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Abstract: A cationic Ru(II) complex Ru1 with 5-phenyl-2,2′-bipyridine as ligand was synthe-
sized and fully characterized. Ru1 exhibits significant aggregation-induced phosphorescent
emission (AIPE) activity in THF/H2O. The AIPE property of Ru1 has been successfully used
to detect picric acid (PA) in aqueous media. Ru1 exhibits a sensitive luminescence quenching
response to PA, with a high quenching constant (KSV = 2.5 × 104 M−1) and a low limit of
detection (LOD = 91 nM). In addition, Ru1 demonstrates high sensitivity and selectivity for
detecting PA in different common water samples. The UV-vis absorption spectra and lumines-
cence lifetime of Ru1 show an obvious change after the addition of PA into the Ru1 samples,
indicating that the quenching process is a combination of dynamic and static quenching. The
density functional theory calculations indicate that the mechanism for the detection of PA is
photo-induced electron transfer.

Keywords: Ru(II) complex; AIPE activity; picric acid; aqueous media; photo-induced
electron transfer

1. Introduction
Ru(II) complexes are considered to be an important type of phosphorescent mate-

rial with high application potential due to their large Stokes shifts, visible absorption,
near-infrared emission, room-temperature phosphorescence emission, and good biocom-
patibility [1–3]. Since ruthenium metal was reported in 1844 [4], Ru(II) complexes have been
widely used in a variety of areas, including photocatalysis [5], photodynamic therapy [6],
and bioimaging [7]. However, the use of Ru(II) complexes as probes is relatively rare in the
detection of environmental pollutants.

In previous work, the luminescent probe has been an important application of phos-
phorescent materials. But when detecting biologically active molecules in physiological
systems and monitoring specific ions or compounds in ecosystems, most luminescent
probes exist and function in their solid or aggregated states because physiological systems
and ecosystems are usually composed of aqueous solutions. This requires that solid phos-
phorescent materials still have good luminescence and sensing properties. However, there
are few reports on the application of Ru(II) complexes in the solid or aggregated state [8].

The aggregation-caused quenching (ACQ) phenomenon severely limits the applica-
tion of luminescent materials [9]. In 2001, Tang et al. reported the concept of aggregation-
induced emission (AIE) [10], which provides a wider prospect for the practical applica-
tion of luminescent materials. In 2002, Manimaran et al. reported the AIE phenomenon
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associated with Re(I) complexes and introduced the concept of aggregation-induced phos-
phorescent emission (AIPE) [11]. Development of the AIE and AIPE concepts provides
useful guidance for the development of phosphorescent materials with good lumines-
cence properties in their solid or aggregated state. The rotatable phenyl moiety has an
important influence on the AIPE properties of the corresponding molecules [12,13]. In the
single-molecule state, the excited-state energy of the molecules can be consumed by the
rotation of the phenyl moiety, resulting in weak luminescence. While in the aggregated
state, the phenyl moiety in the molecule is susceptible to intermolecular π-π or C-H· · · π

interactions, leading to its rotation being blocked. Thus, the energy of the excited state
of the molecule enhances the luminescence by radiative excursion, and then the AIPE
phenomenon can be observed. Therefore, it is important to explore the effect of the
rotatable phenyl moiety on the AIPE properties of Ru(II) complexes and to investigate
its impact on the sensing performance of Ru(II) complexes as luminescent probes for
practical detection.

Picric acid (PA) is an important pharmaceutical and chemical intermediate which is
widely used in drug synthesis, dye manufacturing, and military industries [14]. Since PA
can be dissolved in water, its leakage may cause serious pollution to the environment [15].
Long-term exposure to PA can cause headaches, anemia, and liver damage [16,17]. There-
fore, it is important for human health and environmental protection to develop highly
sensitive and selective methods for the detection of PA in aqueous media.

In 2022, Patra et al. reported that a Ru(II) complex with a thiophenyl-substituted
1,10-phenanthroline derivative as ligand was used for the first time in the detection
of PA in CH3CN/H2O, with a limit of detection of 4.7 µM [18]. This suggests that
Ru(II) complexes have high potential as efficient probes for detecting PA. Our group
has a long-term interest in exploring the effect of structure on the properties of metal
complexes and the application of metal complexes in PA detection. Recently, we have
reported a series of Ir(III) and Pt(II) complexes with AIPE activities, and utilized them
to achieve selective and highly sensitive detection of PA in aqueous media [19,20]. In
order to further explore the effect of the phenyl moiety on the AIPE properties and the
sensing performance of the detection of PA using Ru(II) complexes, we designed and
synthesized a new Ru(II) complex, Ru1, by introducing a rotatable phenyl moiety on
the 2,2′-bipyridine molecule as ligand. Ru1 demonstrates an obvious AIPE property and
excellent performance in detecting PA in THF/H2O (Figure 1). This work reveals the
influence of a phenyl moiety on the properties of Ru(II) complexes and provides better
guidance for the design of high-performance Ru(II) complexes.
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Figure 1. (a) Molecular formula and C−H···π intermolecular interactions in crystals of Ru1. (b) Schematic
of the excited-state electrons in the LUMO of Ru1 transferring to the LUMO of PA during quenching.
(c) Emission spectra of Ru1 at 0 (grey) and 80% (blue) water fractions in THF/H2O (excitation wavelength:
400 nm). (d) DLS results of Ru1 at 60% and 80% water fractions in THF/H2O (10 µM). (e) Emission spectra
of Ru1 samples before (blue) and after (red) addition of PA (30 equiv.) in THF/H2O (excitation wavelength:
400 nm).

2. Materials and Methods
2.1. Materials and Instruments

At the beginning of the experiment, all utilized materials were purchased from com-
mercial sources and used without further purification. Mass spectra data were acquired
by the Synapt G2-Si HDMS mass spectrometer (Waters, Milford, MA, USA). The 1H NMR
spectra were recorded using the Bruker AVANCE III 500 (Bruker, Wurzbach, Germany). The
13C NMR spectra were recorded with the Bruker AVANCE NEO 400 MHz. The emission
spectrum was recorded with the Hitachi F-7100 fluorescence spectrophotometer (Hitachi,
Beijing, China). The absorption spectrum was recorded using an Agilent Cary 100 UV-vis
spectrophotometer (Agilent, Santa Clara, CA, USA) and a Lambda 1050 + UV-vis spectropho-
tometer (PerkinElmer, Shanghai, China). Lifetime decay curves and absolute quantum yields
(Φ) were tested using a transient/steady-state fluorescence spectrometer, FLS1000 (Edinburgh,
Livingston, Scotland, UK). Scanning electron microscope (SEM) images were obtained on
the field emission scanning electron microscope SEM 5000 (CIQTEK, Hefei, Anhui, China).
The Malvern ZS 90 (Malvern Panalytical, Malvern, UK) was used to measure dynamic light
scattering (DLS) data. The density functional theory (DFT) calculations were performed with
B3LYP floods. And the LanL2DZ basis set was used for Ru atoms, while the 6-31G basis sets
were applied to C atoms, H atoms, and O atoms. All calculations have been carried out using
the Gaussian 16 Revision C.01.

2.2. Synthesis and Characterizations of L1 and Ru1

The ligand L1 was synthesized using the following methods (Figure S1). A mixture of
5-bromo-2,2′-bipyridine (1.50 mmol, 352.63 mg), phenylboronic acid (2.25 mmol, 274.34 mg),
potassium carbonate (3.00 mmol, 414.61 mg), tetri-(triphenylphosphine) palladium (0.03 mmol,
52.00 mg), and ethanol/water (12 mL/4 mL) was stirred at 80 ◦C under nitrogen for 12 h.
Following cooling to room temperature, the mixture of reaction was added to deionized water
(15 mL) and extracted using CH2Cl2 (3 × 15 mL). The ligand L1 was finally obtained by
separation and purification with basic alumina-column chromatography, using a mixture of
petroleum ether and ethyl acetate (v/v 400:1 to 50:1) as the eluent.

The complex Ru1 was prepared by a three-step process according to the synthetic
route reported in the literature (Figure S1) [21,22]. In the first step, a mixture of RuCl3·3H2O
(0.60 mmol, 156.88 mg), LiCl (3.60 mmol, 152.60 mg), ligand L1 (1.20 mmol, 278.74 mg) and
N,N-dimethylformamide (4 mL) was stirred at 165 ◦C under nitrogen for 6 h. Following
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cooling to room temperature, the mixture of reaction was added to acetone (20 mL) and
stirred for 0.5 h. The mixture was then kept at −20 ◦C for 24 h. The solid was collected via
vacuum filtration and washed with deionized water (5 × 10 mL) and ether (3 × 10 mL).
After drying, the intermediate Ru(L1)2Cl2 was obtained. In the second step, a mixture of
Ru(L1)2Cl2 (0.30 mmol, 190.96 mg), ligand L1 (0.33 mmol, 76.65 mg) and ethanol/water
mixture (17.5 mL/7.5 mL) was stirred at 90 ◦C under nitrogen for 8 h. Upon completion
of the reaction, the mixture of reaction was cooled to room temperature, and vacuum
evaporation of the solvent gave the crude complex. Purification of the crude complex
was performed through silica gel column chromatography using an eluent consisting of
acetonitrile/saturated potassium nitrate solution (v/v 200:1 to 20:1). In the third step, the
purified complex obtained in step two was dissolved in a small amount of water. After
adding an excess of saturated aqueous NH4PF6 (20 equiv.), the mixture was stirred for 2 h
at room temperature. The complex Ru1 was then obtained by filtration, rinsing with a
small amount of water, and drying.

2.3. Sample Preparation and Sensing of PA

The deionized water (80 mL) was added into the solution of Ru1 in THF (50 µmol/L,
20 mL) to prepare the suspension of Ru1 (10 µmol/L) in THF/H2O (v/v = 1:4). Each
time, a 3 mL suspension of Ru1 (10 µmol/L) was added to the cuvette. After the emis-
sion spectra of 11 blank samples of complex Ru1 (THF/H2O, v/v = 1:4, 10 µmol/L) were
recorded according to the above method, the standard deviation of the emission intensity
was calculated. The PA solutions were prepared in different concentrations (0.1 mmol/L to
30 mmol/L) in THF/H2O (v/v = 1:4). After adding the solutions of different concentrations
of PA (30 µL) to the samples of Ru1 (10 µmol/L, 3 mL) in THF/H2O (v/v = 1:4), emis-
sion and UV-vis absorption spectra were recorded. The solutions of analytes (THF/H2O,
v/v = 1:4, 30 mmol/L; nitrobenzene (NB), nitromethane (NM), 1,3-dinitrobenzene (DNB),
4-methoxyphenol (MEHQ), phenol, p-cresol, m-cresol, and 4-nitrophenol (NP)) and the
solutions of compounds with different ions (THF/H2O, v/v = 1:4, 30 mmol/L; CuSO4,
KF, CH3COONa, KBr, MnCl2, MgSO4, ZnCl2, FeCl2, CoCO3, NaHCO3, NiCl2, and CaCl2)
were prepared to investigate the relevant selectivity and anti-interference in the detection
of PA. The selectivity- and anti-interference-property experiments were performed by the
addition of the analyte solutions (30 µL) or ionic compound solutions (30 µL) to the samples
of Ru1. The competitive experiments were conducted by adding PA (30 mmol/L, 30 µL)
to the samples of Ru1 to which were added the solutions of analytes or ionic compounds.
Experiments on the performance of Ru1 in the detection of PA in common water samples
were carried out using different water samples for the preparation of the complex samples
(THF/H2O, v/v = 1:4), including river water (Lingshui River, Dalian, China), tap water
(Dalian University of Technology, Dalian, China), rainwater (Dalian University of Tech-
nology, Dalian, China), and deionized water. The solution of PA (30 mmol/L, 30 µL) was
added to samples of Ru1 (THF/H2O, v/v = 1:4, 10 µmol/L) prepared with different water
samples and the emission spectra were recorded.

3. Results and Discussion
3.1. AIPE Properties of Ru1

The normalized emission and UV-vis absorption spectra of Ru1 in THF at room
temperature are shown in Figure S2. Similar to most Ru(II) complexes [23], the strong
absorption band of Ru1 at 275–375 nm is attributed to the ligand-centered (LC) π-π*
transition. The weak absorption band between 400–500 nm is attributed to a metal-to-
ligand charge transition (MLCT) and a ligand-to-ligand charge transition (LLCT). The
photophysical data of Ru1 are shown in Table S1.



Chemosensors 2025, 13, 14 5 of 12

The emission spectra of Ru1 in THF/H2O with different water fractions were tested
(Figure 2). The emission intensity of the Ru1 sample gradually increases as the water
fraction is increased from 0–70%. With the continued increase of the water fraction to
80%, the emission intensity of the sample reaches the maximum, indicating that Ru1 has
a significant AIPE property. This may be due to the aggregation of Ru1 as the water
fraction increases, leading to the locking of the rotatable phenyl moiety in the ligand and
the increase of emission intensity [24]. To prove this hypothesis, DLS tests of Ru1 samples
in THF/H2O were performed. As shown in Figure 1d and Figure S3a, the average sizes
of the aggregates are 206 nm, 224 nm, and 333 nm at 60%, 70%, and 80% water fractions,
respectively. The results show that Ru1 molecules aggregate with increases in the water
fraction, and the average size of the aggregates gradually increases. In addition, an SEM
image of Ru1 in THF/H2O with a water fraction of 80% also shows that Ru1 molecules
aggregate and form nanoparticles (Figure S3b).

A single crystal of Ru1 was cultured by the slow diffusion of ether into the solution of
Ru1 in acetone and studied in detail by single-crystal X-ray diffraction analysis (Figure S4).
The crystal-related data for Ru1 are shown in Tables S2–S4. As shown in Figure 3a,b,
there are abundant C-H· · ·π intermolecular interactions, with distances of 3.12 Å and
3.25 Å between the complex molecules (the burgundy plane represents the π plane). The
fluorine atoms of the PF6

− ions also form a large number of C-H· · · F intermolecular
interactions with hydrogen atoms in the cationic part of the complex (Figure 3c–e). Thus,
the intermolecular C-H· · ·π and C-H· · · F interactions lock the rotatable phenyl moiety in
the ligand, which leads to increased emission intensity in the aggregated state. Furthermore,
two layers of cations are sandwiched between two layers of anions along the [001] direction
(Figure S5). The ordered arrangement of anions with the cations suggests that electrostatic
interaction also plays a crucial role in the stacking of the molecules.
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3.2. Detection of PA

The AIPE activity of Ru1 in THF/H2O prompted us to use Ru1 as a luminescent
probe to detect PA in aqueous media. Therefore, we performed luminescence quenching
experiments for Ru1 in THF/H2O (v/v = 1:4) with the addition of different concentrations
of PA. The emission intensity of the Ru1 sample obviously decreases with increases in the
concentration of the PA solutions (Figure 4a,b). The quenching efficiency of the Ru1 sample
is 50.7% after addition of PA at a concentration of 30 µM. When the concentration of PA is
200 µM, the quenching efficiency of Ru1 sample reaches 97.4%.
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To further analyze the sensitivity of Ru1 in the detection of PA, the correlations between
I0 and I (I0 and I represent the emission intensities of Ru1 samples without PA and after the
addition of different concentrations of PA, respectively) and [Q] (the molar concentration
of PA) were fitted, and a Stern–Volmer plot was obtained (Figure 4c). With the addition
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of PA in a low-concentration range (0–8 µM), the Stern–Volmer plot exhibits good linearity.
However, as the concentration of PA continues to increase, the Stern–Volmer plot gradually
deviates from linearity, which may be due to the presence of both dynamic quenching and
static quenching in the process of luminescence quenching [25]. The sensitivity of Ru1 for the
detection of PA was further analyzed by the Stern–Volmer equation I0/I = KSV[Q] + 1 in the PA
concentration range of 0–8 µM. The quenching constant (KSV) is 2.5 × 104 M−1. The limit of
detection (LOD) was calculated according to the formula LOD = 3σ/K, where σ represents the
standard deviation of the emission intensities of the blank samples (Figure S6 and Table S5),
and K represents the slope of the linear relationship between the emission intensities and the
concentrations of PA (Figure 4d). The LOD was calculated to be 91 nM, which is much lower
than that of the Ru(II) complex previously reported [18]. These results indicate that Ru1 has
good performance in detecting PA in aqueous media.

In order to explore whether Ru1 has good selectivity and anti-interference properties in
the detection of PA, the luminescence response of Ru1 was studied for several common ana-
lytes (nitrobenzene (NB), nitromethane (NM), 1,3-dinitrobenzene (DNB), 4-methoxyphenol
(MEHQ), phenol, p-cresol, m-cresol, and 4-nitrophenol (NP)) and ionic compounds (CuSO4,
KF, CH3COONa, KBr, MnCl2, MgSO4, ZnCl2, FeCl2, CoCO3, NaHCO3, NiCl2, and CaCl2).
Based on the results in Figures 5a,b and S7a,b, the emission intensities of the Ru1 sam-
ples do not change significantly after the addition of different analytes (30 equiv.) and
ionic compounds (30 equiv.). When PA (30 equiv.) was added to the Ru1 samples with
different ionic compounds and analytes, the quenching efficiencies of the samples were
significantly increased, and all exceeded 98%. In summary, Ru1 has good selectivity and
anti-interference properties and a low LOD, compared to other previously reported Ru(II),
Ir(III), and Pt(II) complexes, for the detection of PA in aqueous media (Table S6).
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Figure 5. (a) Quenching efficiencies of Ru1 with the addition of different analytes in THF/H2O
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wavelength: 400 nm). (d) Quenching efficiency of Ru1 with PA (30 equiv.) in different water samples.
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To promote the application of Ru1, the ability of Ru1 to detect PA in real environments
was further evaluated. The deionized water in the THF/H2O was replaced by river water,
seawater, rainwater and tap water, respectively. Subsequently, the emission spectra of
the Ru1 samples prepared in these common water samples were tested. The results in
Figure 5c show that the emission spectra of Ru1 samples prepared in the common water
samples were similar to those from the deionized-water samples. As shown in Figure 5d,
the quenching efficiencies of the Ru1 samples prepared using different common water
samples were over 98% after the addition of PA (30 equiv.). As a result, it was determined
that Ru1 can be used as an efficient luminescent probe for the detection of PA in real
environmental water samples.

3.3. Sensing Mechanism

To better understand the quenching process, the luminescence lifetimes of Ru1 sam-
ples with the addition of different concentrations of PA were investigated (Figure S8). The
luminescence lifetime of the Ru1 sample decreases significantly after the addition of the PA
solution, indicating that there is dynamic quenching during the quenching process [26].
Furthermore, τ0/τ and the molar concentration of PA are fitted (τ0 and τ are the lumi-
nescence lifetimes without and after the addition of PA, respectively), and they show a
good linear relationship (Figure 6a). The results show that there is dynamic quenching
after the addition of PA at the high and low concentration ranges. In addition, the UV-vis
absorption spectra of the Ru1 samples with the addition of different concentrations of PA
were investigated (Figure 6b). The absorption peaks, at 307 nm and 457 nm, of the Ru1
samples were gradually shifted with increasing concentrations of PA, and a new absorption
band around 357 nm was generated. These results indicate that static quenching also occurs
during the quenching process, and there are strong interactions between Ru1 and PA [27].
Therefore, both dynamic quenching and static quenching occurred during the luminescence
quenching of the Ru1 samples.
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Furthermore, the absence of overlap between the UV-vis absorption spectra of PA and
the emission spectra of Ru1 in THF/H2O with a water fraction of 80% (Figure 7a) suggests
that there is no Förster resonance energy transfer during the luminescence quenching of
Ru1 [28,29]. In the 1H NMR spectra, there is no significant change in the proton signal
of Ru1 after the addition of PA, suggesting that PA does not lead to the decomposition
of Ru1 (Figure S9). Due to the decrease in the luminescence lifetime of the Ru1 samples
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after the addition of PA, the cause of the luminescence quenching of the Ru1 samples could
be photo-induced electron transfer (PET) [30,31]. To prove this conjecture, the relevant
density-functional theory (DFT) calculations were performed on Ru1, PA, and the adduct
(Ru1 + PA). From the results in Figure 7b, it can be seen that LUMO energy of PA (−3.49 eV)
is much lower than that of Ru1 (−2.48 eV), which indicates that the excited-state electrons
in the LUMO of Ru1 can be easily transferred to the LUMO of PA during the quenching
process. This implies that PET occurs between Ru1 and PA, leading to luminescence
quenching of the Ru1 samples [26,32]. These results show that Ru1 can achieve high
sensitivity detection of PA mainly due to the PET.
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4. Conclusions
In this work, a new cationic Ru(II) complex Ru1 with AIPE activity was synthesized

by introducing a rotatable phenyl moiety on the 2,2′-bipyridine as ligand to investigate the
effect of a rotatable phenyl moiety on the AIPE properties, and the detection properties
for PA, of the Ru(II) complex. The rotatable phenyl moiety has an important effect on the
AIPE properties of the Ru1, as its rotation is restricted by intermolecular C-H· · ·π and
C-H· · · F interactions in the aggregated state. When the AIPE activity of Ru1 is utilized for
the detection of PA, Ru1 achieves highly sensitive and selective detection of PA, with a low
LOD of 91 nM, in aqueous media. In addition, the quenching process is a combination of
dynamic quenching and static quenching, and the mechanism for the detection of PA is
attributed to PET. These findings reveal the influence of a phenyl moiety on the properties
of Ru(II) complexes and provide a better guidance for the design of high-performance
Ru(II) complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors13010014/s1. Figure S1: Synthesis routes of ligand
L1 and Ru1; Figure S2: Normalized UV-vis absorption and emission spectra of Ru1 in THF (solid line:
absorption spectrum; dashed line: emission spectrum; excitation wavelength: 400 nm); Figure S3:
(a) DLS analysis of Ru1 in THF/H2O at a 70% water fraction, (b) SEM image of Ru1 aggregates in
THF/H2O at an 80% water fraction; Figure S4: The crystal structure of Ru1; Figure S5: Molecular
stacking in the crystal structure of Ru1 (gold dashed-line: C-H···π intermolecular interactions,
green dashed-line: C-H···F intermolecular interactions); Figure S6: Emission spectra in 11 blank
samples (THF/H2O, v/v = 1:4, 10 µmol/L) of Ru1 with excitation wavelength of 400 nm; Figure S7:
(a) Emission spectra of Ru1 samples (THF/H2O, v/v = 1:4, 10 µmol/L) after addition of different
analytes (30 equiv.) with excitation wavelength of 400 nm. (b) Emission spectra of Ru1 samples
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(THF/H2O, v/v = 1:4, 10 µmol/L) after addition of different ionic compounds (30 equiv.) with
excitation wavelength of 400 nm; Figure S8: Luminescence lifetime decay curves for Ru1 samples
(THF/H2O, v/v = 1:4, 10 µmol/L) after addition of different concentrations of PA solutions in
THF/H2O (v/v = 1:4); Figure S9: The 1H NMR spectra of Ru1, PA and Ru1 + PA in DMSO-d6;
Figure S10: The 1H NMR spectra of L1 in CDCl3; Figure S11: The 1H NMR spectrum of Ru1
in DMSO-d6; Figure S12: The 13C NMR spectrum of Ru1 in DMSO-d6; Figure S13: The HRMS
of the cationic portion of Ru1; Figure S14: The HRMS of the anionic portion of Ru1; Table S1:
Photophysical properties of Ru1; Table S2: Single-crystal data for the complex Ru1; Table S3: C-H···π
interaction data in the complex Ru1; Table S4: C-H···F interaction data in crystals of the complex Ru1;
Table S5: Emission intensity at 619 nm of 11 blank samples of the complex Ru1 (THF/H2O, v/v = 1:4,
10 µmol/L); Table S6: Some reported metal complexes for the detection of PA. References [18,33–40]
are cited in the supplementary materials.
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