ascribed to less-

ened coplanarity of molecules and weakened intermolecular π–

π interactions. The enhanced enol-form emission of 2b, and the

disappeared enol-form emission of 2c after grinding may be at-

tributed to a new ESIPT equilibrium accompanied by changes in

the molecular packing modes, molecular planarity, and intramolec-

ular hydrogen-bond strength [15]. Furthermore, the external force

stimuli can strengthen intermolecular π–π stacking interactions,

which leads to a slight red-shifted keto-emission of 2c. In addi-

tion, a shift of the ESIPT equilibrium towards an enhanced keto-

form emission in the solid leads to 2c showing the very weak enol-

form emission and the strong keto-form emission. After grinding,

the disappearance of very weak enol-form emission, and a slight

red-shifted keto-emission result in the 2c displays inconspicuous

mechanofluorochromism (Fig. 2).

Furthermore, using Poloxamer 188 as a matrix, the estrone-

containing 2b was fabricated as water-dispersed nanoparticles

(NPs) through a thin-film hydration method (Fig. S10 in Support-

ing information). The 2b NPs exhibit an apparent dual-emission of

the enol-form (λem =441nm) and keto-form (λem =503nm) (Fig.

4a). Dynamic light scattering (DLS) measurement indicates that 2b

NPs have a hydrodynamic diameter of about 76.4 nm (polydisper-

sity index value of 0.136) (Fig. 4b). Scanning electron microscopy

(SEM) images reveal that the 2b NPs have a well-defined spherical

shape with diameters of approximately about 80nm (Fig. S13 in

Supporting information), which are roughly equal in size to those

of DLS measurement. Such appropriate nanoscale sizes have great

potential for fluorescence imaging of tumor cells via enhanced per-

meability and retention effects [20]. Besides, the zeta potential of

the as-prepared 2b NPs is approximately 18.38mV.

To assess the safe usability of 2b NPs for biomedical applica-

tions, the cytotoxicity experiments in HeLa cells were conducted

using the standard methyl thiazolyl tetrazolium (MTT) assay (Fig.

S14 in Supporting information). The cell viability values demon-

strated that 2b NPs show almost no toxicity in HeLa cells (Fig.

S14). Even at a high concentration, 2b NPs do not exhibit sig-

nificant cytotoxicity, further confirming its good biocompatibility.

To gain study the cellular imaging capability of 2b NPs, staining

experiments of 2b NPs in HeLa cells were performed, and then

the fluorescent images were captured by confocal laser scanning

microscopy (CLSM). The single-photon-excited blue-green fluores-

cence signal can be observed in HeLa cells after being treated with

the 2b NPs for 2h (Figs. 4c and d, Figs. S15 and S16 in Supporting

information). In addition, the cellular two-photon-excited imag-

ing capability of 2b NPs was employed in HeLa cells using CLSM
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Fig. 4. (a) The fluorescence spectrum of the 2b NPs. (b) Size distribution of the 2b

NPs. (c) The single-photon-excited confocal laser scanning microscopy fluorescence

imaging 2b nanoparticles channel, (d) bright field. (e) Two-photon-excited confocal

laser scanning microscopy fluorescence imaging 2b nanoparticles channel, (f) bright

field.

equipped with a femtoseconds laser. The obvious blue-green flu-

orescence signals were detected in HeLa cells by two-photon ir-

radiation, indicating that 2b NPs have admirable two-photon ex-

citation fluorescence imaging properties (Figs. 4e and f, Figs. S15

and S16). Thus, we conclude that the 2b NPs can be efficiently en-

docytosed into the HeLa cells and applied for blue-green imaging

probes, which is the first reported of dual emission ESIPT systems

with promising potential in both single-photon-excited and two-

photon-excited fluorescence imaging [3–7].

Organic fluorescent molecules with the hybridized local charge

transfer (HLCT)-state character were considered high-performance

fluorescent materials that can favor improving the utilization of

OLED excitons [29–34]. Our recent research has shown that the

electron-donating TPA group can adjust the energetics of ESIPT

and endow molecules to have the hybridized local charge trans-

fer (HLCT)-state feature [35]. In addition, the thermal and electro-

chemical properties of 2c were studied (Table S1, Figs. S17 and S18

in Supporting information), indicating that it was suitable for vac-

uum thermal sublimation for OLED fabrication. Hence, the electro-

luminescence properties of bis(TPA)-containing 2c in OLED devices

were further surveyed.

The devices A-F were fabricated with the structure of

ITO/MoO3 (3nm)/TAPC (50nm)/2c (x wt%): CBZ2-F1 or TBCPF

(20nm)/Tm3PyP26PyB (50nm)/LiF (1 nm)/Al (100nm) (Part X in

Supporting information). The molecular structures and energy lev-

els of the devices were shown in Fig. S19 (Supporting informa-

tion). Device D based on 2c (6 wt%) in CBZ2-F1 shows a low

turn-on voltage and good performance with the maximum EQE

(EQEmax), brightness (Lmax), power efficiency (PEmax), current ef-

ficiency (CEmax), and CIE coordinates of 3.4V, 3.5%, 8338 cd/m2,

11.5 cd/A, 10.7 lm/W and (0.30, 0.52), respectively (Table S2 and Fig.

Fig. 5. (a) Normalized EL spectra of device at 3.4V. (b) The EL efficiency–current

density curve and EQE–current density curve of device. (c) Luminance–current

density–voltage (L–J–V) characteristics of the device. (d) Linear fitting of Lippert–

Mataga model (enol-form emission of 2c).

5). The exciton utilization (ηs) of device D was calculated by equa-

tion below:

ηs = EQEmax/(ηout × ηPL × γ )

= 3.5%/(100% × 19% × 20%)

= 92%

where ηout, ηPL, γ is the light-out-coupling efficiency, the photo-

luminescence (PL) efficiency of 2c (6 wt% in CBZ2-F1), and the re-

combination probability of hole–electron in the emission layer, re-

spectively. The exciton utilization of device D breaks through the

theoretical limit of 25% in conventional fluorescent OLEDs. The sin-

glet exciton yield of up to 92% is the one of highest exciton utiliza-

tion value recorded for the ESIPT molecules with a dual emission

system [35–39].

The HLCT state character of 2c was further studied by the sol-

vation effects on absorption and emission in different solvents (Fig.

S21 and Section XI in Supporting ingormation). The vibrational

fine structure is found from the PL spectrum of 2c in n-hexane,

which demonstrates the existence of the LE state [35,37,40]. The

enol-form emission of 2c exhibits a gradually red-shifted solva-

tochromic behavior, whereas its keto-form emissions have only a

slight change in the solvent polarity [35,37,40]. Its enol form ex-

hibits only one slope value of 4781 (r=0.99) in the linear fitting

of the Lippert–Mataga model (Fig. 5d and Fig. S21), demonstrating

the CT feature of 2c in the excited state. The excited state dipole

moment (μe) was estimated to be 15.8 D, which is larger than

that of usual LE emitters (ca. 8 D) and smaller than that of the

typical CT molecule 4-(N,N-dimethylamino)benzonitrile (ca. 23 D)

[35,37,40-43]. Furthermore, the HOMO and LUMO of 2c have in-

tercrossed molecular orbitals, leading to an intercrossed transition

of CT and π→π ∗ and bringing the intercrossed character of the LE

and CT states (Fig. S23 in Supporting information) [35,43]. More-

over, the PL lifetimes of 2c in solvent and film were investigated

(Fig. S22 and Table S4 in Supporting information). Only several life-

time components with nanosecond order were detected, and de-

layed fluorescence components have not found [35,43].

In summary, the high-performance and multifunctional fluo-

rescent materials based on TPA-containing 2-(2′-hydroxyphenyl)
benzoxazoles (2a-2c) were obtained efficiently by rhodium-

catalyzed C–H activation reaction. Compound 2a exhibit sole

the enol-form emission with a high fluorescence quantum yield

4



K. Wang, L. Wan, J. Wang et al. Chinese Chemical Letters 35 (2024) 109554

and blue-shifted piezochromic luminescence properties. The ESIPT

molecule 2b displays significantly enhanced enol-form emission,

as well as blue-shifted keto-form emission after grinding. In con-

trast, bis(TPA)-containing 2c shows the weak enol-form emission

disappeared and the strong keto-form emission slightly red-shift

after grinding treatments. This discovery represents the first exam-

ple of opposite mechanochromic trends in ESIPT molecules with a

dual emission system. The piezochromic blue shift after grinding

can be ascribed to lessened coplanarity of molecules and weak-

ened intermolecular π–π interactions, and the enol-form emission

alteration after grinding may be attributed to a new ESIPT equi-

librium accompanied by changes in the molecular packing modes,

molecular planarity, and intramolecular hydrogen-bond strength.

The estrone-containing 2b has been fabricated as water-dispersed

NPs and exhibited an apparent dual-emission. The NPs further

were used as a blue-green imaging probe in both single-photon-

excited and two-photon-excited fluorescence imaging. In addition,

bis(TPA)-containing 2c-based devices exhibit dual-emission with

good performance with an EQEmax of 3.5% and a maximum bright-

ness of 8338 cd/m2. The singlet exciton yield of the device is

92% breaking through the theoretical limit of 25% in conventional

fluorescent OLEDs. This is one of the highest exciton utilization

value recorded for the ESIPT molecules with a dual emission sys-

tem. This work unlocks an opportunity to rapidly synthesize the

high-performance and multifunctional fluorescent materials, which

can be used in mechanochromic luminescence, imaging, and high-

performance OLED fabrication.
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