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A one-pot strategic construction of functionalized
nanomaterial ZIF-90-Rhn for stepwise detection
and capturing of Ag™ and formaldehyde from an
aqueous solutiont
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In this work, a new functionalized nanomaterial, ZIF-90-Rhn, was designed,
characterized. The synthesis was performed by one-pot strategic construction, post-modification and
pre-modification synthesis methods. After encapsulating cyanine dye, Cy-N, into ZIF-90-Rhn, a multi-

functional complex of ZIF-90-Rhn@Cy-N was successfully obtained and could be used to detect Ag* in

synthesized and

dual-signals (fluorescence signal and visual color signal) by forming an intermedial product of ZIF-90-
Rhn@Ag*/Cy-N in an aqueous solution. Subsequently, the intermediate product ZIF-90-Rhn@Ag*/Cy-N
could detect formaldehyde (FA) via a stepwise redox recognition reaction through dual-signals.
A smartphone portable online detection platform for Ag* and FA using Bluetooth for the color changes under
visible light was not realized, and the results are consistent with the fluorescence sensing assay results.
Moreover, a chitosan non-woven fabric coated with ZIF-90-Rhn@Cy-N on its surface was considered to

rsc.li/materials-advances

1. Introduction

Heavy metal ions are not biodegradable and tend to accumulate
in organisms, and their beneficial or detrimental effect is
concentration-dependent. Heavy metal ions have toxic effects
on the human body and increase the risk of cancer." Among
heavy metal ions, Ag" has been discharged in the environment
in large quantities via industrial wastes and emissions every
year; this has led to serious environmental pollution and
affected the production safety of food and agriculture.>® When
the concentration of Ag" in drinking water is higher than 0.9 uM,
it will be toxic to the human body and can cause damage to the
brain and even the immune system.*” Therefore, detecting the
trace amount of Ag" in the environment and industrial samples
in time and effectively is extremely important. Nowadays,
typical techniques for detecting Ag" include atomic absorption
spectrometry (AAS), inductively coupled plasma mass spectro-
metry (ICP-MS), optical emission spectrometry (OES), and
voltammetry,”” but there are deficiencies such as complicated
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evaluate its efficient capturing and removing effects on Ag* and FA in a stepwise actual procedure in water.

sample pretreatment steps or expensive instruments. However,
fluorescent probes have attracted considerable attention because
of their high sensitivity, high selectivity, short response time and
easy real-time monitoring.

Because of the structure of the activated formyl group,
formaldehyde (FA) is one of the biologically-active strong sub-
stances and will not only pollute the environment but also cause
irritation to the eyes and nose, parts of the human body, damage
the central nervous system, cause immune system disorders and
respiratory system diseases, and is one of the main carcinogens in
the human body.*'° Current FA detection methods depend on gas
chromatography,"™* high-performance liquid chromatography'*
and spectroscopy,'>'® which are highly selective and sensitive but
are time-consuming and require expensive testing equipment and
technicians.

In the past few decades, nanomaterials, such as functionalized
MOFs, have been the subject of extensive research. They were
developed appropriately to many practical applications such as
sensing, catalysis, biomedicine, gas storage, hydrogen storage,
and drug delivery, green chemical etc.'””>' due to their high
designability, the high specific surface area of the flexible, tunable
porosity and morphology. Various luminescent MOFs have been
extensively developed for the detection of ions, gas molecules,
solvents, dyes and explosives.”> Moreover, MOFs such as
MIL-121%* and ZIF-67>* are one of the ideal platforms, and have
been developed and utilized in diversified fluorescent forms for
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Ag' capture and removal. Nano-fluorescent probe technology can
quickly and specifically identify FA in a porous nano-system, such
as UIO-66-NH,,* Al-MIL-53-N,H,,*® ZIF-8,>” ZIF-90-LW,® and
Ag-MOFs.* Therefore, designing and developing new efficient
nano-fluorescence probes to realize the detection of Ag" and FA
with convenient equipment, simple operation and easy signal
identification has considerable significance.

Generally, MOFs can be functionalized by introducing
different functional groups in their organic components.
When the guests of specific ions or molecules enter the channel
or cavity of MOFs to interact with the ligand functional
groups, metal sites, or the doped molecules, the fluorescent
properties of nano-functionalized MOFs would change and thus
achieve the fluorescence assay of specific substrate molecules.
The development of functionalized MOFs involves multiple
strategies and methods.>>*' By mixing guests and precursors
of MOFs in one-pot with certain strictly controlling of various
parameters (temperature, solvent concentration ratio,
surfactant, etc.),*>” a homogeneous complex can be formed
rather than a discrete structure. So, one-pot synthesis in situ
packaging is one of the simplest fabrication methods of
MOFs compared to the pre-modification and post-modification
synthesis strategies.

With the above information in mind, herein, we designed
and synthesized a functionalized nanomaterial ZIF-90-Rhn
using one-pot strategic in situ synthesis construction. The
post-modification of MOFs or the pre-modification of ligands
can be performed and could stepwise detect and capture Ag"
and FA from the aqueous solution. The logic for the detection
of Ag" and FA by stepwise recognition reactions is based on the
following design: (1) Using a synthetic strategy, such as one-pot
generation, ZIF-90-Rhn was synthesized using imidazole-2-
carboxaldehyde (ICA), Zn>" with rhodanine-3-acetic acid (Rhn)
in situ. ZIF-90-Rhn should demonstrate certain characteristics
of acidity and the ability to provide carboxyl protons because of
the carboxyl groups in Rhn. ZIF-90-Rhn could bind with the
secondary amine of heptamethine cyanine (Cy-N, Aem =
722 nm). Although there was no fluorescence of its own,
ZIF-90-Rhn could synchronize and quench the fluorescence of
Cy-N as cyanine was doped in the pores and formed a non-
fluorescence ZIF-90-Rhn@Cy-N complex. (2) Based on the
synergism of carboxyl and thioketone groups in Rhn of
ZIF-90-Rhn, ZIF-90-Rhn could recognize and coordinate with
Ag' to form ZIF-90-Rhn@Ag*.*® Thus, the addition of Ag"
destroyed the ZIF-90-Rhn@Cy-N complex and simultaneously
followed the formation of ZIF-90-Rhn@Ag", thus resulting in
the liberation of free Cy-N with the consequent restoration of
the fluorescent emission of Cy-N. Finally, the recognition
system demonstrate an enhanced fluorescent intensity because
of the generation of ZIF-90-Rhn@Ag'/Cy-N. (3) When FA
encountered the new system of ZIF-90-Rhn@Ag*/Cy-N, the
unique redox activity of FA induced a reduction reaction
and transformed Ag" to Ag® Thus, the redox destroyed the
coordination of ZIF-90-Rhn@Ag" after sequential addition of FA
and freed or restored the proton providing capacity of carboxyl
functional groups of ZIF-90-Rhn again. The new combination of
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Fig. 1 (a) Schematic representation of ZIF-90-Rhn@Cy-N for Ag* and FA
sensing. (The colors of all compounds were presented in ethanol solution.)
(b) The fluorescence spectra of ZIF-90-Rhn, ZIF-90-Rhn@Ag*, ZIF-90-
Rhn@Cy-N and Cy-N (100 pM respectively), lex = 678 nm. (c) UV-vis
spectra of ZIF-90-Rhn, ZIF-90-Rhn@Ag*, ZIF-90-Rhn@Cy-N and Cy-N.

ZIF-90-Rhn and Cy-N resulted in the rebuilding of the non-
fluorescent ZIF-90-Rhn@Cy-N complex too.

To our delight, from the continuous step by step recognitions
of Ag" and FA, there were interesting visual color changes that
were accompanied except for the mentioned stepwise changes of
fluorescence signals in the system (Fig. 1). As ZIF-90-Rhn
(orange) was mixed with Cy-N (ultramarine), a new grass-green
complex of ZIF-90-Rhn@Cy-N was produced. With the addition
of Ag" to the complex, the grass-green complex of ZIF-90-
Rhn@Cy-N changed to a new brick-red ZIF-90-Rhn@Ag"/Cy-N
mixture. A return change to the grassy green of ZIF-90-Rhn@
Cy-N complex was then followed with the addition of FA (Fig. 1a).
So, a dual signal (fluorescent signal and visual color signal) of
ZIF-90-Rhn@Cy-N/Ag"/FA was observed as the stepwise detecting
and removal of Ag" and FA were performed (Fig. 1b and c). The
results indicated great utilization potentiality in environmental
monitoring and pollutant removal for Ag" and FA.

2. Experimental section

2.1. Materials and instrumentations

The details are shown in the ESIL.}

2.2. Synthesis

2.2.1. Synthesis of ZIF-90-Rhn (a) by one-pot of in situ. A
mixture of imidazole-2-carboxaldehyde (ICA) (0.096 g, 1 mmol),
rhodanine-3-acetic acid (Rhn) (0.21 g, 1.1 mmol) and Zn (NO3),-
6H,0 (0.147 g, 0.5 mmol) was refluxed in methanol (50 mL)
with triethylamine (5 mL) for 8 h at 80 °C to obtain a yellow
solid product. Consecutively, the yellow product was washed
with methanol until the filtrate was colorless and transparent,
and then the products were dried overnight in a vacuum at
110 °C and afforded ZIF-90-Rhn (a) (0.368 g, 92%).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2.2. Synthesis of ZIF-90-Rhn (b) by post-modification. Zn
(NO3),-6H,O (0.371 g, 1.25 mmol) was added to 12.5 mL
propan-2-ol as a triggered solvent, which was subsequently
added to deionized water (12.5 mL) with ICA (0.48 g, 5 mmol)
and PVP (0.5 g) to form a typical H,O/propan-2-ol/polyvinylpyr-
rolidone (PVP) mixture system. The resulting powder was stirred
for a few minutes at room temperature. Finally, the as-obtained
products were collected by centrifugation (12 000 rpm), washed
with excess methanol, and vacuum dried at 50 °C to obtain
ZIF-90. Subsequently, the mixture of ZIF-90 (0.23 g, 1 mmol) and
Rhn (0.21 g, 1.1 mmol) was refluxed in ethanol (50 mL) with
pyridine (0.079 g, 1 mmol) for 8 h at 80 °C to obtain a yellow solid
product. The solid products were washed with ethanol and dried
in vacuum to obtain ZIF-90-Rhn (b) (1.520 g, 76%).

2.2.3. Synthesis of ZIF-90-Rhn (c) by pre-modification of
ligands. ZIF-90-Rhn (c) was synthesized according to a previously
reported synthesis method.*® A mixture of ICA (0.096 g, 1 mmol)
and rhodanine-3-acetic acid (0.21 g, 1.1 mmol) was refluxed in
ethanol (50 mL) with pyridine (0.079 g, 1 mmol) for 4 h at 80 °C
to obtain a yellow solid product, and then the solid products
were washed with ethanol and dried in a vacuum to obtain
ligand 1. Consecutively, the new crystalline ZIF structure of
ZIF-90-Rhn (c) was synthesized by heating the solution mixture
of ligand 1 and Zn (NO;),-6H,O (3 : 2 mol ratio) in DMF at 100 °C
for 18 h (0.248 g, 62%).

2.2.4. Generation of ZIF-90-Rhn@Cy-N. ZIF-90-Rhn@Cy-N
was prepared as per the following procedure. The solution
of ZIF-90-Rhn (0.4 g, 1 mmol) in 10 ml of methanol and Cy-N
(0.62 g, 1 mmol) solution in 5 mL of methanol were mixed in a
bottle and stirred at room temperature. After 4 h of reaction,
the green product was centrifuged and dried.

2.2.5. ZIF-90-Rhn@Cy-N for Ag" sensing. For each test, ZIF-
90-Rhn@Cy-N dispersion solution (100 pM) was mixed with
different concentrations of Ag" (0-120 pM). The fluorescence
spectra of these solutions were collected in the wavelength
range from 600 to 800 nm (Aex = 678 nm).

2.2.6. ZIF-90-Rhn@Ag"/Cy-N for FA sensing. For each test,
the ZIF-90-Rhn@Ag"/Cy-N dispersion solution (the concentrations
of ZIF-90-Rhn@Ag"/Cy-N are 100 uM) was mixed with different
concentrations of FA (0-30 uM) solutions. The experimental data
of the two signals (fluorescence signal and visual color signal)
were tested in turn. The fluorescence spectra of these solutions
were collected in the wavelength range from 600 nm to 800 nm
(Aex = 678 nm).

2.2.7. The experiment tests on colors (R/G value) under
visible light. The color titration experiment was performed
under visible light. The smartphone and spectrophotometer
formed a portable test platform to read the data. Once the
spectrophotometer’s camera captured the sample color (ZIF-90-
Rhn@Cy-N for Ag’ or ZIF-90-Rhn@Ag'/Cy-N for FA), the
smartphone would immediately display the sample colors
and display the R (red), G (green) and B (blue) values of the
samples. For each test, ZIF-90-Rhn@Cy-N dispersion in ethanol
(100 pM) was mixed with different concentrations of Ag"
(10-100 puM), and the colors of the samples were imaged and
analyzed. In the same way, ZIF-90-Rhn@Ag"/Cy-N dispersion in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the ethanol system (100 pM/100 uM) was mixed with different
concentrations of FA (1-25 uM) solutions, and the colors of the
samples were imaged and analyzed.

2.2.8. The experiment tests about time-dependence of
ZIF-90-Rhn@Cy-N for Ag" or ZIF-90-Rhn@Ag"'/Cy-N for FA. In
the experimental study of ZIF-90-Rhn@Cy-N response time, Ag"
(100 uM) was added to ZIF-90-Rhn@Cy-N dispersion in ethanol
(100 uM), and the emission intensity at 722 nm was collected
from 30 s to 600 s under 4., = 678 nm, and the color changes at
different moments were recorded. Then the time dependence
of ZIF-90-Rhn@Ag"/Cy-N dispersion in ethanol system (100 pM/
100 pM) for FA was performed. After the abovementioned
addition of Ag" to ZIF-90-Rhn@Cy-N dispersion in ethanol
(100 uM) and finally for 600 s, FA (25 uM) was added to the
mixture of ZIF-90-Rhn@Ag"*/Cy-N dispersion in ethanol system
(100 uM/100 puM), and the emission intensity at 722 nm was
obtained from 630 s to 1200 s under 4., = 678 nm, and the color
changes at different moments were recorded.

3. Results and discussion

3.1. The synthesis of the functionalized nano-material of
ZIF-90-Rhn

The post-modified synthesis is the best modification method to
ensure the original morphology of a MOFs material, while pre-
modified construction is the best modification method to ensure
its really chemical structure. So, considering the advanced
nature of one-pot for synthesis in situ tactics, ZIF-90-Rhn (a)
was first synthesized by the one-pot synthesis process in situ,
then we speculated that the pore size of ZIF-90-Rhn (a) was
~3.55 nm (Fig. S5, ESIt), which was suitable for certain guest
molecules to be doped in. Moreover, to confirm the chemical
structure and the original morphology of this tentatively synthe-
sized ZIF-90-Rhn (a), a post-modified condensation reaction of
Rhn and ZIF-90 was adopted to synthesize ZIF-90-Rhn (b) in
order to maintain the morphology structural features of ZIF-90.
Then, the organic ligand 1 was synthesized by condensation
reaction between Rhn and ICA; a pre-modification of ligand 1
was used to synthesize ZIF-90-Rhn (c) using a thermal solution
method with Zn>" (as shown in Scheme 1a-c). The synthesis of
ZIF-90-Rhn (b) by post-modified method and ZIF-90-Rhn (c) by
pre-modified method were proved and compared, and similarity,
homogeneity and characteristics were the same as ZIF-90-Rhn (a)
and ZIF-90 contributing to the structural morphology.

3.2. Characterization of ZIF-90-Rhn a, b, ¢

The structural characterization of ZIF-90, including FT-IR spectra,
PXRD, SEM, and XPS, were reported.’**> The morphology
characterization of ZIF-90-Rhn (a-c) was performed using the
following structural characterization methods.

First, FT-IR measurements on ICA, Rhn and ZIF-90-Rhn (a)
were performed as shown in Fig. 2. The aldehydic carbonyl of
ICA appeared at 1685 cm™ ", the shift of carbonyl (-COOH, -RN-
CO) and thione (-C=S) in Rhn appeared at 1720 cm™ ', 1624 cm "
and 1197 cm™'. The characteristic peaks of carbonyl (-COOH,

Mater. Adv., 2022, 3, 3457-3468 | 3459
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Scheme 1 The synthetic route of ZIF-90-Rhn. (The end product
through in situ synthesis was named ZIF-90-Rhn (a), the end product through
post-maodification was named ZIF-90-Rhn (b), the end product through pre-
modification was named ZIF-90-Rhn (c).)

-RN-CO), thione (-C—=S) and C—C groups belonging to ZIF-90-
Rhn (a) changed and formed new peaks at 1726 cm ™', 1630 cm™ %,
1200 cm ™' and 1600 cm ™" (Fig. 2, left). This indicated that ZIF-90-
Rhn was generated by the abovementioned one-pot route in situ
from ICA, Rhn and zZn*'.

Similarly, the aldehydic carbonyl of ZIF-90 appeared at
1671 cm ™', and the shifts of carbonyl (-COOH, -RN-CO) and
thione (-C=S) of Rhn appeared at 1720 cm™ ', 1624 cm~ " and
1197 cm ‘. However, the characteristic peaks of carbonyl
(-COOH, HN-CO), thione (-C=S) and C—C groups belonged
to ZIF-90-Rhn (b) changed and formed new peaks in 1721 cm ™",
1614 cm™*, 1200 cm ™! and 1600 cm™*, which indicated that
Rhn had successfully post-modified to ZIF-90, and ZIF-90-Rhn
(b) had been generated by the abovementioned post-modified
tactics (Fig. 2, middle).

For organic ligand 1, the peaks of carbonyl (-COOH, HN-CO),
thione (-C=S) and C=C groups appeared at 1733 cm !,
1620 cm !, 1194 cm™ ' and 1605 cm ™, respectively, all of which
are attributed to the condensation reaction of ICA and Rhn. The
peaks of carbonyl (-COOH, HN-CO), thione (-C=S) and C—C
groups belonging to ZIF-90-Rhn (c) changed and newly shifted to
1703 cm ™', 1620 cm ™', 1200 cm™ ' and 1605 cm ™" (Fig. 2, right),
which indicated that ZIF-90-Rhn (c) had been generated from the
organic ligand 1 and Zn** by the abovementioned pre-
modified synthesis. It was not difficult to observe that the FT-IR
results of ZIF-90-Rhn (a-c) were consistent, indicating that the
chemical structure of ZIF-90-Rhn (a—c) was consistent, and there
was the same original morphology between ZIF-90-Rhn and ZIF-90.
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Fig. 3 (A) PXRD data of ZIF-90-Rhn (a—c), ZIF-90 and the simulated
pattern of ZIF-90. (B) (a) SEM images of ZIF-90; (b) SEM images of ZIF-
90-Rhn (a); (c) SEM images of ZIF-90-Rhn (b); (d) SEM images of ZIF-90-
Rhn (c).

The powder X-ray diffraction (PXRD) patterns demonstrated
that the data were consistent with the simulated ZIF-90 and
ZIF-90-Rhn (a-c) pattern in Fig. 3(A). The sharp diffraction
peaks in the PXRD pattern of ZIF-90-Rhn (a-c) demonstrated
that not only was there an excellent crystallinity but also the
same crystallographic structure was observed with the pristine
ZIF-90.

Moreover, the morphology characterization of ZIF-90 and
ZIF-90-Rhn (a-c) was performed using scanning electron micro-
scopy (SEM) as shown in Fig. 3(B). The data indicated that
ZIF-90 included an exceptionally uniform morphology and an
extraordinary cubic close-packed structure (Fig. 3(B-a).
Although the morphology of ZIF-90-Rhn (a, b, c¢) had a slight
change compared to that of ZIF-90 because of the modification
reactions, the obtained ZIF-90-Rhn (a, b, c) still maintained a
uniform cubic structure (Fig. 3(B-b-d). With the above-
mentioned results, we could confirm that the nanomaterial
ZIF-90-Rhn (a, b, c¢) had the same skeleton and morphology,
and they were the same molecules.

For the purpose of determining the chemical composition
and element state of ZIF-90-Rhn, XPS was performed as shown
in Fig. 4a—f. In the XPS experiment, the samples were exposed
to monochromic X-radiation, and the properties of inner-shell
electrons were to be probed. As per the spectrum of ZIF-90-Rhn
(Fig. 4a), five kinds of elements (C, O, N, S and Zn) were
detected and the C 1s emission spectrum could be divided into
four main peaks, as shown in Fig. 4b. With the binding energy
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Fig. 2 FT-IR spectra of ZIF-90-Rhn (a—c) and relative compounds (on the left: ZIF-90-Rhn (a) and relative compounds; the middle figure: ZIF-90-Rhn
(b) and relative compounds; on the right: ZIF-90-Rhn (c) and relative compounds.
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Fig. 4 XPS spectra of ZIF-90-Rhn sample: (a) the survey scan; (b) C 1s; (c) O 1s; (d) N 1s; and (e) S 2p; (f) Zn 2p.

of C 1s at 284.8 eV obtained in the XPS analysis as the reference
standardized for specimen charging, three peaks with binding
energies of 292.09 eV, 288.11 eV, 286.13 eV, were obtained from
C-S bonds, C=O0 bonds and C-N bonds, respectively. The O 1s
emission spectrum (Fig. 4c) could be divided into two primary
peaks by the Gaussian fitting method. The peak at 531.3 eV was
attributed to the -OH bonds in the organic ligand, while the
peak at 532.57 eV could be attributed to C—=O0 bonds. The N 1s
emission spectrum (Fig. 4d) could be divided into two primary
peaks. The peak at 399.98 eV was attributed to N-Zn bonds,
while the peak at 398.32 eV was attributed to C-N bonds. The S 2p
emission spectrum could be divided into two primary peaks, as
shown in Fig. 4e. The binding energy at 161.37 eV was attributed
to C=S bonds, while the peaks at 163.32 eV could be attributed to
C-S bonds. In Fig. 4f, the Zn 2p and Zn 2p,, spin-orbital
photoelectrons were located at 1021.84 eV and 1044.87 eV,
respectively. These results showed that ICA was successfully
coordinated with Zn®*, and was successfully modified by the
Rhn in situ synthesis method for ZIF-90-Rhn.

For checking the thermal stability, the thermogravimetric
analysis (TGA) of ZIF-90-Rhn was carried out in an air atmo-
sphere in a temperature range from 30-800 °C, as shown in
Fig. S7 (ESIY). According to the TG curve, ZIF-90-Rhn displayed
high thermal stability up to 156.31 °C under an air atmosphere.
The first weight loss of 0.01 wt% in the temperature range of 30-
156.31 °C could be attributed to the elimination of guest solvent
molecules in MOF holes. The next weight loss of 18.557 wt% in
the temperature of 156.31-431.85 °C could be attributed to the
pentacyclic decomposition from Rhn. The next weight loss of
27.64 wt% in the temperature of 431.85-643.90 °C could be
attributed to the pentacyclic decomposition from the ICA.
After 643.90 °C, the ligand molecules were separated from the
skeleton and a residue of zinc dioxide remained.

To prove permanent microporosity, we investigated the
specific surface area and pore volume of the material using
N, adsorption isotherm analysis. The graphs were obtained by
testing the N, physical adsorption isotherms of the materials,

© 2022 The Author(s). Published by the Royal Society of Chemistry

as shown in Fig. S8 (ESIt). The adsorption amount of ZIF-90-Rhn
slowly increased and almost stopped rising after the relative
pressure (p/p°) reached 0.98, and the material was saturated with
adsorption. Brunauer-Emmett-Teller (BET) surface area was
343.767 m> g ' (p/p° = 0.30), micropore volume was 0.15 cm® g
(p/p° = 0.99), and the average pore diameter was 3.55 nm. The
BET test results showed that the synthesized ZIF-90-Rhn was a
mesoporous nanomaterial and its pore size was suitable for the
related guest molecules adsorption.

3.3. Fluorescence sensing and visual reading signal
experiments of ZIF-90-Rhn@Cy-N

A previous report has shown that Rhn could recognize and
coordinate Ag* to produce a Rhn@Ag" coordination complex.*’
However, in our original experiment, ZIF-90-Rhn (orange) and
Ag' only produced ZIF-90-Rhn@Ag" (crimson) alone (Fig. S9,
ESIt) under the recognition reaction progress. Unfortunately,
neither ZIF-90-Rhn nor ZIF-90-Rhn@Ag" had fluorescence
emission spectra. However, the primary objectives of the pre-
sent endeavor were a one-pot synthesis of the ZIF-90-Rhn
complex in situ and its applications as a fluorescent platform
for Ag' and FA. Thus, a secondary amine dye of heptamethine
cyanine (Cy-N, color was ultramarine, Ae,, = 722 nm) was
selected and doped in the pores of ZIF-90-Rhn, which would
show certain characteristics of acidity and had the ability to
provide carboxyl protons due to the carboxyl group in Rhn.
Interestingly, a grass-green new color ZIF-90-Rhn@Cy-N
complex was formed when ZIF-90-Rhn (orange) was mixed with
Cy-N (ultramarine), and the fluorescence of Cy-N (Zey, = 722 nm)
was quenched after the ZIF-90-Rhn@Cy-N complex was
generated.

With the ZIF-90-Rhn@Cy-N in hand, and based on the
synergism of carboxyl and thioketone groups of Rhn, ZIF-90-Rhn
recognized and coordinated with Ag" to form ZIF-90-Rhn@Ag"
with the addition of Ag', of which the decomposition of the
ZIF-90-Rhn@Cy-N complex simultaneously happened, resulting in
the liberation of free Cy-N with the consequent restoration of the
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fluorescent-emitting Cy-N. Finally, the recognition system shared a
turn-on fluorescence due to the generation of ZIF-90-Rhn@Ag"/
Cy-N, and the grass-green complex of ZIF-90-Rhn@Cy-N changed
into a brick-red ZIF-90-Rhn@Ag"/Cy-N mixture with the addition of
Ag' (Fig. 1).

Correspondingly, the redox activity of Ag* to FA is a well-known
fact. So, a stepwise recognition detection for FA was adopted using
the abovementioned new fluorescent system of ZIF-90-Rhn@Ag"/
Cy-N. Indeed, when FA encountered the fluorescent system of
ZIF-90-Rhn@Ag"/Cy-N, the unique redox activity between Ag* and
FA resulted in a reduction reaction and transformed Ag" to Ag°.
The coordination compound of ZIF-90-Rhn@Ag*® was thus
destroyed, and freed or restored the proton providing capacity
of the functional carboxyl groups in ZIF-90-Rhn again. Therefore,
the interaction between ZIF-90-Rhn and Cy-N was re-generated
with the formation of the non-fluorescent ZIF-90-Rhn@Cy-N
complex. The redox reaction of ZIF-90-Rhn@Ag" and FA induced
a turn-off fluorescence. Moreover, a return change of the grassy
green color of the ZIF-90-Rhn@Cy-N complex was followed upon
the addition of FA. The foregoing results and discussion indicated
that dual-signals (fluorescent signal and visual color signal) of
ZIF-90-Rhn@Cy-N/Ag'/FA could be observed with this stepwise
detecting of Ag" and FA (Fig. 1).

3.3.1. Research on the influence of pH in the Ag" and FA
sensing. The effect of pH for Ag" detection was also studied.
ZIF-90-Rhn@Ag"/Cy-N (100 pM) and Ag" (100 uM) were
dispersed in 25 mL of methanol and sonicated for 5 min. Since
the MOF structure of the probe would collapse in strong acid
environment, and 100 pM Ag" would form the precipitate of
AgOH when pH was above 10.3 (details shown in S1, ESIt);
therefore, the fluorescent intensity was measured in a pH range
of 6.0 to 10.0. Tris buffer solution and pH meter were used
for the adjustment and monitoring of pH values, respectively.
The results demonstrated that the pH value had little effects on
the fluorescent intensity (Fig. 5a).

Similarly, ZIF-90-Rhn@Cy-N (100 pM) and FA (30 puM) were
dispersed in 25 mL of methanol and sonicated for 5 min, and
the fluorescent intensity was measured in a pH range from 6.0
to 10.0. The results demonstrated that pH had no obvious
effects on fluorescent intensity (Fig. 5b).

3.3.2. Sensitivity study of ZIF-90-Rhn@Cy-N for the detection of
Ag". The fluorescence sensing detection of ZIF-90-Rhn@Cy-N for Ag*
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T pH i
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Fig. 5 (a) Fluorescence spectra changes of ZIF-90-Rhn@Cy-N (100 pM)
response to Ag* (100 pM) in different pH. (b) Fluorescence spectra
changes of ZIF-90-Rhn@Ag*/Cy-N (100 uM) response to FA (25 uM) in
different pH. lex = 678 NM, dem = 722 Nm.
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Fig. 6 (a) The fluorescence spectra of ZIF-90-Rhn@Cy-N in ethanol
(100 pM) with the addition of different concentrations of Ag*™ (0-
120 uM). (b) The linear relationship between the fluorescence intensity
and Ag*. Jex = 678 NM, Jem = 722 Nm.

was investigated by titration experiments. Fluorescence spectrum
studies showed that the fluorescence intensity increased gradually at
Jem = 722 nm with the addition of Ag" (from 0-120 uM) under
excitation of 678 nm (Fig. 6a), and a good linear relationship
(10 uM to 100 pM) was obtained (R* = 0.9964) (Fig. 6b). As per
the formula Lop = 36/K (9 is the standard deviation of the blank
solution, k is the absolute value of the slope between fluores-
cence intensity and Ag" concentration), the detection limit was
calculated to be 0.56 pM.

3.3.3. Selectivity study of ZIF-90-Rhn@Cy-N for the detection
of Ag". The selectivity of ZIF-90-Rhn@Cy-N for Ag" was examined
and the colors (R/G value) of the probe under visible light were
tested. As shown in Fig. 7a, only Ag" could change the fluores-
cence intensity of ZIF-90-Rhn@Cy-N, while other analytes (Ba",
cr*t, cu®, Fe*', Hg”", Mg®*, Mn*", Zn**, Hg", Cu*, Na*, K*) could
not, indicating that ZIF-90-Rhn@Cy-N had high selectivity for Ag".
The R/G values of ZIF-90-Rhn@Cy-N in different analytes are
shown in Fig. 7b. The color changes of ZIF-90-Rhn@Cy-N
with different analytes under visible light are shown in Fig. 7c.
It was displayed that only ZIF-90-Rhn@Ag'/Cy-N showed a
brick-red color.

3.3.4. Sensitivity study of ZIF-90-Rhn@Ag*/Cy-N for the
detection of FA. The fluorescence detection titration results of
FA are shown in Fig. 8a. Under 4., = 678 nm, the fluorescence
intensity of the ZIF-90-Rhn@Ag'/Cy-N system gradually
decreases at dep, = 722 nm with the addition of FA (0-30 uM).
A good linear relationship (1 pM to 25 pM) was obtained by
fitting the fluorescence intensity in Fig. 8b (R* = 0.9982), Lop =
2.16 pM was calculated by the same method as above. It could

WA e g pes Cr**

Fluorescence

Fig. 7 (a) intensity of ZIF-90-Rhn@Cy-N in ethanol
(100 pM) in different analytes (Ag™, Ba®*, Cr**, Cu®*, Fe®*, Hg?*, Mg+,
Mn2*, Zn?*, Hg*, Cu*, Na*, K™ was 100 pM respectively). (b) R/G values of
ZIF-90-Rhn@Cy-N in ethanol (100 uM) with different analytes. (c) The
color changes of ZIF-90-Rhn@Cy-N in ethanol (100 puM) in different
analytes. ey = 678 NM, Aem = 722 nm.
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Fig. 8 (a) The fluorescence spectra of ZIF-90-Rhn@Ag*/Cy-N in ethanol
(100 uM/100 pM) with the addition of different concentrations of FA
(0-30 puM). (b) The linear relationship between the fluorescence intensity
and FA concentration. Aex = 678 NM, Aem = 722 Nm.

be seen from the experimental results that ZIF-90-Rhn@Ag"/
Cy-N was a sensitive multifunctional probe system.

3.3.5. Selectivity study of ZIF-90-Rhn@Ag'/Cy-N for the
detection of FA. The selectivity of ZIF-90-Rhn@Ag"/Cy-N for FA
was examined. The effects of different analytes on the fluorescence
intensity and the color (R/G value) of the probe under visible light
were tested. As shown in Fig. 9a, only FA could change the
fluorescence of the ZIF-90-Rhn@Ag'/Cy-N, while other analytes
(acetaldehyde (ACE), trichloroacetaldehyde (Chloral), acetamide
(C,H5NO), acrylonitrile (AN), trichloromethane (CH;Cl), diethanol-
amine (DEA)) formic acid (HCOOH), methanol (CH;OH) could not,
indicating that ZIF-90-Rhn@Ag"/Cy-N was highly selective for FA.
Moreover, the same results could be observed according to the R/G
value as shown in Fig. 9b. The color changes of ZIF-90-Rhn@Ag"/
Cy-N with different analytes under visible light are shown in Fig. 9c.
Therefore, the high selectivity indicated that ZIF-90-Rhn@Ag"/Cy-N
could be used as an effective probe system for the identification
and detection of FA.

3.3.6. The color (R/G value) tests of ZIF-90-Rhn@Cy-N for
Ag" sensing and ZIF-90-Rhn@Ag"/Cy-N for FA sensing under
visible light. A smartphone and a spectrophotometer formed a
portable detection platform to test the color changes of ZIF-90-
Rhn@Cy-N for Ag" sensing and ZIF-90-Rhn@Ag"/Cy-N for FA
sensing under visible light, which connected to a smartphone
by Bluetooth online. As could be seen from Fig. 10a, with the
addition of different concentrations of Ag" to ZIF-90-Rhn@
Cy-N, or FA to ZIF-90-Rhn@Ag"/Cy-N, the color of the samples

1;'10(;\!
r/.-l ‘
9q  HOOOH

o N0 ¢

2
=

pelo3

FA ACE Chioral CILNO AN CILCT DEA HCOOHCLON

Fig. 9 (a) Fluorescence intensity of ZIF-90-Rhn@Ag*/Cy-N in ethanol
(100 uM/100 uM) in different analytes (FA, acetaldehyde (ACE), trichloro-
acetaldehyde (Chloral), acetamide (C,HsNO), acrylonitrile (AN), trichloro-
methane (CH3zCl), diethanolamine (DEA), formic acid (HCOOH), methanol
(CHsOH), 25 uM respectively). (b) R/G values of ZIF-90-Rhn@Ag*/Cy-N in
ethanol (100 pM/100 puM) with different analytes. (c) The color changes of
ZIF-90-Rhn@Ag*/Cy-N in ethanol (100 pM/100 pM) in different analytes.
dex = 678 nM, e = 722 nm.
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ZIF-90-Rhn@Cy-N + Ag* ——  ZIF-90-Rhn@Ag*
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Fig. 10 (a) The RGB analysis for the color changes of ZIF-90-Rhn@Cy-N
in ethanol (100 pM) corresponding to Ag* (10-100 uM) and ZIF-90-
Rhn@Ag*/Cy-N in ethanol (100 puM/100 pM) to FA (1-25 pM) using
the smartphone and spectrophotometer portable detection platform.
(b) The liner relationship between the R/G values and the Ag* concentrations
in RGB analysis. (c) The liner relationship between the R/G values and the FA
concentrations in RGB analysis.

displayed a series of changes. Then, the ColorMeter APP on the
smartphone analyzed the color of the samples and produced an
output of the corresponding values of R (red), G (green) and B
(blue). Interestingly, the R/G value was correlated with the
concentration of Ag" and FA. In the Ag" titration experiment,
by linear fitting of nine data sets in the range of 10-100 uM,
there was a good linear relationship between R/G value and Ag"
concentration (R* = 0.9809), Lop was calculated to be 0.76 pM
(Fig. 10Db). In the titration experiment of FA, through linear
fitting of nine data sets within the range of 1-25 uM, a good
linear relationship existed between R/G value and FA concen-
tration (R* = 0.9734), Lop was calculated to be 2.27 uM (Fig. 10c).
The smartphone platform could realize real-time and online
detection of Ag" and FA with high sensitivity (Tables 1 and 2).
3.3.7. Time-dependence of the fluorescence intensity and
the visibility of color. For the time-dependence study, Ag" (3 mL,
100 puM) was added to the ethanol suspension of ZIF-90-
Rhn@Cy-N (3 mL, 100 pM). The emission intensity at 722 nm

Table 1 The concentrations of Ag* in the sample by fluorescence
method and colorimetric method

Colorimetric
method (uM)

Fluorescence

Sample (UM) method (uM) RSD (n = 3) (%)

20.0 20.2 20.3 0.76
30.0 30.1 29.9 0.33
50.0 49.5 50.1 0.64
80.0 80.2 80.3 0.19

Table 2 The concentrations of FA in samples by the fluorescence method
and colorimetric method

Colorimetric
method (uM)

Fluorescence

Sample (uM) method (uM) RSD (n = 3) (%)

1.0 1.1 1.1 5.59
10.0 9.9 10.2 1.52
15.0 14.5 15.1 2.16
20.0 19.8 19.9 0.5
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was obtained from 30 s to 600 s and A, = 678 nm (Fig. 11a).
The color changes at different moments were recorded
(Fig. 11b). The fluorescence intensity increased gradually with
time and reached a stable level after about 3 min. While the color
did not change, making clear that the best responding time was
3 min, and indicated that ZIF-90-Rhn@Cy-N was a fast detection
probe for Ag".

At the time of 600 s instantaneously, FA (25 uM) was added.
The emission intensity at 722 nm was collected from 630 s to
1200 s (Fig. 11a) and the color changes at different moments
were recorded (Fig. 11c). The fluorescence intensity decreased
gradually with time and reached a stable level after about
5 min, which showed that the best responding time of ZIF-90-
Rhn@Ag*/Cy-N to FA was 5 min. This indicated that ZIF-90-
Rhn@Cy-N could be used in a stepwise detection for Ag" and
for FA based on ZIF-90-Rhn@Ag"/Cy-N.

3.3.8 The recycling of ZIF-90-Rhn@Cy-N for the detection
of Ag" and FA. The recycling experiments were conducted to
realize the reuse of the ZIF-90-Rhn@Cy-N for detecting Ag* and
FA. As described in Fig. 1a, ZIF-90-Rhn@Cy-N would form
ZIF-90-Rhn@Ag"/Cy-N product after reacting with Ag", and sub-
sequently form ZIF-90-Rhn@Cy-N’ product again after the reaction
with FA. Thus, we could obtain the pure ZIF-90-Rhn@Cy-N’
product by centrifugal operation (4000 rpm, 5 min) for the recycling
experiments.

The ZIF-90-Rhn@Cy-N’ product was employed to detect Ag"
and FA by the same methods as described in section 2.2.8, and
this process was repeated for three recycles. It could be seen in
Fig. 12 that ZIF-90-Rhn@Cy-N’ was able to detect Ag" and FA;
after three recycles, the response time was still kept at 3 min
and 5 min, respectively, which demonstrated that probe ZIF-90-
Rhn@Cy-N could be reused for the detection of Ag" and FA.

3.4. The sensing mechanism of Ag" and FA

The redox activity of Ag" to FA is a well-known fact. However,
the interaction between FA and Ag' is often ignored due to
the environmental and biological hazards of Ag".* With the
functionalized ZIF-90-Rhn that was generated by one-pot synthesis
in situ, pre-modification, or post-modification synthesis, a secondary
amine dye of heptamethine cyanine Cy-N was encapsulated into the

(b)
30 60s 905 120s 1505 18052105 25053005 6005
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6305 660s 690s 720 750s 780s 810s 840s 870s 900s 930s 9605 1020512008

»»_H”"""HH
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Fig. 11 Time course signaling of ZIF-90-Rhn@Cy-N in ethanol (100 uM)
by Ag*™ (100 uM) and the stepwise detecting for FA (25 puM) based on
ZIF-90-Rhn@Ag*/Cy-N in ethanol (100 pM/100 uM). (a) The changes in
emission intensity of ZIF-90-Rhn@Cy-N for Ag* sensing and ZIF-90-
Rhn@Ag*/Cy-N for FA sensing at different time. (b) The color changes
of ZIF-90-Rhn@Cy-N in ethanol (100 uM) for Ag™ at different time. (c) The
color changes of ZIF-90-Rhn@Ag*/Cy-N in ethanol (100 uM/100 pM) for
FA at different time. dex = 678 NM, dem = 722 nm.
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Fig. 12 The response time of ZIF-90-Rhn@Cy-N’ product for the detec-
tion of Ag™ and FA with three recycles.

pores of this mesoporous nanomaterial. ZIF-90-Rhn should
display certain characteristics of acidity and has the ability to
provide carboxyl protons due to the carboxyl groups in Rhn. So,
the driving force of encapsulation was the interaction between
carboxyl groups in Rhn and secondary amine groups in Cy-N.
It was interesting that the NIR heptamethine cyanine dye of
Cy-N could be quenched by ZIF-90-Rhn. We considered that it
was an ICT mechanism and the pore steric hinders of MOFs
materials to NIR Cy-N inducing the fluorescent quenching for
the ion pair complex of the non-fluorescence ZIF-90-Rhn@Cy-N.
Depending on the strong coordination ability of S and -COOH
with Ag', ZIF-90-Rhn@Ag" formed upon the addition of Ag",
and the coordination reaction destroyed the ion-pair complex of
the non-fluorescence ZIF-90-Rhn@Cy-N. The simultaneous
decomposition of ZIF-90-Rhn@Cy-N induced the release of free
Cy-N, and the system of ZIF-90-Rhn@Ag"/Cy-N shared a turn-on
fluorescence with the addition of Ag".

When FA encountered the new system of ZIF-90-Rhn@Ag"/
Cy-N, the unique redox activity of FA would induce a reduction
reaction to ZIF-90-Rhn@Ag*, and transformed Ag® to Ag’.
Thus, the redox would destroy the coordination compound of
ZIF-90-Rhn@Ag" and free or restore the proton providing
capacity of carboxyl functional groups in ZIF-90-Rhn again.
The new combination of ZIF-90-Rhn and Cy-N resulted in the
rebuilding of the non-fluorescent ZIF-90-Rhn@Cy-N complex again.
with the addition of FA, the system of ZIF-90-Rhn@Cy-N/Ag’
showed a turn-off fluorescence.

A series of interesting visual color changes were accompanied
by the mentioned stepwise detection of Ag" and FA. A new grass-
green complex of ZIF-90-Rhn@Cy-N was produced as ZIF-90-Rhn
(orange) was mixed with Cy-N (ultramarine). With the addition
of Ag', the grass-green complex of ZIF-90-Rhn@Cy-N changed
into a new brick-red ZIF-90-Rhn@Ag*/Cy-N mixture, and a return
color change was followed after the addition of FA. By the doped
complex of ZIF-90-Rhn@Cy-N from ZIF-90-Rhn and NIR Cy-N,
the stepwise detecting of ZIF-90-Rhn@Cy-N to Ag" and ZIF-90-
Rhn@Ag"/Cy-N mixture to FA was fulfilled, and dual-signals

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(fluorescent signals and visual color signals were observed
(Fig. 13).

The theoretical calculation used the B3LYP/6-31G(d) basis
set in the Gaussian 09 package was adopted to explain the
absorption spectra changes in the abovementioned stepwise
detection (Fig. 14). Based on the density functional theory, the
structure of ZIF-90-Rhn, ZIF-90-Rhn@Cy-N and ZIF-90-
Rhn@Ag" were optimized by Gaussian software to calculate
the energy difference between HOMO and LUMO, so as to
determine the influence of compound changes on the spectral
properties. After ZIF-90-Rhn was combined with Cy-N dye, the
energy difference of HOMO-LUMO changed from 3.09 eV to
2.73 eV, indicating that the energy gap band was smaller. The
position of the maximum absorption peak changed from
400 nm to 640 nm, and a large degree of red shift occurred.
The color changed from orange (ZIF-90-Rhn) to grass-green
(ZIF-90-Rhn@Cy-N). When ZIF-90-Rhn@Ag" was formed, the
energy difference between HOMO and LUMO changed from
0.33 eV to 2.73 eV, and the energy gap band became larger. At
this time, the maximum absorption peak of ZIF-90-Rhn@Ag"*
was at 480 nm, the color turned to brick-red of ZIF-90-
Rhn@Ag"/Cy-N mixture. The phenomena of red shifts and
blue shifts were consistent with the actual spectra, as shown
in Fig. S10 (ESIY).

\A,,- 678nm A= 7229(

2ZIF-90-Rhn (orange)
No FL.

ZIF-90-Rhn@Cy-N (grass-groen)
FL “off”

Cy-N (ultramarine)

Strong FL 2IF-90-Rhn@Ag" (brick-rad)

Fig. 13 Schematic illustration of ZIF-90-Rhn@Cy-N structure and visual
detection principle for Ag* and FA.
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Fig. 14 Molecular amplitude plots of HOMO and LUMO of related com-
pounds calculated using the B3LYP/6-31G(d) basis set.
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To further study the mechanism of recognition and coordination
mechanism of Ag" and ZIF-90-Rhn, FT-IR spectra and XPS
analysis of ZIF-90-Rhn@Ag" were carried out (Fig. 15). FT-IR
spectra of ZIF-90-Rhn showed that the peaks of -CO-OH
appeared in 3000-3300 cm ™', 1320 cm™ ", and the peaks of
carbonyl (-COOH, HN-CO), -C—C and thione (-C=S5)
appeared in 1726, 1630, 1600, 1200 cm " (Fig. 15A-a). The
peaks of -OH and carbonyl (-COOH, HN-CO), -C—C and thione
(-C=S) of ZIF-90-Rhn@Ag" were weakened, and the peaks of
carbonyl (-COOH, HN-CO), C—C and thione (-C=S) groups in
the ZIF-90-Rhn molecule shifted to 1750, 1657, 1629, 1157 cm ™ *
due to the coordination of Ag" to ZIF-90-Rhn (Fig. 15A-b).

The XPS analysis of ZIF-90-Rhn@Ag" shows that there was
the appearance of Ag 3d orbitals, which proved that Ag" had
been successfully coordinated with S and O (Fig. 15B-a). The
spin-orbit photoelectrons of Ag 3d;/, and Ag 3ds/, were located at
367.98 eV and 373.98 eV, respectively (Fig. 15B-b). In Fig. 15B-c,
the emission spectrum of S 2p could be divided into two main
peaks: the binding energy at 161.08 eV was attributed to the S-Ag
bond, the binding energy at 162.18 eV was attributed to the C—=S
bond, and the binding energy at 164.08 eV was attributed to the
C-S bond. The O 1s emission spectrum could be divided into
three main peaks (Fig. 15B-d): binding energy of 530.6 eV of the
O-Ag bond, peak at 531.59 because of ~OH bond in the organic
ligand, and peak at 532.5 eV because of the C=0 bond. Moreover,
it was found that the binding energy of C—S and -CO-OH from
ZIF-90-Rhn@Ag" was slightly larger than that of ZIF-90-Rhn (C—=S
at 161.37 eV, -CO-OH at 531.3 eV), which could be attributed to
the appearance of coordination bonds between O and S and Ag”,
resulting in a decrease in electron density and an increase in the
binding energy of O and S.

Moreover, after the detection reaction and the removal
process of Ag" and FA, PXRD and SEM tests on recycled
products of ZIF-90-Rhn@Ag" and ZIF-90-Rhn@Cy-N’ were
performed to confirm that the ZIF-90-based frameworks were
not destroyed. Fig. S14a and b, (ESIf) ZIF-90-Rhn@Ag" and
ZIF-90-Rhn@Cy-N’ had a very regular morphology, which was
similar to ZIF-90 (Fig. S14c, ESIT). In Fig. S14d, (ESIt) it is clear
that PXRDs of ZIF-90-Rhn@Cy-N and ZIF-90-Rhn@Ag*/Cy-N are
consistent with the simulated ZIF-90 pattern, and all the main
diffraction peaks of ZIF-90-Rhn@Cy-N and ZIF-90-Rhn@Ag"/
Cy-N at 7.2°, 10.2°, 12.5°, 17.8° demonstrated great similarity
with those of the simulated ZIF-90 pattern. All the above results
confirmed that the ZIF-based frameworks of ZIF-90-Rhn@Cy-N
and ZIF-90-Rhn@Ag"/Cy-N were not destroyed and kept intact
during the detection and removal of Ag" and FA.

3.5. Capture of Ag", FA in the actual samples

To evaluate the feasibility of the nano-composite ZIF-90-Rhn for
Ag' capturing and removing application and the effect to FA in
the actual stepwise procedure, a coat of chitosan non-woven
fabric was made by spreading ZIF-90-Rhn@Cy-N evenly on its
surface (1.2 mg cm™?). The functionalized non-woven fabric
was cut into a circle with a diameter of 5 cm, and the films were
filled into a glass column (5 cm in diameter, 20 cm in height)
layer by layer. The industrial wastewater and tap water were put

Mater. Adv., 2022, 3, 3457-3468 | 3465
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Fig. 15 (A-a) FT-IR spectra of ZIF-90-Rhn; (A-b) FT-IR spectra of ZIF-90-Rhn@Ag™; (B) XPS spectra of ZIF-90-Rhn@Ag* sample: (a) the survey scan; (b)

Ag 3d; (c) S 2p; (d) O 1s.

in the filter as analytes. For a period of 5 min, the water ran
through (Fig. 16a). As there was no Ag" detected in the above
industrial wastewater and the tap water samples before, we
added a standard solution of Ag" to it. The measurement was
performed, and the recovered water was measured again. The
results showed that the concentration of Ag’ in the recovery
water reached a discharge standard of 4.7 pM, and the drinking
water content was < 0.9 uM (Table 3). Moreover, the coat colors
of the functionalized non-woven fabric with ZIF-90-Rhn@Cy-N
had changed from grass-green to brick-red color, meaning
some complexity of ZIF-90-Rhn@Ag"/Cy-N was generated.
Then, the removal application of FA was performed in a
subsequent stepwise operation. By using the above set, the blank
water samples, which had been added a constant concentration
of FA ran through the brick-red color filter layers for 5 min
(Fig. 16b). The results showed that the removal rate of FA was
above 98% (Table 4), and the coat colors of the functionalized
non-woven fabric rechanged a reverse color, showing FA had
been filtered out. With the description above, ZIF-90-Rhn@Cy-N
exhibited certain reliability and practicability in detecting or
capturing Ag" in water. Detecting or capturing of FA could also

U Chitosan non-woven
= fabric with ZIF-90- et U
Rhn@Ag'/Cy-N

/- /-

——a -

Fig. 16 (a) Schematic for the sensing and capturing of ZIF-90-Rhn@Cy-N

toward Ag* in real samples. (b) The schematic for the sensing and
capturing of ZIF-90-Rhn@Ag™*/Cy-N toward FA in real samples.
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Table 3 Removal rate of Ag* in industrial wastewater and drinking water
samples by ZIF-90-Rhn@Cy-N

Concentration of Ag" (uM)

Real sample Removal rate (%) Initial Final
Industrial wastewater 96 5.0 0.2
96 7.0 0.3
Tap water 100 1.0 0
97 2.0 0.06

Table 4 Removal rate of FA samples by ZIF-90-Rhn@Ag*/Cy-N

Concentration of FA (uM)

Real sample Removal rate (%) Initial Final
Formaldehyde solution 98 3.0 0.06
98 5.0 0.09

be achieved some satisfactory results with a stepwise variation of
ZIF-90-Rhn@Ag"/Cy-N. Furthermore, the recycling of ZIF-90-
Rhn@Cy-N for the removal of Ag" and FA was explored as well,
and the results are described in Fig. S15 (ESIT). The good results
confirmed that ZIF-90-Rhn@Cy-N could realize the recycling use
for removal of Ag" and FA.

4. Conclusions

In conclusion, we designed, synthesized and characterized a new
functionalized nanomaterial of ZIF-90-Rhn using one-pot strategic
construction for in situ synthesis, and the post-modification of
MOFs or the pre-modification of ligands synthesis method were
procured, respectively, to confirm the chemical structure and the
morphology of ZIF-90-Rhn. With the encapsulating of cyanine dye

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00047d

Open Access Article. Published on 19 February 2022. Downloaded on 1/23/2026 5:13:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

of Cy-N to ZIF-90-Rhn, a multi-functional complex of ZIF-90-
Rhn@Cy-N was successfully obtained, which could detect and
capture Ag" and FA by stepwise redox recognition reactions
from the intermedial complex of ZIF-90-Rhn@Ag'/Cy-N in
dual-signals (fluorescence signals and visual color signals) in an
aqueous solution. While a smartphone and a spectro-
photometer formed a portable detection platform to test the color
changes of ZIF-90-Rhn@Cy-N for Ag" and ZIF-90-Rhn@Ag"/Cy-N
for FA sensing under visible light. The platform could connect a
smartphone by Bluetooth online. More importantly, the above
online results of the portable detection platform are consistent
with the fluorescence sensing detection for Ag" and FA. Moreover,
using a chitosan non-woven fabric spread on which there was ZIF-
90-Rhn@Cy-N coat evenly deposited on the surface, the feasibility
of the nano-composite ZIF-90-Rhn for Ag" capturing and removing
the application, and the effect of ZIF-90-Rhn@Ag’/Cy-N on FA in
actual stepwise procedure was evaluated. The results showed that
ZIF-90-Rhn@Cy-N exhibited certain reliability and practicability in
stepwise detecting or capturing Ag” and FA from water.
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