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a b s t r a c t

A novel cationic Pt(II) complex 2 with 2-(2,4-difluorophenyl)pyridine as the cyclometalating ligand and

1,10-phenanthroline as the auxiliary ligand has been synthesized and fully characterized. This com-

plex exhibits much higher aggregation-induced phosphorescent emission activity than that of a non-

fluorinated complex 1 in CH3CN/H2O. The complex 2 demonstrates efficient detection on picric acid (PA)

in CH3CN/H2O, providing a high quenching constant (KSV = 2.3 × 104 L/mol) and a low limit of detection

(LOD = 0.26 μmol/L). In addition, complex 2 shows high selectivity for detection of PA in real water sam-

ples. Density functional theory calculations and proton nuclear magnetic resonance spectra suggest that

the detection mechanism is attributed to the photo-induced electron transfer.

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

Medica, Chinese Academy of Medical Sciences.

Aggregation-induced emission (AIE), as an extraordinary photo-

physical phenomenon, has been recognized as a frontier research

topic over the last two decades [1–3]. Soon after the concept of

AIE was stated, the AIE-active Re(I) complexes were reported by

Manimaran et al., named as aggregation induced phosphorescent

emission (AIPE) [4]. In 2008, Zhu et al. reported a class of AIPE-

active dicationic terpyridyl-platinum(II) complexes [5]. To date,

AIPE-active cationic Pt(II) complexes have focused on two-ligand

molecular frameworks consisting of one tridentate ligand and one

monodentate ligand, while the C^N bidentate ligands modified

cationic Pt(II) complexes are still infrequent and need further ex-

ploration (Table S1 in Supporting information) [6–10].

As a unique C^N bidentate ligand, 2-(2,4-difluorophenyl)-

pyridine (dfppy) can serve as an excellent cyclometalating ligand

for tuning the performances of the corresponding cyclometalated

Pt(II) complexes [11–14]. Compared to 2-phenylpyridine (ppy), the

complexes constructed by dfppy demonstrated impressive photo-

physical properties [15–18]. Besides, the intermolecular hydrogen

bonds induced by fluorine atoms can significantly enhance the

molecular aggregation to influence their properties [19]. In 2021,

Shahsavari and colleagues reported several dfppy-based Pt(II) com-

plexes, exhibiting higher quantum yields compared to their ppy

analogues [13]. Recently, Hamidizadeh et al. showed that the emis-
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sion intensity of the Pt(II) complexes significantly enhanced after

replacing ppy with dfppy [14].

Picric acid (PA) is commonly used to manufacture high ex-

plosives, posing a serious threat to human life [20]. Hence, it is

necessary to develop a sensitive and selective detection method

for PA. To date, a number of fluorescent and phosphorescent ma-

terials have been synthesized to serve as sensors for PA [21–

27]. Among them, Pt(II) complexes are predominantly concentrated

on the metallacycles and metallacages from the self-assembly of

organoplatinum compounds (Table S2 in Supporting information)

[28,29].

Our group has a long-term interest in the relationship between

the molecular structures of the cyclometalated Pt(II) and Ir(III)

complexes and their properties [30–37]. Recently, we designed and

synthesized several AIPE-active cationic Ir(III) complexes, which

demonstrated efficient detection of PA in aqueous media [36,37].

However, the development of cyclometalated Pt(II) complexes is

far behind in comparison [38]. Specifically, AIPE-active cationic cy-

clometalated Pt(II) complexes for detecting PA in aqueous media

have not been reported. In this study, a novel cationic cyclomet-

alated Pt(II) complex 2 using dfppy as the cyclometalating ligand

and 1,10-phenanthroline as the auxiliary ligand has been prepared.

The properties of 2 have been systematically investigated com-

pared with a non-fluorinated complex 1. In addition, the detection

of PA using the Pt(II) complex as a probe in aqueous media was

studied. The structures of 1 and 2 are depicted in Fig. 1a.

The normalized emission spectra of 1 and 2 in CH3CN and in

the solid state are shown in Fig. 1b. 1 and 2 exhibit evident fine
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Fig. 1. (a) The structures of 1 and 2. (b) Normalized emission spectra (solution: solid trace, solid: dash trace) of 1 (black) and 2 (red) at room temperature (50 μmol/L in

CH3CN). (c) Emission spectra of 2 and (d) emission intensity curves of 1 and 2 at 50 μmol/L in CH3CN/H2O with different water fractions. (e) Time-dependent emission

spectra of 2 (CH3CN/H2O, v/v = 1:9, 50 μmol/L). (f) TEM image of aggregates of 2 (CH3CN/H2O, v/v = 1:9, 50 μmol/L). The excitation wavelength was 400 nm.

vibronic splitting characteristics at 462–479 nm in CH3CN, which

are assigned to ligand-centered character (3LC) [32]. Introducing

fluorine atoms into the benzene ring results in an obvious blue-

shift of 17 nm for 2 compared to 1. This may be due to the

fact that fluorine atoms effectively stabilize the highest occupied

molecular orbital (HOMO) [13], which can be further supported

by theoretical calculations. The complexes exhibit extremely broad,

featureless peaks in the solid state, which are considerably differ-

ent from those in solution. Furthermore, the emission spectra of

1 and 2 in the solid state demonstrate significant red-shift com-

pared to the spectra recorded in CH3CN, which can be attributed

to the emission of the aggregates [39]. In the solid state, the maxi-

mum emission wavelengths of 1 and 2 are determined as 631 and

646 nm, and the absolute quantum yields are 38.5% and 34.5%,

respectively (Table S3 in Supporting information). The ultraviolet–

visible (UV–vis) absorption spectra of 1 and 2 in CH3CN at room

temperature were presented in Fig. S1 (Supporting information)

and the detailed photophysical data were listed in Table S3.

The strong emission of complexes in the solid state suggests

they are likely to exhibit AIPE activities [40]. To confirm the hy-

pothesis, the emission spectra of the complexes were conducted

with different water fractions in CH3CN/H2O. As depicted in Fig. 1c

and Fig. S2 (Supporting information), 1 and 2 exhibit very weak

emission at the water fractions ranging from 0% to 80%, and the

emission intensities reach the maximum at a water fraction of

90%, demonstrating obvious AIPE activities. Further analysis re-

veals that the emission intensity of 2 at the water fraction of 90%

is much higher than that of 1 at the same conditions (Fig. 1d),

showing that the introduction of fluorine atoms clearly influences

the AIPE activity of the complex. This can be assigned to the

abundant intermolecular hydrogen bonds induced by the fluorine

atoms, which leads to enhanced intermolecular interaction, thus

limiting molecular motion and resulting in higher AIPE activity of

complex 2 [19].

In this study, we found that the emission intensities of the

complexes increased over time at the water fraction of 90% in

CH3CN/H2O. Thus, we explored the time-dependent emission spec-

tra of 1 and 2. Fig. 1e and Fig. S3 (Supporting information) show

that emission intensities of 1 and 2 are very weak at first, but en-

hance gradually over time. The relative emission intensity ratios of

I608/I624 indicate that 2 reaches equilibrium at about 35 min (Fig.

S4 in Supporting information). However, the equilibrium time of

1 is obviously shortened, within around 5 min. The results sug-

gest that the presence of fluorine atoms affects the aggregation

process of the complex. Furthermore, transmission electron mi-

croscopy (TEM) images show that the aggregates of 1 and 2 are

nanofibers (Fig. 1f and Fig. S5 in Supporting information).

The UV–vis absorption spectra of 1 and 2 were recorded in

CH3CN/H2O with different water fractions (Fig. S6 in Supporting

information). As the water fraction increases, the absorption peaks

below 400 nm decrease gradually and a new absorption tail ap-

pears at 450–550 nm. This tail can be assigned to metal-metal-to-

ligand charge transfer [7,41].

The electrochemical properties of 1 and 2 in N,N-

dimethylformamide (DMF) solution were studied by cyclic

voltammetry (Fig. S7 in Supporting information). Compared to

1, the oxidation and reduction potentials of 2 are notably in-

creased. The energy gaps between HOMOs and lowest unoccupied

molecular orbital (LUMO) levels of 1 and 2 are 2.16 and 2.24 eV,

respectively, which is consistent with the observed blue-shift in

the emission spectra (Table S4 in Supporting information) [13,14].

Density function theory (DFT) calculations were used to explore

the electronic structures of 1 and 2. The HOMOs of 1 and 2 are pri-

marily derived from cyclometalating ligands and Pt center, while

the LUMOs are mainly distributed on auxiliary ligands and Pt cen-

ter. The calculated energy gaps for 1 and 2 are 3.53 and 3.68 eV,

respectively (Fig. S8 in Supporting information). The introduction

of fluorine atoms onto the cyclometalating ligand significantly af-

fected the HOMO level of the complex, leading to a substantial in-

crease in the energy gap.

Inspired by the high AIPE activity of 2, we used this complex

as a probe to detect picric acid (PA) in CH3CN/H2O (v/v = 1:9).

Complex 2 exhibits strong emission in the absence of PA, but its

emission is quenched gradually upon increasing PA concentrations

(Fig. 2a). When the concentration of PA reaches 400 μmol/L, 96%

of the emission is quenched. The Stern-Volmer plot of I0/I (I0 and

I represent the emission intensities before and after the addition

of PA) vs. PA concentrations shows a non-linear relationship in the

range of 0–800 μmol/L (Fig. 2b), indicating the presence of both

static and dynamic quenching processes [42,43]. The Stern-Volmer

plot shows good linearity in the concentrations of PA ranging from

0 to 20 μmol/L (–, inset), which is mainly due to the static quench-

ing [44,45]. The quenching constant is 2.3 × 104 L/mol and the

limit of detection (LOD) of 2 is calculated to be 0.26 μmol/L (Figs.

S9 and S10 and Table S5 in Supporting information). These results

exhibit that complex 2 can be used as a probe for efficient detec-

tion of PA in aqueous media.

Considering the sensitive detection of 2 for PA, selective exper-

iments were further conducted. The analytes (nitrobenzene (NB),

1,3-dinitrobenzene (1,3-DNB), nitromethane (NM), phenol, p-cresol,

2
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Fig. 2. (a) The emission spectra of 2 at 20 μmol/L in CH3CN/H2O (v/v = 1:9) with

different concentrations of PA. (b) The Stern-Volmer plot of I0/I vs. the concentra-

tion of PA. Insert: the linear part of Stern-Volmer plot in the concentrations of PA

ranging from 0 to 20 μmol/L. I0 represents emission intensity of 2 and I represents

emission intensity of 2 containing different amounts of PA. (c, d) Quenching per-

centages of 2 with different analytes (c) and ionic compounds (d) in CH3CN/H2O

(v/v = 1:9) before (red) and after (blue) the addition of PA. (e) The photo of the

suspensions of 2 upon the addition of various analytes under UV light. The excita-

tion wavelength was 400 nm.

4-methoxyphenol (MEHQ) and m-cresol), and the compounds with

different ions (NaHCO3, KBr, KF, MgSO4, CuSO4, CaCl2, AlCl3, MnCl2,

NiCl2 and CoCO3) were selected to investigate the selectivity for

detecting PA. As shown in Fig. S11 (Supporting information), com-

pared with the addition of PA, the emission intensities of 2 do not

display a noteworthy alteration upon the addition of other analytes

and ionic compounds. The phenomena are also confirmed from the

corresponding photos under UV light (Fig. 2e and Fig. S12 in Sup-

porting information) [46]. The above results provide evidence for

the high selectivity of complex 2 towards PA. This selectivity may

be attributed to the fact that PA acts as a typical electron acceptor,

while 2 acts as an excellent electron donor, facilitating a photo-

induced electron transfer (PET) process [37,47]. Additionally, the

strong electrostatic interactions between PA and 2 can also con-

tribute to the high selectivity [24].

To evaluate the anti-interference ability of a probe, the com-

petitive experiments were studied. The results display that the

quenching percentages of 2 caused by PA remain almost con-

stant in the presence of other competitive analytes and ionic com-

pounds (Figs. 2c and d), indicating that 2 exhibits impressive anti-

interference ability in the process of PA recognition.

To explore practical applications, 2 was used to detect PA in

various natural water samples, including tap water, river water

and rainwater. Fig. 3 displays the emission spectra and quench-

ing percentages of 2 in different water samples, suggesting that

2 works effectively for detecting PA in natural water samples

(CH3CN/H2O, v/v = 1:9). So far, the majority of reported Pt(II)

complexes for the detection of PA have been focused on metal-

lacycles and metallacages from the self-assembly of organoplat-

inum compounds in organic solvents. To the best of our knowl-

edge, this is the first report of the AIPE-active cationic cyclometa-

lated Pt(II) complex for efficient detection of PA in aqueous media.

The Pt(II) complex 2 contains a C^N type cyclometalating ligand

Fig. 3. The emission spectra (a) and quenching percentages (b) of 2 towards PA

in different water samples (CH3CN/H2O, v/v = 1:9). The excitation wavelength was

400 nm.

Fig. 4. Calculated energy level diagram of 2, PA and adduct (2 + PA).

of 2-(2,4-difluorophenyl)-pyridine and 1,10-phenanthroline as the

auxiliary ligand. This complex demonstrates a limit of detection of

0.26 μmol/L and excellent selectivity towards PA in aqueous media.

Moreover, it performs well for the detection of PA in natural water

samples, providing a practical method for detecting PA.

The emission quenching mechanism of 2 for PA was explored

through DFT calculations. Fig. 4 indicates that the LUMO energy

of PA (−3.47 eV) is much lower than that of 2 (−2.58 eV), sug-

gesting that a photo-induced electron transfer (PET) process may

occur, leading to the emission quenching [48]. Besides, the energy

gaps of 2, PA, and the adduct (2 + PA) are 3.69, 4.34 and 2.71 eV,

respectively. Among them, the energy gap of the adduct (2 + PA)

is the lowest, showing that the adduct is the most stable. In addi-

tion, the 1H nuclear magnetic resonance (1H NMR) spectrum of 2

in the presence of PA shows the chemical shifts of proton signals of

2 move towards the high field, supporting the presence of strong

electrostatic interactions between PA and 2 (Fig. S13 in Supporting

information) [22,49]. These results reveal that the phosphorescent

quenching of 2 for the detection of PA is mainly attributed to PET.

In summary, two structurally simple cationic Pt(II) complexes

with AIPE activities have been studied. Complex 2 with a dfppy

ligand exhibits much higher AIPE activity than a non-fluorinated

complex 1. Complex 2 demonstrates efficient detection on PA with

a high quenching constant of 2.3 × 104 L/mol and a low LOD of

0.26 μmol/L in aqueous media. Furthermore, as a sensor for de-

tecting PA, 2 works well in the natural water samples. The detec-

tion mechanism is attributed to the photo-induced electron trans-

fer. These findings provide valuable insights in designing efficient

AIPE-active Pt(II) complexes for the detection of PA in aqueous

media.
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