
Chinese Chemical Letters 35 (2024) 108904

Contents lists available at ScienceDirect

Chinese Chemical Letters

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

Predesigned covalent organic framework with sulfur coordination:

Anchoring Au nanoparticles for sensitive colorimetric detection of

Hg(II)

Guorong Li, Yijing Wu, Chao Zhong, Yixin Yang, Zian Lin∗

Ministry of Education Key Laboratory of Analytical Science for Food Safety and Biology, Fujian Provincial Key Laboratory of Analysis and Detection

Technology for Food Safety, College of Chemistry, Fuzhou University, Fuzhou 350108, China

a r t i c l e i n f o

Article history:

Received 21 December 2022

Revised 31 July 2023

Accepted 6 August 2023

Available online 8 August 2023

Keywords:

Covalent organic frameworks

Thiazole

Sulfur coordination

Au nanoparticles

Hg2+-activated peroxidase-like activity

a b s t r a c t

Targeted construction of new covalent organic frameworks (COFs) with specific purposes and rationalities

to build colorimetric assay platform for environmental pollutant monitoring have attracted increasing in-

terest. However, it is still challenging due to lack of available coordination sites inside COFs pores and

only a slight bonding ability for anchoring metal. In this work, a two-dimensional (2D) COFs (termed as

Tz-COF) with high crystallinity, excellent chemical stability, and abundant sulfur coordination in its skele-

tons was synthesized and used for the confined growth of Au NPs. It was found that the Au NPs showed

significant dispersibility for the support of Tz-COF. The proposed Tz-COF@Au NPs possessed outstanding

Hg2+-activated peroxidase-like activity benefited from physicochemical properties of gold amalgam and

synergistic effect between COFs and Au NPs to oxidize chromogenic substrate. Based on highly efficient

activity and distinctive color evolution, the strategy for detecting Hg2+ was developed and successfully

applied to determine the content of Hg2+ in real environmental samples. This work manifests that a po-

tential strategy to establish a colorimetric assay platform for environmental pollutant monitoring based

on the targeted manufacturing of novel COFs with specific functions.

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

Medica, Chinese Academy of Medical Sciences.

Metal nanoparticles (NPs) have attracted tremendous attentions

due to unique optical, electronic, and mechanical properties, which

have been extensively used in energy and biology [1]. Provided by

high atomic utilization efficiency and catalytic performances, noble

metal (Pt, Pd, Au, Ru, etc.) NPs are of particular attention for the

applications in artificial enzymes [2,3]. Unfortunately, bare-metal

NPs easily suffer from serious aggregation owing to their high sur-

face energy, inevitably losing their catalytic performance. To ad-

dress this challenge, various supporting substrates have been de-

veloped to load noble metal NPs to enhance their dispersibility,

including carbon materials [4], porous silica [5], metal oxide [6,7]

and metal organic frameworks (MOFs) [2].

Covalent organic frameworks (COFs), as an emerging class of

crystalline porous materials, have achieved tremendous attention

due to their structural periodicity, abundant porosity and func-

tional diversity [8–10]. Compared with some traditional supports

(e.g., graphitic carbon nitride, MOFs), porous COFs not only have

the highly pore channels which can be used to limit the growth

of NPs [11,12], but also have good chemical stability in water, or-
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ganic solvents, and even strong acidic or alkaline media [13–15].

For example, COFs were considered as carriers to upload active Au

NPs [16]. The nanocomposite material with uniformly dispersed Au

NPs in COFs exhibited outstanding catalytic performance [17–20].

Nevertheless, there is a lack of coordination environments of metal

centers in COFs pore. It is challenging to regulate the chemical mi-

croenvironments of metal-COFs composites with specific purposes

and rationalities.

Herein we performed the design of the newly targeted COFs

with sulfur coordinated Au atoms, assigned as Tz-COF, by one-

pot multicomponent method between thieno[3,2-b]thiophene-2,5-

dicarboxaldehyde (TT), tetrakis(4-aminophenyl)ethane (ETTA), and

elemental sulfur. The Tz-COF with regular heteroporous structure,

large porosity, sufficient sulfur coordination as nucleation site for

the in situ growth of Au NPs to form Tz-COF@Au NPs. The strong

coordination interaction enabled the formation of fully-exposed

Au NPs in Tz-COF. The Au NPs exhibited significant dispersibility.

The as-prepared Tz-COF@Au NPs showed excellent Hg2+-activated
peroxidase-like activity by virtue of the physicochemical proper-

ties of gold amalgam and the synergistic effect of active Au NPs

and COFs. Guided by this approach, the metal-COF composites with

modular structures are regarded as sensing platforms coupled with
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Fig. 1. Schematic illustration for the linker-exchange strategy. (a, b) Construction of heteroporous imine-linked COFs and thiazole-linked COFs via solvothermal method.

spectroscopic method and naked-eye for determination of Hg2+

levels in applications such as environmental monitoring.

The thiazole-linked COFs powders were obtained by three-

component one-pot reaction between TT, ETTA, and elemental sul-

fur via a C–H functionalization and oxidative annulation [21] (Fig.

1 and Fig. S1 in Supporting information). To compare the Tz-

COF, imine-linked COF (Im-COF) were obtained via a solvothermal

method through the dehydration reaction between TT and ETTA

[22]. Fourier-transform infrared (FT-IR) spectroscopy (Fig. S2 in

Supporting information) showed a new peak at nearly 1607 cm−1

corresponding to the C=N of thiazole units. The peak at 1615 cm−1

corresponding to imine C=N stretch was disappeared [21,23]. Com-

pared with Im-COF, Tz-COF were shifted positively by 0.67 eV at C

1s region in X-ray photoelectron spectroscopy (XPS) spectrum (Fig.

S3 in Supporting information) owing to the interaction between

sulfur and the carbon atom of the imine [21,24], which further

confirmed the formation of a thiazole-bridged framework.

Scanning electron microscopy (SEM) revealed homogeneous

morphologies for both COFs (Figs. 2a and b, and Figs. S4a and b

in Supporting information), whereas the surface degree of Tz-COF

was less rough. High-resolution transmission electron microscopy

(HRTEM) images highlighted the crystallinity of both COFs due

to their periodic porous structure (Fig. 2c and Fig. S4c in Sup-

porting information). Straight hexagonal pores channels that ex-

tend through entire crystal domains were clearly visible. Both COFs

showed similar lattice fringes of ∼2.8 nm that was in good agree-

ment with the simulated results. Furthermore, the bright diffrac-

tion spots and rings in fast Fourier transformation (FFT) patterns

(the insets) showed a relatively hexagonal symmetry.

To evaluate the crystalline structure of both COFs, experimental

and theoretical simulation were conducted. Tz-COF showed promi-

nent diffraction peaks at 2.54°, 5.0°, 7.5°, 10°, 19.7°, which were

indexed as (100), (200), (300), (400), and (001) reflections, re-

spectively. Both the eclipsed stacking (AA) and staggered stack-

ing (AB) models of hexagonal (H) and orthorhombic (O) geo-

metrical structures for both COFs were simulated and investi-

gated [25,26], we confirmed that their structure as hexagonal

system with AA stacking (AA-H) were in good agreement with

the experimentally acquired Powder X-ray Diffraction (PXRD) pat-

terns (Figs. S5 and S6 in Supporting information). As shown

in Fig. 2d and Fig. S4d (Supporting information), after Pawley

refinement in space group P1, the optimized parameters were

a= b=40.1995 Å, c=4.4473 Å, Rwp =11.22%, and Rp =7.53% for Tz-

COF (a= b=41.1994 Å, c=4.5828 Å, Rwp =10.06%, and Rp =7.04%

for Im-COF) [27], matched well with the eclipsed AA-H model (Ta-

bles S1 and S2 in Supporting information). Tz-COF exhibited the

slight shift in the unit cell dimensions (Fig. S7 in Supporting in-

formation) [28]. Accordingly, both COFs had the expected architec-

tures showing porous cavities. The pore channels showed that the

abundant sulfur coordination in its hierarchical pores could pro-

vide potential recognition sites, which are favorable for supporting

active Au NPs.

The porosities and pore size distributions of both COFs were

examined using N2 adsorption measurements at 77K. As shown

in Fig. 2e and Fig. S4e (Supporting information), reversible sorp-

tion curves exhibiting a combination of type I and type IV adsorp-

tion isotherms were observed for both COFs, which were typical

feature of micropores and mesopores, respectively [25]. The cal-

culated Brunauer-Emmett-Teller (BET) surface areas were 1459.7

and 1561.5 m2/g for Tz-COF and Im-COF, respectively. The pore

size distribution calculated by fitting the nonlocal density func-

tional theory (NLDFT) were 1.27 and 3.09nm in Tz-COF (Fig. 2f)

and 1.31 and 3.1 nm in Im-COF (Fig. S4f in Supporting information).

These values were agreement with the AA-H stacking structural

model. With thiazole bridges throughout the frameworks, the pre-

pared thiazole-based COFs was expected to significantly improve

structural robustness [28]. The chemical stability of both COFs was

maintained by comparing PXRD analysis after 24h treatment in

organic solvent, acid (0.1mol/L HCl), and alkali (10mol/L NaOH).

The difference between the stability of imine-based COFs and the

thiazole-based COFs was most striking in the case of acidic condi-

tions, where Tz-COF showed no signs of degradation while the cor-

responding Im-COF nearly was labile (Fig. S8 in Supporting infor-

mation). In addition, thermal gravimetric analysis (TGA) revealed

both COFs were stable up to 450 °C (Fig. S9 in Supporting informa-

tion).

The obtained Tz-COF possessed high crystallinity and poros-

ity, and displayed outstanding chemical stability. More importantly,

abundant sulfur coordination sites (thiazole and thiophene) inside

the COFs showed strong binding interactions for anchoring Au. In-
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Fig. 2. (a, b) SEM images of Tz-COF. (c) HRTEM image of Tz-COF. Inset shows the corresponding FFT image. (d) Experimental and simulated PXRD patterns of Tz-COF. (e) N2

sorption isotherms and (f) the corresponding pore width distribution of Tz-COF. Inset shows top and side views of the slipped AA stacking structures.

Fig. 3. (a) High-resolution spectra of Au 4f of Tz-COF@Au NPs. (b) N2 adsorption isotherms of Tz-COF@Au NPs. Inset: the pore widths are centered at 1.25 and 2.95nm,

respectively. (c) Comparison of PXRD patterns of Tz-COF (blue), Au NPs (orange), and Tz-COF@Au NPs (red).

spired by these superiorities, Tz-COF could be used to induce nu-

cleation for the in situ growth of Au NPs inside the accessible pores

of COFs. First, adsorption energies were used to evaluate the ad-

sorption strength of the relevant species on the both COFs. Au

atom on active center (sulfur coordination environment) to form

the adsorption species (Fig. S10 in Supporting information). The

adsorption energies were listed in Table S3 (Supporting informa-

tion). Tz-COF demonstrated a strong adsorption ability [29]. It had

been proven that the existence of Au on the sulfur coordination

was expected to form Tz-COF@Au NPs. Tz-COF@Au NPs was simply

prepared by the reduction. The Au precursor was adsorbed inside

the accessible pores of Tz-COF by adding HAuCl4·3H2O aqueous so-

lution into a dispersion of Tz-COF and continuous stirring. The ap-

pearance variation of solution from initial bright red to dark (Fig.

S11 in Supporting information). The oxidation state of the encapsu-

lated Au species after reduction was determined by XPS. As shown

in Fig. 3a and Fig. S12 (Supporting information), two characteristic

peaks in the high-resolution Au 4f XPS spectrum with binding en-

ergies of 83.5 eV and 87.2 eV corresponding to Au 4f7/2 and Au 4f5/2
of Au0 were observed, showing that Au NPs existed in the form of

a metallic state (Au0) [18]. The difference in porosity before and

after Au loading was further supported by N2 adsorption measure-

ments. Fig. 3b indicated the decrease in the surface areas of Tz-

COF@Au NPs (757.08 m2/g) with respect to pristine COFs and the

average size were found to be 1.25 and 2.95nm, suggesting that

Au NPs was bigger than the pore size of the COFs and distributed

around the surface and the interlayer spacing of the COFs [19]. As

shown in Fig. 3c, the PXRD of Tz-COF@Au NPs had the character-

istics low angle peaks of the COFs and additional peaks at higher

(2θ ) values of 38.5°, 44.7°, 64.8°, and 77.7° corresponding to (111),

(200), (220), and (311) reflections of metallic Au [30]. Additionally,

TGA indicated a small residue amount after 1000 °C (Fig. S13 in

Supporting information), revealing the successful loading of Au NPs

into the pristine Tz-COF.

The HRTEM images (Fig. 4a) showed the highly dispersed Au

NPs on the COFs material. Fig. 4b indicated that those Au NPs had

interplanar spacing of 0.24nm and 0.21nm, assignable to the Au

(111) and (200) planes, respectively. The corresponding selected

area electron diffraction (SAED) pattern (Fig. 4c) was used to iden-

tify the polycrystalline feature of Au NPs and typical diffraction

rings at (111), which was in good agreement with the PXRD pattern

of Tz-COF@Au NPs. Some brighter white points could be obtained

for Tz-COF@Au NPs in high-angle annular dark-field (HAADF) STEM

(Fig. 4d). Corresponding EDS elemental mapping images (Figs. 4e-

i) demonstrated highly homogeneous distributions. And the Tz-

COF@Au NPs contained 13 wt% Au NPs (Fig. S14 in Supporting in-

formation). SEM images clearly revealed Au NPs were dispersed

uniformly in the entire frameworks (Figs. 4j and k). Au NPs could

generate in situ within the COFs. The strong interaction between

the feasible coordination environment and Au enabled the forma-

tion of fully-exposed Au NPs on the hierarchical pore surface of

Tz-COF [14]. The above results indicated the successful synthesis

of Tz-COF@Au NPs via in situ growth of Au NPs that not only pre-

vented from aggregation of Au NPs but also maintained the struc-

tural integrity of Tz-COF.

The typical colorimetric reactions, in which catalytic oxidation

of 3,3′,5,5′-tetramethylbenzidine (TMB) to generate oxidized TMB

(oxTMB) with blue color by H2O2 in presence of Tz-COF@Au NPs
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Fig. 4. (a) TEM analysis of Tz-COF@Au NPs. (b, c) The prominent lattice planes of Au

NPs. Inset: SAED pattern in (c). (d) HAADF-STEM of Tz-COF@Au NPs. (e-i) Elemental

mapping of selected areas in (d). (j, k) SEM image of Tz-COF@Au NPs. Scale bar,

3 μm and 1μm.

Fig. 5. (a) UV–vis absorption spectra of (1) Tz-COF@Au NPs+Hg2+ +H2O2 +TMB,

(2) Tz-COF@Au NPs+H2O2 +TMB, (3) Hg2+ +H2O2 +TMB, (4) Tz-COF@Au

NPs+Hg2+ +H2O2, and (5) Tz-COF@Au NPs+Hg2+ +TMB. The inset shows the

corresponding color change. (b) Peroxidase-like activity of Tz-COF@Au NPs,

Au NPs, and Tz-COF, (Tz-COF@Au NPs+TMB+H2O2; Tz-COF+TMB+H2O2; Au

NPs+TMB+H2O2). The inset shows the color change of TMB. (c) UV–vis absorp-

tion spectra of Tz-COF@Au NPs with different amounts of Hg2+ in the TMB-H2O2

system. Inset: the photograph of the color changes. (d) Linear calibration curve for

Hg2+ detection.

under a certain concentration of Hg2+, were applied to evaluate

the peroxidase-like activity. The result showed a strong UV–vis ab-

sorption peak at 650nm (Curve 1 in Fig. 5a), indicating the Tz-

COF@Au NPs exhibited prominent peroxidase mimetic activity in

presence of Hg2+. Compared with the control group without Hg2+,
Tz-COF@Au NPs, TMB, and H2O2, the blue product of oxTMB could

not be formed (Curves 2, 3, 4 and 5 in Fig. 5a). The properties of

peroxidase-like activity were dominated by the influence of Hg2+

uptake based on Au−Hg amalgam formation greatly changed the

physicochemical properties [30–32]. Accordingly, H2O2 could be

adsorbed on gold amalgam to form highly reactive hydroxyl rad-

icals that oxidize TMB [33,34]. More importantly, Tz-COF@Au NPs

showed a better peroxidase-like activity than Tz-COF and Au NPs

due to the combined use of Tz-COF and Au NPs possessed ex-

cellent synergistic performance (Fig. 5b). In addition, the activity

of Tz-COF@Au NPs could be adjusted according to the amount of

HAuCl4 (Fig. S15 in Supporting information). The result confirmed

that the loading capacity of Au NPs into Tz-COF was limited and

excessive agglomeration may impede enzyme-like activity of Tz-

COF@Au NPs (Fig. S16 in Supporting information). In addition, to

acquire excellent peroxidase-like activity, the effect of pH value,

reaction time, TMB concentration, and Tz-COF@Au NPs concentra-

tion were optimized. As illustrated in Fig. S17 (Supporting informa-

tion), the optimized experimental parameters to express the Hg2+-
activated peroxidase-like activity of Tz-COF@Au NPs were pH 4,

10min, 30mmol/L, and 3mg/mL Tz-COF@Au NPs, respectively.

To the best of our knowledge, Hg2+ is a toxic metal ion in the

environment, which will seriously damage the human health [35].

Therefore, the simple and sensitive detection of Hg2+ is of great

significance. The prepared Tz-COF@Au NPs was good peroxidase-

like nanocatalyst. Therefore, we had provided a colorimetric detec-

tion of Hg2+ based on the stimulus of intrinsic peroxidase-like cat-

alytic activity of the Tz-COF@Au NPs. Fig. 5c illustrated the changes

of the absorption spectra of the TMB+Tz-COF@Au NPs+Hg2+ sys-

tem with different concentrations of Hg2+. Fig. 5d showed the lin-

ear response of the assay at a low concentration of Hg2+ (20–

800nmol/L). The detection limit of the colorimetric assay was

11.3 nmol/L based on 3σ /k, which was obviously lower than that

of Hg2+ in the World Health Organization (WHO, 30nmol/L) [31].

Compared with other analytical methods for Hg2+ detection (Ta-

ble S4 in Supporting information), the colorimetric assay was more

simple, and sensitive. To confirm the selectivity for the proposed

Tz-COF@Au NPs toward toxic Hg2+, we chose kinds of interfering

ions including Ni2+, Mg2+, Ca2+, Cd2+, Al3+, Pd2+, Cr3+, and Ag+.
As illustrated in Fig. S18 (Supporting information), the values were

negligibly unchanged in the presence of some common metal ions.

Thus, the results indicated that the present strategy possessed a

high selectivity toward Hg2+.
Mercury pollution caused by natural sources such as industrial

waste, could exist for a long time. In general, Hg2+ was one of

the most common forms of mercury pollution in aqueous solutions

[36]. Water samples were collected. To explore the practicability of

the sensing strategy, the standard addition approach was carried

out to examine Hg2+ in water samples. The results were performed

in Table S5 (Supporting information), the specific percent recovery

of different concentrations of Hg2+ solution was calculated from

98.8% to 110.2% with the relative standard deviation (RSD) values

ranging from 0.92% to 4.3%. It indicated that our proposed Tz-

COF@Au NPs based colorimetric sensing platform was facile, fea-

sible, and reliable in complex environments.

In conclusion, we have synthesized a Tz-COF with regular het-

eroporous structure, large porosity, abundant sulfur coordination in

its skeletons as nucleation sites for Au NPs in situ growth, forming

Tz-COF@Au NPs. The obtained Tz-COF@Au NPs showd a highly dis-

persed and stabilized Au NPs anchored in COFs with a high sur-

face area. Tz-COF@Au NPs possessed outstanding Hg2+-activated
peroxidase-like activity due to physicochemical properties of gold

amalgam and the synergistic effect of active Au NPs and COFs.

A high-performance colorimetric detection platform for Hg2+ was

developed. This sensing method exhibited satisfactory analytical

performance in complex samples. This work not only provided

a insight for monitoring Hg2+ pollutions conveniently but also a

novel approach to create new and attractive COF-supported cata-

lysts.
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