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ARTICLE INFO ABSTRACT

Gold nanoparticles (AuNPs) without surface capping agents are easily aggregated owing to their high surface
energy, leading to an unexpected decrease of their catalytic activity. Herein, we report gold nanoparticles de-
corated covalent organic framework (COF) as mimetic peroxidase for colorimetric detection of mercury. 1,3,5-
Tris-(4-formyl-phenyl)triazine (PT) and 4, 4’-azodianiline (Azo) was employed as the monomers to prepare a
novel imine based COF PTAzo under solvothermal conditions. AuNPs are further decorated into the PTAzo to
form COF-AuNPs hybrid via a citrate reducing method. The COF-AuNPs show high stability, and exhibits en-
hanced peroxidase mimetic activity in the presence of Hg®*. The Hg>* concentration dependent peroxidase
mimetic activity of COF-AuNPs enables the development of a sensitive and selective method for detection of
Hg?* in aqueous solution. The developed method gives good linearity in the range of 5-300 nM with the limit of
detection of 0.75nM. The results show that Hg?*-enhanced peroxidase mimetic activity of COF-AuNPs offers
great potential for the detection of Hg>* in real samples.
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1. Introduction

Gold nanoparticles (AuNPs) have attracted immense interest due to
their excellent catalytic activity [1-3]. The catalytic performance of
AuNPs highly depends on their dispersibility and accessibility [4].
However, AuNPs without surface capping agents are easily aggregated
owing to their high surface energy, leading to an unexpected decrease
of their catalytic activity [5,6]. Therefore, a method that prevents
AuNPs from aggregation while keeps their intrinsic catalytic activity is
highly desirable.

Covalent organic frameworks (COFs) are porous crystalline mate-
rials orderly linked by organic monomers [7-9]. Owing to their unique
properties and structures, such as large surface area, predicable struc-
tures and low density, COFs have shown high potential for applications
in diverse fields such as sensing [10-12], catalysis [13,14] and se-
paration [15]. Mercury ion (Hg>") is a toxic heavy-metal pollutant in
the environment. It can cause serious damage to humans and animals
even at ppm levels of mercury accumulation [16]. To date, COFs-based
approach has been developed for the detection of Hg®* [11]. However,
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the selectivity and sensitivity of the aforementioned approach was
limited due to the lack of specific recognition group and turn-off de-
tection. Thus, a sensitive and selective COFs-based sensor for detection
of Hg** is highly desired.

Integrating COFs with functional nanoparticles is an attractive way
to enhance their performance such as solubility and broaden their ap-
plications [17-22]. COFs provide rich metal binding sites due to the
large surface area and the pre-designable pore size to allow rapid dif-
fusion of substrate molecules [23]. The s electronic architecture is
helpful to the absorption of substrate molecules [24,25]. Moreover,
COFs can improve the thermal and chemical stability of AuNPs [17].

Herein, we report a one-step reducing method to prepare a highly
stable COF supported AuNPs hybrids (COF-AuNPs) for colorimetric
detection of Hg?*. A stable, crystalline and porous imine based COF
PTAzo was synthesized from monomers 1,3,5-tris-(4-formyl-phenyl)
triazine (PT) and 4, 4’-azodianiline (Azo) as an example. The COF-
AuNPs show higher stable peroxidase mimetic activity than bare
AuNPs. Hg?*-enhanced peroxidase mimetic activity of COF-AuNPs
enables efficient oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) in
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the presence of H,0- for sensitive and selective detection of Hg2+.

2. Experimental section
2.1. Reagents

All chemicals and reagents used are at least of analytical grade.
Ultrapure water was purchased from Wahaha Foods Co. (Hangzhou,
China). Azo, TMB, Hg(NO3),, KNO3, Mg(NO3),, HAuCl, and sodium
citrate were obtained from Sigma-Aldrich Co. LLC (St. Louis, MO, USA).
1,3,5-tris-(4-formyl-phenyl)triazine (PT) was obtained from Chengdu
Tongchuangyuan Pharmaceutical Technology Co. (Chengdu, China). o-
Dichlorobenzene (0-DCB), N,N-dimethylacetamide (DMAc), N,N-di-
methylformamide (DMF) and dichloromethane were purchased from
Concord Fine Chemical Research Institute (Tianjin, China).

2.2. Instrumentation

Powder X-ray diffraction (PXRD) patterns were recorded on a D2
PHASER diffractometer (Bruker, German). *3C cross-polarization magic
angle spinning solid-state nuclear magnetic resonance (CP-MAS SNMR)
experiment was performed on Infinityplus 400 (Varian, USA). Scanning
electron microscopy (SEM) image was recorded on an S-3500 N scan-
ning electron microscope (Hitachi, Japan). Transmission electron mi-
croscopy (TEM) images were obtained on a JEM-2100 transmission
electron microscope (JEOL, Japan) with an accelerating voltage of
200 kV. The Fourier transform infrared (FT-IR) spectra were measured
on a Nicolet IR IS10 spectrometer (Nicolet, USA). N, adsorption ex-
periment was performed on AutosorbiQ (Quantachrome, USA) at 77 K.
The pore size distribution of prepared COFs was calculated using the
density functional theory model. UV-Vis absorption spectra were re-
corded at room temperature on a UV-3600plus spectrophotometer
(Shimadzu, Japan). Absorbance of the oxidized TMB (0oxTMB) at
652 nm was monitored for quantitative analysis.

2.3. Synthesis of PTAzo and COF-AuNPs

PT (39.3 mg, 0.1 mmol), Azo (31.8 mg, 0.15 mmol), 1.5 mL of 0-DCB
and 1.5 mL of DCM were mixed in a Schlenk tube, flash frozen at 77 K
(liquid N, bath) and degassed by three freeze-pump-thaw cycles. Then,
the tube was sealed off and heated at 120 °C for 3 days. The precipitate
was collected by centrifugation and washed with DMF thrice and di-
chloromethane twice. The collected powder was dried in vacuum
overnight to get PTAzo in ca. 79% isolated yield.

PTAzo (7.5 mg) was added into the HAuCl, solution (10 mL, 1 mM)
and stirred for 5min. Then, sodium citrate aqueous solution (400 pL,
100 mM) was added to the mixture. After 30 min reaction, the mixture
was centrifuged at 6000 rpm for 5min. The precipitates were washed
with ultrapure water three times. Finally, the obtained COF-AuNPs
precipitates were collected and diluted to 1500 mgL~! with ultrapure
water for further use.

2.4. Colorimetric detection of Hg®*

Tap water and lake water samples were collected locally. Waste
water was collected from an industrial area in Wuxi. Tap water, lake
water and waste water samples were filtered through 0.22 um micro-
pore films before use. Water samples (100 puL) were mixed with acetic
acid solution (900 uL, pH 4.0) and a slight shaking for further mea-
surement. COF-AuNPs (20 uL, 1500 mg L™, H,0, (40 uL, 5M), TMB
(20 uL, 30mM) and Hg>* standard solution (20 L) or the prepared
water solution (20 pL) was added into acetic acid solution (100 pL, pH
4.0) and incubated at 35 °C for 10 min before measurements. Then, the
absorbance of the solution at 652 nm was measured for quantitative
analysis.
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Fig. 1. (a) Illustration of the synthesis of PTAzo; (b) Scheme for the construc-
tion of COF-AuNPs for colorimetric detection of Hg>*.

3. Results and discussion
3.1. Preparation and characterization of PTAzo

PTAzo was prepared from PT and Azo in a mixture of o-DCB and
DMACc under solvothermal conditions (Fig. 1a). The monomer PT pos-
sesses planar structure that guarantees high crystalline stability and
easy synthesis of PTAzo [26]. PTAzo contains triazine and N element to
facilitate the formation of AuNPs. Such structures and properties make
PTAzo an ideal platform for loading AuNPs.

PXRD pattern shows several peaks at 2.27°, 4.25°, 5.87° and 25.71°,
being consistent with the simulated pattern for PTAzo (Fig. 2a; Fig. S1-
S2 and Table S1) produced with eclipsed AA stacking mode
(a=b=48.3036A, ¢ = 3.47484&, o = B = 90° and vy = 120°). FT-IR
spectrum of PTAzo shows a sharp peak at 1667 cm ™! for the C=N
stretching. The concomitant absence of the N-H stretching vibration
(3471 and 3378 cm ™ 1) and the decrease of the C=0 stretching vibra-
tion (1702 cm ™ 1Y) indicates the condensation reaction between the al-
dehyde group of PT and the amine group of Azo (Fig. 2b). The peak at
163 ppm in '*C CP-MAS SNMR spectra also confirms the successful
construction of imine bonds (Fig. 2c). All the above results demonstrate
that PTAzo was successfully prepared.

The morphology, stability and permanent porosity of PTAzo were
further characterized. Both TEM and SEM images show the obvious
sheet structure of PTAzo due to the strong m-m stacking interaction
between adjacent layers (Fig. 2d and Fig. S3). Thermogravimetric
analysis shows the high thermal stability (up to 400 °C) of PTAzo (Fig.
S4a). PXRD patterns show PTAzo was also stable in acid, alkaline so-
lution and various organic solvents (Fig. S4b). PTAzo possesses BET
surface area of 221 m?g ™! (Fig. S5a) mainly with a mesoporous pore
size of ca. 43 A (Fig. S5b). Such large pore-size is helpful for the dif-
fusion of substrate molecules and the accommodation of AuNPs
[23,27].

3.2. Preparation and characterization of the COF-AuNPs

COF-AuNPs was further prepared by adding sodium citrate into a
mixture of HAuCly and PTAzo under vigorous stirring (Fig. 1b). The
PXRD pattern and FT-IR spectrum of COF-AuNPs suggested the struc-
tural regularity and chemical composition of COF remained intact
(Fig. 3a; 3b). The additional peak of PXRD pattern at 38.2° and 44.3°
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Fig. 2. (a) Experimental and simulated PXRD patterns of PTAzo. (b) FT-IR spectra of Azo, PT and PTAzo. (c) 13C CP-MAS SNMR spectra of PTAzo. (d) TEM image of
PTAzo.

confirmed the successful incorporation of AuNPs into the COF. The AuNPs also suggest the presence of partial Au>* and Au™ on the surface
TEM image and the change of zeta potential also demonstrated the of AuNPs (Fig. S6) [28].

formation of COF-AuNPs hybrid (Fig. 3¢ and d). The reduction of At
to Au® was proved by X-ray photoelectron spectroscopy (XPS) analysis.
The XPS spectra of COF-AuNPs in the 4f region show typical peaks at
85.1 eV (4fs/,) and 81.5eV (4f,,5) for Au®. The XPS spectra of COF-

3.3. Hg?"-enhanced peroxidase mimetic activity of COF-AuNPs

The effect of Hg?" on the peroxidase-like activity of COF-AuNPs
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Fig. 3. (a) PXRD pattern of COF-AuNPs. (b) FT-IR spectrum of COF-AuNPs. (c) TEM image of COF-AuNPs. (d) Zeta potential of PTAzo, AuNPs and COF-AuNPs.
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Fig. 4. Absorption spectra of TMB, H,O, + TMB, Hg2+ + TMB + H,0,, COF-
AuNPs + H,0, + TMB and Hg>* + COF-AuNPs + TMB + H,0,.

was examined. It was reported that Hg?* was reduced to Hg® by citrate
sodium and deposited on the surface of AuNPs, improving the perox-
idase-like activity of AuNPs [29]. Here, we also found that Hg2+ en-
hanced the peroxidase-like activity of COF-AuNPs in the reaction of
TMB and H,O,. TMB, H,0, + TMB, Hg?* + H,0, + TMB or COF-
AuNPs + TMB + H,0, gave no obvious absorption peaks from 580 to
720 nm (Fig. 4). In contrast, addition of Hg2+ to the mixture of TMB,
H,0, and COF-AuNPs led to a strong absorption peak at 652 nm, in-
dicating that Hg?>* can stimulate the peroxidase-like activity of COF-
AuNPs. It should be noted that addition of ng+ to the mixture of H,O,
and TMB did not result in obvious absorption peaks from 580 to
720 nm, suggesting that COF-AuNPs also play an important role in
colour reaction.

COF-AuNPs is more water soluble than COF and more stable than
AuNPs prepared via sodium citrate reducing method (Fig. S7a, 7b)
[29,30]. AuNPs also showed peroxidase-like activity in the presence of
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Hg?*, H,0, and TMB [29], but was easily aggregated and lose the
peroxidase-like activity in the presence of NaCl (50 mM) (Fig. S8a). The
absorbance of aggregated AuNPs at 600-700 nm may affect the absor-
bance of TMB (652 nm). In contrast, the peroxidase-like activity of COF-
AuNPs remained good in the presence of 50 mM NaCl (Fig. S8b). The
above results suggest that COF-AuNPs was much more stable than
AuNPs as a mimic peroxidase for colorimetric detection.

3.4. Analytical performance of COF-AuNPs for detection of Hg**

To achieve the best performance of the peroxidase-like activity of
COF-AuNPs, the effects of pH, temperature, reaction time, H,O,, COF-
AuNPs and TMB concentration were investigated (Fig. S9). The results
show that the optimal pH, temperature, reaction time, the concentra-
tion of HyO,, COF-AuNPs and TMB were 4.0, 35°C, 10 min, 1M,
150mgL~! and 3 mM, respectively. Under the best performance of
peroxidase-like activity of COF-AuNPs, the absorbance of the mixture
solution of COF-AuNPs + TMB + H,0, heavily depended on the Hg?*
concentration (Fig. 5a), which was also observed with the naked eye
(Fig. 5b). The enhanced absorbance (AA) increased linearly as the
concentration of ngJr (C, nM) increased from 5 to 300 nM with a ca-
libration function of AA = 0.0028C + 0.0024 and a coefficient of de-
termination (R?) of 0.9973 (Fig. 5¢). The limit of detection (LOD, 3s) for
Hg?* is 0.75nM, much lower than the maximum level of Hg?>" in
drinking water (10 nM) permitted by the U.S. Environmental Protection
Agency. The LOD of the developed method is comparable to or lower
than those of previous methods for the detection of Hg2+ (Table S2).

3.5. Selectivity of COF-AuNPs for detection of Hg?™*

To reveal the selectivity of the developed method, the effect of 10-
fold (3uM) of other metal ions (Ca%*, Mn?", Cr®*, Pb%*, Ba®*, K¥,
Na*, Fe**, Mg?* and Cu®*) on the determination of Hg?* (0.3 uM)
were examined. The results indicate that the coexistence of these in-
terfering substances had little effect on the detection of Hg®* (Fig. 5d).
The high selectivity for Hg>* originated from the high affinity of Hg® to
Au® on the surface of COFs-AuNPs [29]. The precision for eleven

Fig. 5. (a) Effect of Hg?>* concentration on
the absorption spectra of TMB in the pre-
sence of COF-AuNPs and H,0,. (b)
Corresponding solution colour change of
(a). (c) Plot of the change of absorbance
(AA) against ngJr concentration. (d)
Peroxidase-like performance of COF-AuNPs
for the detection of Hg?* (0.3 uM) in the
presence of various metal ions (3 uM). The
error bar represents the standard deviation
of triplicate measurements. (For interpreta-
tion of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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Table 1
Analytical results for the determination of Hg>* in water samples.

Samples Spiked Hg?*/nM Concentration found (mean *+ s, n = 3)/nM
Tap water 0 Not detected
10nM 9.9 * 0.7
30nM 29.4 £ 1.5
80 nM 782 + 2.3
Lake 0 Not detected
10nM 10.1 = 0.9
30nM 29.5 + 1.3
80nM 82.4 = 2.5
Waster water 0 172 £ 1.1
10nM 28.2 + 1.3
30nM 45.9 + 2.5
80nM 97.6 = 2.4

replicate measurements of 50 nM Hg2+ was 2.8% (relative standard
deviation, RSD). The robustness of the developed method was tested by
intra-day and inter-day study. The RSDs for intra-day (n = 4) and inter-
day (n = 3) study are 3.1% and 4.3%, respectively.

The developed method was applied to the determination of Hg?* in
GBW(E)080393 (Certified Reference Material for Hg in simulated nat-
ural water) to evaluate the accuracy. The samples were diluted 1000
times to ensure that the Hg?" content is in the linear range. The de-
termined concentration of Hg>* (0.095 * 0.004mgL~ ', n=05)
agreed well with the certified value (0.100 = 0.004 mg LY. The
proposed method was further applied to the determination of Hg?>* in
tap water, lake water and waste water. The quantitative spike re-
coveries for the detection of Hg? ™" in water samples ranged from 97% to
104% (Table 1), suggesting that the developed method has a great
potential for Hg?* assay in real samples.

4. Conclusions

In summary, we have reported a novel imine COF PTAzo and its
AuNPs hybrid (COF-AuNPs) via one-step reducing method. The COF
enhanced the stability while kept intrinsic catalytic activity of AuNPs.
Based on Hg>*-enhanced peroxidase mimetic activity, COF-AuNPs
show promising application in sensitive and selective detection of Hg?*
in real samples.
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