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a b s t r a c t 

Fluoride anion plays a crucial role in bone and tooth growth. However, overdose of fluoride anion can 

also lead to many chronic diseases and there is no specific medicine for fluorosis so far. Hence, the early 

detection and accurate estimation of fluoride anion intake are important. In this work, an aggregation- 

induced phosphorescent emission (AIPE)-active iridium(III) complex as fluoride anion probe ( Ir-AF ) has 

been developed by incorporating N -(4-hydroxylphenyl)-rhodol protected by tert-butyldiphenylsilyl onto 

cyclometalating ligand. As Ir-AF reacts with fluoride anion, the nonradiative transitions of Ir-AF would 

be promoted by enhanced photoinduced electron transfer effect and intramolecular rotations, leading to 

its phosphorescence quenching dramatically. Thus, Ir-AF has been used for fluoride anion measurement 

in the aqueous solution by ratiometric readout. Furthermore, with the utilization of the long-lived phos- 

phorescence from Ir-AF , fluoride anion sensing in living cells with high signal-to-noise ratio has been 

achieved by time-resolved photoluminescence imaging. This is the first report of AIPE-active probe for 

fluoride anion. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Fluorine is an essential trace element for human body. Owing 

o its strong electronegativity, fluorine is almost in valence state of 

egative one in the nature, such as fluoride anion (F −), which is 

onsidered as the largest source to daily fluorine intake [1] . Fluo- 

ide anion can promote bone growth and is closely related to the 

steoporosis and odontopathy [ 2 , 3 ]. In the past, the addition of flu-

ride anion to water to ensure fluorine intake is a common prac- 

ice [ 4 , 5 ]. And it is also added to toothpastes to reduce the den-

al cavities and strengthen the resistance of teeth to acid corro- 

ion [ 6 , 7 ]. However, studies have shown that overintake of fluoride 

nion can lead to not only mottled enamel and skeletal fluorosis 

ut acute gastric, nephrotoxic changes, brain and immune system 

amage [8-11] . As there is no specific medicine for fluorosis so far, 
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he early detection and accurate estimation of fluoride anion are of 

reat significance. 

To date, atomic absorption spectrometery, ion chromatogra- 

hy, 19 F nuclear magnetic resonance, inductively coupled plasma 

ass spectrometery, reverse phase high performance liquid chro- 

atography, molecular absorption spectrometery are available ap- 

roaches to detect fluoride anion [12-15] . In addition, lumines- 

ence detection and imaging have attracted more and more atten- 

ion because of their good selectivity, high sensitivity, superb spa- 

ial resolution and relatively low cost [16-20] . By a non-invasive 

ay, luminescence detection and imaging could be used to detect 

he target analytes in micromole or even nanomolar levels in intact 

iving samples in real time, which is in favor of biological processes 

tudy. Consequently, they usually require appropriate probes. 

As candidates for luminescent probes, phosphorescent 

ransition-metal complexes (PTMCs), especially iridium(III) sys- 

em have many advantages, such as high luminescence quantum 

ields, excellent photostability, tunable emission, various sensitive 

harge-transfer states [ 21 , 22 ]. Moreover, they possess long-lived 

hosphorescence which could be easily screened out from com- 

licated environments with short-lived background fluorescence 

r autofluorescence from biological samples via time-resolved 

https://doi.org/10.1016/j.jorganchem.2020.121644
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Fig. 1. Chemical structure of Ir-AF and schematic illustration for detecting fluoride anion. 
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hotoluminescence imaging (TRPI) technique, like photolumi- 

escence lifetime imaging microscopy (PLIM) and time-gated 

hotoluminescence imaging (TGPI), thus achieving reliable opti- 

al detection [23] . In the past years, lots of luminescent probes 

ased on PTMCs have been reported [24-27] . Our research group 

ave also developed a series of iridium(III) complex bioprobes, 

ncluding fluoride anion probes [28-31] . However, the propensity 

f PTMCs to aggregate in poor solvent sometimes may cause 

evere triplet-triplet annihilation (TTA) which often occurs in the 

olid state, leading to aggregation-caused quenching (ACQ). On the 

ontrary, aggregation-induced emission (AIE) that is an unusual 

hotophysical phenomenon of luminescent materials could break 

he limitations that the materials are not suitable for luminescent 

pplication in the solid state or at a high concentration [ 32 , 33 ].

n 2008, our group first conducted an in-depth research about the 

ggregation-induced phosphorescent emission (AIPE) mechanism 

ased on two octahedral cyclometalated Ir(III) complexes [34] . 

hen, there has been a rising interest in developing AIPE-active 

TMCs and exploring their applications [35-43] . 

In our recent study, N -(4-hydroxylphenyl)-rhodol moiety 

rafted onto the cyclometalating ligand have been found to facil- 

tate the nonradiative transitions of phosphorescent iridium(III) 

omplexes by the photoinduced electron transfer (PET) effect and 

ntramolecular rotations [44] . We speculated that introducing moi- 

ties which could restrain PET effect imposed by the electron-rich 

ydroxyphenyl group or alleviate intramolecular rotations may 

ecover the efficient phosphorescence of the related iridium(III) 

omplexes. In this work, an cationic iridium(III) complexes ( Ir-AF ) 

ontaining tert-butyldiphenylsilyl (TBDPS) moieties on the oxygen 

tom of the N -(4-hydroxylphenyl)-rhodol has been designed and 

ynthesized ( Fig. 1 ). As Ir-AF possesses the characteristics of AIPE, 

t has been used for fluoride anion measurement in the aqueous 

olution by ratiometric readout. Importantly, utilizing the long- 

ived phosphoresncence of Ir-AF , accurate fluoride anion sensing 

n living cells was achieved by time-resolved photoluminescence 

maging. To the best of our knowledge, this is the first report of 

IPE-active probe for fluoride anion. 

. Experimental section 

All the raw materials and reagents were purchased from com- 

ercial suppliers and used without further purification except 

ome were noted. All solvents were purified and dried under re- 

ux over CaH 2 and used freshly. All aqueous solutions were pre- 

ared with deionized water. The structure of Ir-AF was charac- 

erized by 1 H NMR and autoflex matrix-assisted laser desorption 

onization time-of-flight (MALDI-TOF) mass spectrometry. The UV- 
2 
isible absorption spectra and emission spectra were conducted 

ith a Shimadzu UV-3600 spectrophotometer and Edinburgh FL 

20 spectrophotometer, respectively. Besides, an integrating sphere 

as employed to collect data of absolute quantum yields in N 2 

tmosphere. Luminescence lifetime of compounds were measured 

hrough a semiconductor laser unit on Olympus Edinburgh LFS- 

20 spectrometer. Time-resolved photoluminescence imaging ex- 

eriments were conducted on an Olympus FV10 0 0 laser scanning 

onfocal microscope and the lifetime data was processed by correl- 

tive and professional software provided by Becker & Hickl GmbH 

ompany. Moreover, cell flow cytometer analysis was carried out 

ith FlowSight imaging flow cytometer. The details of experimen- 

al section were shown in the supplementary data. 

. Results and discussion 

.1. Synthesis and characterization 

The chemical structure of iridium(III) complex Ir-AF is shown 

n Scheme 1, which was confirmed by NMR and mass spec- 

ra. Briefly, the skeleton of cyclometalating H C ̂ N ligand (4-((tert- 

utyldiphenylsilyl)oxy)-N-(4-(pyridin-2-yl)phenyl)aniline) was pre- 

ared in high yield via a Buchwald–Hartwig coupling reaction 

f aryl trifluoromethanesulfonate with aniline derivatives [45] . 

hen, Ir-AF was synthesized according to the typical three-step 

ethod for cationic iridium(III) complex [46] : the cyclometalated 

ridium(III)-chlorobridged dimers ( C ̂ N ) 2 Ir( μ-Cl ) 2 Ir( C ̂ N ) 2 were pre-

ared by refluxing iridium trichloride with cyclometalating H C ̂ N 

igand, which was treated with 1,10-phenanthroline ( N ̂ N ligand) 

ithout further purification, followed by counterion exchange re- 

ction from chloride ion to hexafluorophosphate anion. The de- 

ailed synthetic routes and characterization data for complex Ir-AF 

nd corresponding intermediates are presented in the supplemen- 

ary data. 

.2. Photophysical properties 

The photophysical properties of Ir-AF have been studied by 

V-vis absorption and photoluminescence spectra in different sol- 

ents, and the photophysical data are summarized in Table S1 

nd S2. As depicted in Fig. 2 a, the strong absorption bands be- 

ow about 310 nm are assigned to 1 π–π ∗ transitions of the cy- 

lometalating ligands. The moderately intense absorption bands 

ver about 310–450 nm are attributed to the spin-allowed sin- 

let metal-to-ligand charge-transfer ( 1 MLCT) and ligand-to-ligand 

harge-transfer ( 1 LLCT) transitions. The extremely weak absorption 

ands above about 450 nm are originated from the mixed 

1 MLCT 
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Fig. 2. Absorption spectra (a) and emission spectra (b) of Ir-AF in dichloromethane, acetonitrile, dimethylsulfoxide, water (contain 10% dimethylsulfoxide) or solid state, 

respectively. 
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nd spin-forbidden triplet metal-to-ligand charge-transfer ( 3 MLCT) 

ransitions [47] . It is worth noting that the absorption spectra pro- 

les of Ir-AF in three kinds of good solvents (dichloromethane, ace- 

onitrile and dimethylsulfoxide) are similar, while the absorption 

n aqueous solution shows a little weaker, which may be arised 

rom the slight aggregation of Ir-AF in poor solvent. The photolu- 

inescence spectra at ambient temperature were recorded in the 

ir ( Fig. 2 b). Upon photoexcitation at 405 nm, the emission of Ir- 

F could hardly be observed in three good solvents. In contrast, 

r-AF displayed an intense band with the peak around 622 nm 

 � = 0.045) in aqueous solution (contain 10% dimethylsulfoxide). 

his featureless and broad band, which could be assigned to 3 MLCT 

ransitions, is similar to the emission band of Ir-AF in the solid 

tate ( � = 0.012), indicating that the phosphorescence of Ir-AF is 

robably induced by aggregation. 

.3. Aggregation-induced phosphorescent emission 

The AIPE characteristics of Ir-AF have been investigated by 

mission spectra in a dimethylsulfoxide/water mixed solvent sys- 

em with different water fractions at room temperature. As shown 

n the Fig. 3 a, no emission band of Ir-AF was observed in dimethyl-

ulfoxide solution, and the emission intensity nearly kept constant 

ven when the water fraction was less than 40%. Nevertheless, the 

hosphorescence intensity at around 622 nm was dramatically en- 

anced to maximum when the water fraction increases from 40% 

o 50% ( Fig. 3 b). Dynamic light scanning (DLS) and Transmission 

lectron microscopy (TEM) analyses revealed an average diameter 

f 72 nm for Ir-AF dispersed in above mixed solution ( Fig. 3 c).

hese results implied that the emission of Ir-AF is indeed induced 

long with aggregate formation. Notably, at the water fraction of 

bove 50%, the phosphorescence intensity gradually decreases as 

ater content rose. This phenomenon may be explained by TTA, 

hich was further proved by significantly increased effective di- 

meter and polydispersity index measurements in solution with 

ncreasing water content (Fig. S1). 

To further confirm the AIPE behavior of Ir-AF and explore 

hether the potential hypoxic effect formed in aggregation is the 

ther factor for promoting emission of Ir-AF , the emission spectra 

n three good solvents in the absence and presence of O 2 were in- 

estigated. As described in the Fig. 3 d, the emission band of Ir-AF 

n six conditions could be hardly detectable, which indicated the 

mission of Ir-AF cannot be activated in good solvents even though 

n the hypoxic environment. In general, the phosphorescence from 

ridium(III) complexes could be quenched by oxygen molecule and 

re susceptible to oxygen content in the environment, as depicted 

n Fig. 3 e. Thus, the results mean that the emission of Ir-AF is 
3 
ominantly AIPE-active in aqueous solution, and the hypoxic effect 

ccompanying with aggregate formation could be ignored in the 

ir. Additionally, the photobleaching experiments in which the so- 

ution is under the illumination of 405 nm laser source have been 

arried out ( Fig. 3 f). Compared with the gradually decreasing in- 

ensities of commercial dyes (Hoechst and Lyso-Tracker Red), the 

hosphorescence intensity at 622 nm did not show obvious de- 

rease within 20 min, suggesting that Ir-AF has a good photosta- 

ility and its AIPE properties are steady. 

.4. Mechanism of fluoride anion detection 

Considering that tert-butyldiphenylsilyl (TBDPS) moieties on the 

xygen atom of the phenol are often used as the candidate recog- 

ition sites for fluoride anion, the response of Ir-AF toward fluo- 

ide anion was evaluated preliminarily. The product extracted from 

he reaction mixtures of iridium(III) complex and fluoride anion 

as been studied by matrix-assisted laser desorption ionization 

ime-of-flight mass spectrometry. As shown in Fig. 4 , the molecular 

eight of products is 478 less than that of Ir-AF , which were con- 

istent with the expectation that the desilylation process occurred 

n the reaction. The main products possessing phenol moieties gen- 

rated in the above reactions were also verified by 1 H NMR spectra 

Fig. S2). Therefore, the significantly reduced phosphorescence can 

e attributed to PET process, which is consistent with the previous 

eports [ 28 , 29 ]. 

.5. Fluoride anion sensing properties 

The phosphorescence intensity and lifetime response of Ir-AF 

o fluoride anion in dimethylsulfoxide/water (V/V = 1/9) mixed so- 

ution has been studied in detail by spectrofluorometric titrations. 

s shown in Fig. 5 a, a gradual dose dependent phosphorescence 

iminishment was observed with the sequential addition of fluo- 

ide anion. When fluoride anion concentration reached 5 μM, the 

hosphorescence intensity at 622 nm dropped to half compared 

ith those in the absence of fluoride anion. Meanwhile, the phos- 

horescence lifetime decreased from 213 ns to 168 ns ( Fig. 5 b). 

pon addition of 20 μM fluoride anion, the emission bands nearly 

isappeared and the quenching efficiencies (defined by the equa- 

ion η = (I 0 -I)/I 0 , I 0 and I denote the phosphorescence intensity be- 

ore and after the addition of fluoride anion, respectively.) reached 

7%. The phosphorescence lifetime shortened to 113 ns accord- 

ngly. Concomitantly, the phosphorescence intensity ratio ( I/I 0 ) var- 

ed with an approximate linear relationship in fluoride anion con- 

entration range of 0 −8 μM ( Fig. 5 c). The related detection limita-

ion is calculated to be (2.6 × 10 −2 μM), suggesting the sensitivity 
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Fig. 3. (a) Emission spectra of Ir-AF (10 μM) in dimethylsulfoxide solution added with different fraction of water ( λex = 405 nm). (b) Plot of I 622 nm as a function of H 2 O 

fraction. The insert pictures were Ir-AF in dimethylsulfoxide solution (left) and in dimethylsulfoxide /water (v/v = 1:1) solution (right). (c) DLS analysis of Ir-AF in aqueous 

solution. (d) Emission spectra of Ir-AF (10 μM) in dichloromethane, acetonitrile and dimethylsulfoxide saturated with air or N 2 , respectively. (e) Emission spectra of Ir-AF (10 

μM) in aqueous solution saturated with air or N 2 , respectively. (f) Continuously monitoring luminescence intensities of Ir-AF at 622 nm, Hoechst at 460 nm and Lyso-Tracker 

Red at 590 nm in aqueous solution within 20 min, respectively. Excitation wavelength was 405 nm. 

Fig. 4. MALDI-TOF-MS spectra of Ir-AF (a) and the MALDI-TOF-MS spectra of Ir-AF 

incubated with excessive fluoride anion (b) for 5 min. 

i
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e

t

A

r

i

Fig. 5. Response of Ir-AF to fluoride anion. (a) Phosphorescence response of Ir-AF 

(10 μM) to different amounts of fluoride anion (0-20 μM) in aqueous solution. (b) 

The plot of phosphorescence intensity ratio (I/I 0 ) against the fluoride anion concen- 

tration. (c) Phosphorescence decays of Ir-AF in different amounts of fluoride anion, 

monitored at 622 nm. (d) Emission intensity of Ir-AF (10 μM) in aqueous solution 

containing other anions in the absence or presence of fluoride anion within 200 s. 

Excitation wavelength was 405 nm. 

t

p

s

p

a

s qualified for detecting trace amounts of fluoride anion in the liv- 

ng cells. 

To further justify the selectivity of Ir-AF to fluoride anion, sev- 

ral anions were selected as interference. As shown in the Fig. 5 d, 

hese anions hardly affected the phosphorescence intensity of Ir- 

F , and the intensity changed remarkably only in presence of fluo- 

ide anion. These phenomenon are attributed to the good stabil- 

ty of Ir-AF and unique silicon-fluoride anion interactions. Addi- 
4 
ionally, the time-dependent intensity record illustrated that the 

hosphorescence intensity at 622 nm reached a plateau within 120 

 after treatment with 20 μM fluoride anion, meaning that the 

rogress of Ir-AF reacting with fluoride anion proceeded fast in 

queous solution (Fig. S3). 
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Fig. 6. Confocal laser scanning images (CLSM) (a), photoluminescence lifetime im- 

ages (PLIM) (b) and time-gated photoluminescence images (TGPI) (c) of living Hela 

cells labeled with Ir-AF were subsequently treated with PBS, different amounts of 

fluoride anion (5 μM, 10 μM and 20 μM), respectively. The orange channels in 

CLSM images were acquired by collecting the photoluminescence from 550 to 650 

nm and photoluminescence was collected through longpass filter ( ≥ 550 nm) for 

PLIM and TGPI images. Excitation wavelength was 405 nm. 

s

i

d

p

D

c

i

A

F

n

.6. Fluoride anion imaging in living cells 

The biocompatibility of Ir-AF for Hela cells, A549 cells and 

epG2 cells was estimated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5- 

iphenyltetrazolium bromide (MTT) assay, respectively (Fig. S4). 

hen these cells were incubated with Ir-AF of 20 μM (a concen- 

ration higher than that used in cell imaging) for 24 h, the cell 

iabilities of three kinds of cells all kept above 70%, demonstrat- 

ng that Ir-AF hardly has cytotoxicity, which can ensure its further 

pplications in living cells. 

Subsequently, the cell imaging experiments were conducted by 

onfocal laser scanning microscopy. The luminescence signals from 

50–650 nm were collected. As shown in Fig. S5a, the obvious lu- 

inescence could be observed from three kinds of cells, which in- 

icated Ir-AF could enter into the living cells nonspecifically and 

ormed the aggregates in living cells. Interestingly, the emission 

eak recorded by Lambda scanning model shifted from 625 to 560 

m. This may be because the polarity of intracellular environment 

s different from of that of aqueous solution that pulled down the 

evels of the 3 MLCT of Ir-AF (Fig. S5b). Furthermore, after illumi- 

ation of build-in 405 nm laser source with the power of 100 μW 

or 60 s, the phosphorescence intensity from cells remains almost 

o change, stating that Ir-AF is a photo-stable imaging reagents 

Fig. S6). Besides, the cells co-stained with Ir-AF and commercial 

uclear dye Hoechst 33342 have been also investigated by time- 

esolved photoluminescence imaging. As shown in Fig. S7, upon 

xcitation at 405 nm, the luminescence collected from 430–470 

m was located in the cell nucleus and the average photolumines- 

ence lifetime was about 5 ns, while the luminescence collected 

rom 550–650 nm distributed in the cell cytoplasm and the aver- 

ge photoluminescence lifetime reached around 150 ns. When 50 

s, 

100 ns or 150 ns delay was exerted, only luminescence sig- 

als from the cell cytoplasm could be collected. These results illus- 

rated that Ir-AF mainly gathered in cell cytoplasm and the long- 

ived phosphorescence of Ir-AF can be easily distinguished from 

he short-lived fluorescence of commercial fluorescent dye or back- 

round fluorescence via TRPI. 

Based on the good comprehensive performance of Ir-AF , the 

uoride anion imaging and sensing in live cells were conducted. 

fter pretreated with Ir-AF (5 μM), Hela cells were subsequently 

ncubated with PBS or different concentrations of fluoride anion 

or 30 min. The CLSM and TRPI images under different conditions 

ere shown in Fig. 6 and S8. In the control group of PBS, the lumi-

escence intensity collected from 550–650 nm was intensive and 

he average lifetime was about 150 ns. As the used fluoride anion 

ncreased from 0 to 20 μM, the recorded average phosphorescence 

ntensity reduced from 2675 to 389 counts, and the average life- 

ime shortened from 149 to 75 ns. Accordingly, the signal intensity 

ecreased markedly in the TGPI images which is recorded after a 

ew dozens of nanoseconds delay. Meanwhile, similar quantitative 

nalysis of phosphorescence intensity variation by flow cytometry 

as also obtained (Fig. S9). These results demonstrated that Ir-AF 

ould function as a reliable probe for detecting intracellular fluo- 

ide anion. 

. Conclusion 

In conclusion, a novel cationic iridium(III) complex fluoride 

nion probe Ir-AF which exhibits aggregation-induced phospho- 

escent emission was designed and synthesized. Distinctively, its 

orking mechanism is based on the synergistic effect including en- 

ancement of PET process and attenuation of AIPE effect. Owing 

o its fine photostability, high sensitivity, excellent selectivity, good 

iocompatibility, and long emission lifetime, Ir-AF has been used 

or fluoride anion imaging and sensing in living cells with high 
5 
ignal to noise ratio via time-resolved photoluminescence imag- 

ng. Next, work will focus on regulating its water-dispersibility and 

eveloping near-infrared-excited probes with aggregation-induced 

hosphorescent emission for fluoride anion imaging in vivo. 
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