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a b s t r a c t

Metallacycles hold great promise for fluorescence-based sensing due to their synthetic advantages and

unique physicochemical properties. However, it remains highly challenging to develop a versatile method-

ology for constructing highly emissive metallacycles with targeted functionalities and therefore sought-

after properties. Herein, we report a general strategy to construct a series of highly emissive perylene

diimide-based metallacycles via the self-assembly of perylene diimide-based tetrapyridyl ligand with dif-

ferent dicarboxylic ligands featuring fixed angles and cis-Pt(PEt3)2(OTf)2. Single crystal X-ray diffraction

analyses verify the formation of bowtie-like metallacycles with two triangular cavities. Notably, the flu-

orescence quantum yields of most assemblies exceed 98%, amongst the highest values for metallacycles.

Additionally, such metallacycles exhibit sensitive fluorescence responses toward picric acid with a de-

tection limit of 2.8×10−6 mol/L. This study not only provides a rational strategy for preparing highly

emissive bowtie-shaped metallacycles, but also sheds light on their usage in the detection of picric acid

and associated compounds.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fluorescent materials have been extensively studied over the

past decades because of their wide applications in bioimaging

[1,2], chemosensing [3,4], optoelectronics [5,6], etc. In particular,

fluorescence-based sensors have become one of the leading sens-

ing technologies due to their fast response, easy visualization, and

high sensitivity and selectivity [7,8]. As a result, the development

of novel fluorescence-based sensors has received ever-growing in-

terests. Conventional small molecule fluorophores, conjugated or-

ganic/inorganic polymers and dendrimers have been widely de-

veloped so far with a special emphasis on fluorescent sensing

purposes [9,10]. Specifically, conjugated polymers (CPs) are com-

posed of backbones possessing π-conjugated subunits, and thus

benefit from electron delocalization. This endows CPs high sen-

sitivity and selectivity toward fluorescent sensing [11–13]. Never-

theless, the preparation of CPs typically involves several synthetic

steps and exhibits relatively inferior molecular organization, which

greatly impedes their multitudinous applications. Substantial ef-

forts have been made in addressing such issues, within which

the coordination-driven self-assembly method outstands. Unlike

the stepwise covalent synthetic protocols, this strategy is facile

yet highly efficient due to its synthetic advantages, including high
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degree of predictability, inherent self-correction, fewer steps and

traceability [14–19].

Metallacycles, as an important type of metallosupramolecules,

are constructed by coordination-driven self-assembly, and their

topology and physicochemical properties can be finely tuned by

judicious choices of building units with variable numbers, loca-

tions, relative orientations, and additional functional moieties [20–

27]. For instance, perylene diimide (PDI) derivatives [28–34], as

archetypal fluorophores with excellent optical and electrochemical

properties, have been utilized as large rigid and planar scaffolds to

construct luminescent metallacycles and metallacages. Such assem-

blies not only inherit the photophysical properties of their build-

ing fluorophore moieties but also exhibit novel features that are

not observable for the single components, such as tunable emis-

sion wavelengths, markedly enhanced fluorescence efficiencies, and

selective response toward specific molecules. Although significant

progress has been made on the design and synthesis of emissive

metallacycles, a universal strategy for constructing novel emissive

metallacycles is highly desirable but remains absent.

Herein, we develop a strategy to build a series of metallacy-

cles 4a–4f by multicomponent coordination-driven self-assembly.

Notably, the methodology relies mainly on the stoichiometry of

the individual building units, as well as the geometry and length

of the ligands. As shown in Scheme 1, these metallacycles in-

clude three parts: PDI-based tetrapyridyl ligand (1), dicarboxylic

ligands (2a–2f) and cis-Pt(PEt3)2(OTf)2 (3). Interestingly, these met-

https://doi.org/10.1016/j.cclet.2022.07.031

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Hou, R. Shi, H. Yuan et al. Chinese Chemical Letters 34 (2023) 107688

Scheme 1. Cartoon representations of the self-assembly of bowtie-shaped metallacycles 4a–4f.

Fig. 1. Partial 31P{1H} NMR spectra (121.4MHz, CD3CN, 295K) of 4a (a), 4b (b), 4c (c), 4d (d), 4e (e) and 4f (f). Partial 1H NMR spectra (400MHz, CD3CN, 295K) of 1 (g), 4a

(h), 4b (i), 4c (j), 4d (k), 4e (l) and 4f (m).

allacycles show symmetrical, bowtie-like shapes in solid-state and

bright emission in acetonitrile with fluorescence quantum yields

(ΦF) exceeding 98% for metallacycles 4a, 4c–4f. Moreover, these

metallacycles display fluorescence decays in response to variable

concentrations of picric acid (PA) with a low detection limit of

2.8×10−6 mol/L (S/N=3), comparable to the reported values from

literature. This study describes a versatile strategy for the design

and preparation of highly emissive bowtie-shaped metallacycles as

fluorescence-based sensors, which will certainly promote the de-

velopment of metallacycles for chemosensing applications.

The formation of bowtie-shaped metallacycles 4a–4f was con-

firmed by multiple techniques including 31P{1H}, 1H NMR and

electrospray ionization time-of-flight mass spectrometry (ESI-TOF-

MS). As shown in Figs. 1a–f, the 31P{1H} NMR spectra of 4a–4f

split into two doublet peaks at 5.13ppm and −0.47ppm for 4a,

5.38ppm and −0.42ppm for 4b, 5.40ppm and −0.14ppm for 4c,

5.18ppm and −0.35ppm for 4d, 4.95ppm and −0.76ppm for 4e,

and 5.51ppm and −0.64ppm for 4f, respectively. These two dou-

blet peaks nearly share equal intensities with concomitant 195Pt

satellites, corresponding to different phosphorus environments.

This result clearly indicates the formation of discrete symmetric

metallacycles. The α-pyridyl protons Ha and β-pyridyl protons Hb

(Figs. 1g–m) of ligand 1 in metallacycles 4a–f were noticed, show-

ing obvious downfield chemical shifts compared to free ligand 1.

Investigation of the ESI-TOF-MS provides further support for the

stoichiometry of 4a–4f (Figs. S32, S36, S40, S44, S48, S52 in Sup-

porting information). Accordingly, the observed peaks are consis-

tent with the calculated ones. For instance, peaks at m/z 998.8642,

1024.8661, 1025.5089, 1036.1442, 1032.2203 and 1032.2203 were

found, corresponding to [4a–3OTf]3+, [4b–3OTf]3+, [4c–3OTf]3+,
[4d–3OTf]3+, [4e–3OTf]3+ and [4f–3OTf]3+, respectively. All these

results evidenced the successful formation of the bowtie-shaped

metallacycles 4a–4f.

Dark red single crystals 4a–4f suitable for X-ray diffraction

analysis were successfully obtained by slow evaporation of diox-

ane into the DMF solution (vapors of dioxane are diffusing into

DMF) of metallacycles. The crystal structures of metallacycles 4a–

4f are shown in Figs. 2a–f, which unambiguously confirms their

two-dimensional bowtie-shaped structures. X-ray crystallographic

analyses suggest that these metallacycles share similar structures

in which the pyridyl groups and carboxylic groups are linked by

four platinum atoms, leading to the formation of a [1+2+4]

structure. Based on the distances between the platinum atoms,

the length and width of metallacycles 4a–4f are 1.68×0.97nm,

1.66×1.07nm, 1.64×1.06nm, and 1.64×1.06nm, 1.67×1.07nm

and 1.63×1.11nm (Figs. 2a–f), respectively. Metallacycles 4a–4c,

4e and 4f exhibit the same packing mode (Fig. S1 in Support-

ing information), with the metallacycle units aligned linearly via

intermolecular interactions. Dissimilarly, the 4d metallacycles re-

assemble into parallelepipeds, where two adjacent metallacycles

are connected by two C–H���O interactions (dH���O plane =2.61 Å)

between PDI and CF3SO3
– anions and four F���π interactions

(dF���π plane =3.11–3.14 Å) between CF3SO3
– anions and PDI. More-

over, the neighboring metallacycle 4d belonging to different par-

allel pipelines is connected by C–H���O (dH���O plane =2.39–2.62 Å).

This observation is in accordance with that of previous studies
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Fig. 2. Crystal structures of 4a (a), 4b (b), 4c (c), 4d (d), 4e (e) and 4f (f). Hydrogen

atoms, counterions, solvent molecules and triethylphosphine units are omitted for

clarity.

Table 1

UV-vis absorption and fluorescence emission data.a

Sample Absorption bands (nm) Emission bands (nm) ΦF
b (%)

1 456 487 522 540 578 95

4a 456 487 522 539 577 99

4b 456 487 522 541 579 32

4c 456 487 522 541 579 99

4d 456 487 522 541 579 98

4e 456 487 522 541 579 99

4f 456 487 522 541 579 99

a Measurements were performed in CH3CN unless otherwise noted. The excita-

tion wavelength is 365nm for 1 and 4a–4f.
b Fluorescence quantum yield.

[35,36]. In such a manner, the packing mode in 4d was finally

formed and different from other metallacycles, which may be ra-

tionalized by their different growth environments.

The UV-vis absorption and fluorescence emission spectra of lig-

and 1 and metallacycles 4a–4f are depicted Table 1, Fig. S52 and

Table S3 (Supporting information). The UV-vis absorption spectra

for both ligand 1 and metallacycles 4a–4f exhibit three absorption

bands centered at 456nm, 487nm, and 522nm, respectively. Met-

allacycles 4a–4f display absorption bands similar to those of lig-

and 1 because of the weak absorption of carboxylic ligands 2a–2f

compared with PDI. Similarly, the fluorescence emission of all the

metallacycles exhibit similar curves, with an intense peak centered

at 540nm. Noticeably, the fluorescence intensities of metallacycles

4a, 4c–4f are all higher than that of ligand 1, whereas the inten-

sity of metallacycle 4b is much lower than that of ligand 1 under

identical conditions. The fluorescence quantum yields of metalla-

cycles 4a, 4c–4f in CH3CN reached 99%, 99%, 98%, 99% and 99%

(Table 1 and Figs. S2–S9 in Supporting information), respectively.

However, owing to the introduction of an electron-donating group

(-NH-) into metallacycle 4b, its ΦF value is only 32%, because the

photoinduced electron transfer (PET) from the NH groups to the

fluorophore offers a non-radiative pathway to quench the emission

[37].

Nitroaromatic compounds are widely used in firework manufac-

turing, chemical industry, leather, pharmaceutical, and dye indus-

tries. Leakage of nitroaromatic compounds during production and

transportation not only pollutes the groundwater and soil environ-

ments, but also poses great threats to human beings. Therefore, the

rapid detection of these compounds has always been an important

task [38].

To explore the potential application of the metallacycles in the

detection of nitroaromatic compounds, we chose picric acid as a

model compound to perform fluorescence titration tests. As shown

Fig. 3. Fluorescence spectra of 4a (a) with increased amounts of picric acid

(c=10 μmol/L in metallacycle concentration, λex =365nm). Stern-Volmer plot I0/I

versus the concentration of picric acid (b). The inset denotes the fluorescent pho-

tographs before and after the addition of picric acid.

in Fig. 3a, with the addition of picric acid, the emission intensity

of metallacycle 4a gradually decreased. Once the addition of pi-

cric acid reached a ratio of 13 equiv., its emission was almost com-

pletely quenched. Correspondingly, the quenching constant was de-

termined to be 5.2×104 L/mol by nonlinear fitting (Fig. 3b), and

the detection limit was 2.8×10−6 mol/L (S/N=3), comparable with

the reported values from literature [39–42]. This quenching pro-

cess can be directly noticed by naked eyes. Similar quenching phe-

nomena were also observed for other bowtie-shaped metallacycles

4b–4f (Figs. S53–S57 and Table S4 in Supporting information), in-

dicating their potential use as chemical sensors for the detection

of nitroaromatic compounds.

In summary, a series of PDI-based bowtie-shaped metallacycles

were successfully constructed by coordination-driven multicom-

ponent self-assembly. Their structures were well resolved by sin-

gle crystal X-ray diffraction analysis. Moreover, most metallacycles

showed remarkable fluorescence quantum yields in CH3CN and all

metallacycles experienced fluorescence quenching upon the addi-

tion of variable concentrations of picric acid. The detection limit

can reach as low as 2.8×10−6 mol/L. These findings clearly indi-

cate that such metallacycles can be used as fluorescent sensors for

the detection of nitroaromatic compounds. This work justifies our

strategy to systematically prepare metallacycles with tailor-made

photophysical and chemical properties, which will promote the de-

velopment of functional metallacycles and their applications in var-

ious scenarios.
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