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Transition-metal coordination complexes have attracted wide attention in molecular chemistry, but their
applications still confront a tremendous challenge. Herein, a novel silver coordination polymer with a
formula of {[Age(TIPA)gl(NO=)g-12H,0},, (Ag-TIPA) was prepared by a solvothermal reaction of silver nitrate
with triangular tris(4-imidazolylphenyl)amine (TIPA). The crystalline molecular structure was determined
by single-crystal X-ray diffraction, which showed that each Ag(l) was coordinated with two nitrogen atoms
of TIPA ligands. Such Ag-TIPA was used as a catalyst for the photodegradation of ciprofloxacin and
4-nitrophenol under UV-visible light irradiation. The results exhibited excellent photocatalytic perform-
ance and reusability due to high structure stability in an acidic, neutral and alkaline environment. The
experimental findings and density functional theory calculations revealed that metal-ligand charge trans-
fer in Ag-TIPA extended the absorption range of light and improved the charge transfer properties of
TIPA. To further understand the photodegradation process, the intermediates were predicted and ana-
lysed through electrostatic potential, orbital weighted dual descriptor, and liquid chromatography-mass
spectrometry techniques. Based on these findings, a possible degradation mechanism was proposed. This
study provides new insights into the design and synthesis of Ag-based coordination polymers with novel
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1. Introduction

Ciprofloxacin (CIP) is a third-generation quinolone antibiotic
with a wide range of antibacterial activities. Due to its excellent
antimicrobial properties, CIP is widely used in treating
humans and domestic animals.” 4-Nitrophenol (PNP) as a
commercial chemical reagent is extensively used in pharma-
ceuticals, pesticides, dyes, herbicides, detergents, and plas-
tics.” In recent years, these overuse discharges have led to
water pollution, seriously affecting the stability and health of
aquatic life and ecosystems. Therefore, the demand for rapid
and effective technologies to completely remove CIP and PNP
from wastewater has become urgent. Several techniques have
been proposed for pollutant removal, including physical
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structures, excellent catalytic activity, and good durability.

adsorption, advanced oxidation processes (AOPs),** and bio-
degradation. Among them, photocatalysis is an AOP techno-
logy that has been widely used for pollutant removal in recent
years.”

Metal coordination polymers (MCPs) as homogeneous cata-
lysts with high catalytic efficiency have attracted increasing
attention.®® Adjusting the coordination mode of the metal
centre to different organic ligands can efficiently improve the
(photo)catalytic activity of MCPs.” Meanwhile, well-determined
active sites in MCPs are beneficial for not only the deduction
of the reaction mechanism accompanied by theoretical calcu-
lations, but also the rational design of catalysts,® and therefore
exhibit great potential in the field of heterogeneous catalysis,
especially in photocatalysis. It is well known that the perform-
ance of semiconductor-based photocatalytic systems is mainly
determined by the energy band structure, charge dynamics,
and surface structure of the photocatalysts.'® Introducing
metal ions into semiconductors through coordination can
increase active sites for activating reactants and improve the
charge separation and transfer efficiency by regulating charge-
transfer transitions."”'* Note that charge-transfer transitions
in the coordination structure include metal-ligand charge
transfer (MLCT),"* ligand-metal charge transfer (LMCT),'*"
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ligand-ligand charge transfer (LLCT),"” and metal-metal
charge transfer (MMCT).'® These charge-transfer transitions
can not only carry out the intrinsic interband transitions, but
also capture light. As a result, the charge-transfer transitions
would lead to complementary light absorption to the inter-
band transitions, enabling broadband light harvesting.®

In recent years, atomically dispersed noble metal catalysts
have been extensively explored to reduce the use of noble
metals (Pt, Pd, Au, Ag, etc.), while maintaining high catalytic
activity, especially the relatively cheap Ag-based catalysts."”*°
Note that most investigations were mainly concentrated on Ag-
based nanoparticles/nanocrystals and the corresponding silver
oxide and inorganic silver salts with enhanced photocatalytic
activity,”® and Ag-organic ligand coordination compounds are
almost neglected.>'>* In fact, the interactions between metals
and ligands in Ag-based coordination compounds are very
important to influence charge redistribution for an enhanced
photocatalytic performance.

Tris(4-imidazole phenyl) amine (TIPA) is a promising
metal-free polycyclic aromatic amine photocatalyst. The mole-
cular electrostatic potential analysis reveals that the N atoms
in the TIPA molecule have a negative electrostatic potential of
about —49.32 kJ mol ™" (Fig. S1, ESI{) and can easily coordinate
with positively charged metal ions. Such a triangular structure
can be used to fabricate metal-organic frameworks,® but a
single-crystal Ag-TIPA complex was not reported. Herein, a
silver coordination polymer {[Ago(TIPA)s](NO;)y-12H,0}, (Ag-
TIPA) was prepared by a simple solvothermal technique and
used as a photocatalyst for the degradation of CIP and PNP.
The single-crystal structure was determined by X-ray single-
crystal diffraction analysis. Powder X-ray diffraction, X-ray
photoelectron spectroscopy (XPS) and Fourier-Transform
Infrared (FTIR) spectroscopy were used to characterize the crys-
tallinity, chemical state and composition. The Ag-TIPA-cata-
lyzed photodegradation process of CIP and PNP was monitored
using a UV-visible spectrophotometer and the products were
analyzed by liquid chromatography-mass spectrometry
(LC-MS). Based on the density functional theory (DFT) calcu-
lations of TIPA and Ag-TIPA models, free radical trapping
experiments, electron spin resonance (ESR) spectroscopy, the
electrostatic potential (ESP) of molecules, and orbital-weighted
double descriptor (OWDD), a charge transfer mechanism—
metal-ligand charge transfer (MLCT) mechanism and active
species in Ag-TIPA were suggested to explain the improvement
of the separation efficiency of photogenerated carriers and the
photocatalytic activity compared to the single organic ligand
TIPA.

2. Results and discussion

2.1. Characterization of Ag-TIPA

2.1.1. Crystal structure. {[Agy(TIPA)¢](NO;)o-12H,0}, (Ag-
TIPA) was prepared by a solvothermal reaction as shown in
Scheme S1.1 The crystal structure of Ag-TIPA was determined
through single-crystal X-ray diffraction analysis, revealing a

3798 | Dalton Trans., 2024, 53, 3797-3807

View Article Online

Dalton Transactions

dual interspersed porous framework. There are five crystallo-
graphic independent Ag" ions with a similar coordination
environment, every Ag atom is coordinated with two nitrogen
atoms (N1, N5 for Ag1) from the imidazolyl group of two TIPA
ligands to form a di-coordinated linear configuration (Fig. 1a,
Ag1 as a representative) and the NO;™ anion as the counterion.
The Ag-N bond lengths range from 2.095 A to 2.258 A, provid-
ing insights into the bonding interactions between the silver
ions and the nitrogen atoms. The N-Ag-N bond angles range
from 175.2° to 178.90°, indicating a linear coordination geo-
metry based on the Ag atom centre. The triangular TIPA ligand
adopts n;:m1:n1-p3 coordination modes (Fig. 1b) to connect the
adjacent Ag" coordination units (Ag1, Ag2 and Ag3) and form a
2D (6,3) cation network structure (Fig. 1c). Another similar 2D
cation network structure is constructed from the other two Ag"
coordination units (Ag4 and Ag5) by the linking of TIPA
ligands. These 2D cation networks interpenetrated each other
through molecular interactions such as electrostatic inter-
actions (the cation network with NO;™), hydrogen bonds and
n-stacking interactions to form a 2D microporous structure
with a two-fold interpenetration network (Fig. 1d). Such a
supramolecular assembly greatly contributes to the overall
stability and design of Ag-TIPA. The corresponding cell unit
parameters and crystallographic data including bond lengths
and bond angles are listed in Tables S1 and S2 (ESIY).

2.1.2. Chemical composition and thermal stability. By
single-crystal structure analysis, a crystalline 2D Ag coordi-
nation polymer was determined. As a simple approach,
powder X-ray diffraction (PXRD) analysis was conducted. As
shown in Fig. S2,7 Ag-TIPA indicated a series of diffraction
peaks at 26 = 10.04, 11.49, 12.40, 15.59, 20.22, 25.14, and
28.54°, which are well fitted with the theoretically simulated
diffraction peaks, further verifying its crystalline structure and
high purity. To further characterize the surface chemical
states, composition and interfacial electronic properties of Ag-
TIPA, X-ray photoelectron spectroscopy (XPS) was performed.>®
As can be seen in Fig. 2a, a survey spectrum of Ag-TIPA con-
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Fig. 1 (a) The coordination structure of Agl as a representative. (b) The

coordination mode of TIPA. (c) Two-dimensional mesh structure. (d)
Two-dimensional micropore structure with two-fold interpenetration.
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Fig. 2 (High-resolution) XPS spectra of Ag-TIPA. (a) Survey spectrum,
(b) C 1s, (c) N 1s, and (d) Ag 3d.

firmed the co-existence of elements Ag, C, N and O. Based on
the calibration by taking the C 1s binding energy as 284.8 eV,
the high-resolution C 1s XPS spectrum not only indicated the
binding energy of the C-C bond at 284.8 eV but also showed a
C1s peak at 285.77 eV from the C-N bond (Fig. 2b).>” Note that
the high-resolution N 1s spectrum exhibits three prominent
peaks at 399.33, 401.03 and 406.03 eV, corresponding to the
C=N and N-C bonds in the pyrazine ring,”® and the Ag-N
bond from Ag-TIPA, respectively. These findings further corro-
borated the successful coordination of the Ag-N bond
(Fig. 2¢)*® compared to the single ligand TIPA (N 1s: 398.74 eV
and 400.66 eV). In particular, the high-resolution Ag 3d XPS
spectrum in Fig. 2d shows two peaks at 368.11 and 374.20 eV,
which are assigned to Ag 3d3/2 and 3d5/2, respectively, clearly
confirming the presence of Ag*.>® This result is well consistent
with the result of the single-crystal X-ray diffraction analysis.
Based on the N 1s XPS spectra from ligands TIPA and Ag-TIPA,
it is obvious to find that the binding energy of N 1s in Ag-TIPA
increased in comparison to that of TIPA. This implies the
alteration of the environment of the nitrogen atom of TIPA
after it coordinated with the Ag ion, due to lone-pair electrons
from the nitrogen atom of TIPA entering the vacant orbital of
the silver ion to form the Ag-N bond.*°

Finally, to investigate the thermal stability of Ag-TIPA,
thermogravimetric analysis was carried out in the range of
30 °C to 800 °C under air conditions. As shown in Fig. S3,t the
weight loss of about 5.45% occurred before 267 °C, which cor-
responded to the removal of free water from the structure (cal-
culated value of 5.15%). Afterwards, the structure framework
of Ag-TIPA started to decompose in the range of 267-600 °C,
and finally maintained almost constant weight percentage
(32%, it is higher than the calculated value of metal Ag:
23.2%, Ag,0: 24.9% after complete decomposition according
to the molecular weight of Ag-TIPA) over 600 °C to probably
form a mixture of Ag, Ag,0 and carbon (the final residue after
TGA was not further characterized.).

This journal is © The Royal Society of Chemistry 2024
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2.2. Characterization of the photocatalytic performance
2.2.1. Photocatalytic activities of Ag-TIPA for CIP and PNP.

In this study, the photocatalytic degradation of CIP and PNP
on TIPA and Ag-TIPA photocatalysts was evaluated under UV-
visible light irradiation. As can be seen in Fig. 3a and b, with
increasing irradiation time, the strongest adsorption peak of
CIP located at 275 nm and PNP appeared at 320 nm over the
photocatalyst Ag-TIPA gradually declined and almost comple-
tely disappeared within 2 h for CIP and 75 min for PNP. The
result showed that 94% of CIP within 2 h and 96% of PNP
after 75 min were degraded (Fig. 3c), indicating a highly
efficient photocatalytic activity of Ag-TIPA. As a comparison,
TIPA indicated a relatively low photocatalytic behaviour for CIP
(71.5%) and PNP (24.6%) (Fig. 3c). Based on the experimental
data, the degradation kinetics of CIP and PNP was well fitted
with a pseudo-first-order kinetic reaction as —In(C/C,) = &,
(Fig. 3d), where & is the rate constant, ¢, C, and C represent the
reaction time, initial concentration and the concentration at
reaction time ¢, respectively. As shown in Fig. 3e, Ag-TIPA
exhibited high reaction rate constants of 1.84 x 107> min™"
and 3.14 x 107> min~" for CIP and PNP degradation, respect-
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Fig. 3 The variation in the absorption spectra of photodegraded CIP (a)
and PNP (b) with increasing UV-visible light irradiation time over the Ag-
TIPA photocatalyst. (c) The plots of C/Cy versus irradiation time using
photocatalyst Ag-TIPA or TIPA. (d) The fitted reaction kinetics curves of
—In(C/Cy) versus irradiation time. (e) Rate constants of the photodegra-
dation of CIP and PNP using photocatalyst Ag-TIPA or TIPA. (f) Trapping
experiments of active species for Ag-TIPA-catalyzed photodegradation
of CIP.

Dalton Trans., 2024, 53, 3797-3807 | 3799


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt03727d

Open Access Article. Published on 19 January 2024. Downloaded on 12/5/2025 1:03:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ively, which are approximately 6 and 3.4 times higher than
those of TIPA-catalyzed CIP and PNP degradation, respectively,
exhibiting the enhanced photocatalytic activity of Ag-TIPA
compared to TIPA. Although TIPA can photodegrade both CIP
and PNP, the degradation efficiency is lower (71.5% for CIP
within 2 h; 24.6% for PNP within 75 min) than that of Ag-
TIPA, indicating that Ag-TIPA can greatly enhance the photode-
gradation of CIP and PNP. This result further reveals high
effectiveness of Ag-TIPA for the degradation of CIP and PNP
compared to the ligand TIPA. The high photocatalytic perform-
ance of Ag-TIPA can be attributed to MLCT excitation in Ag-
TIPA, which performed the efficient separation of electron and
hole pairs and therefore promoting the enhancement of photo-
catalytic activity. Hence, Ag-TIPA compared to TIPA is a prom-
ising candidate for enhanced degradation of organic
pollutants.

2.2.2 Effect of photocatalytic conditions for the degra-
dation of CIP. It is well known that many factors (such as cata-
lyst dosage, pollutant concentration, initial pH, and inorganic
salts) in the photocatalytic reaction system significantly affect
the photodegradation performance and practical applications.
To screen optional conditions, the catalyst dosage effect was
first investigated. When the catalyst dosage was adjusted from
0.25¢ L™, 0.50gL",and 1.0 g L™  to 1.5 g L™" in a 20 mL of
aqueous solution of CIP with a mass concentration of 20 mg
L7", the catalytic efficiency initially increased from 88.9%
(0.25 g L™ catalyst) to 94.2% (1.0 g L™" catalyst) and then
decreased (Fig. 4a), implying that an appropriate amount of
catalyst can provide more active sites and effectively improve
the catalytic performance,®' and oppositely, the shading effect
of an excess of photocatalyst declined catalytic activity, due to
the lower light transparency of solution greatly reducing light
adsorption.*? Hence, 1.0 g L™ catalyst in the aqueous solution
of CIP was selected as an ideal dosage. When the concen-
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Fig. 4 (a) Dosage effects of the photocatalyst. (b) Concentration effect

of pollutant concentration. (c) pH effect. (d) The influence of various
sodium salts for the photocatalytic degradation of CIP on catalyst Ag-
TIPA.
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tration of CIP was altered from 5, 15, 25, and 35 mg L™" in the
presence of 1.0 g L' catalyst (Fig. 4b), the degradation
efficiency of CIP exceeded 88% (max. 94%) after 2 h at lower
pollutant concentrations from 5 mg L™" to 25 mg L™"; however,
with further increasing concentration of CIP, the degradation
efficiency decreased markedly, suggesting the excessive cover-
age of CIP molecules on the Ag-TIPA photocatalyst hindering
the absorption of visible light. Additionally, the existence of
competition between CIP molecules and photodegradation
intermediates further weakened the degradation efficiency of
CIP, though this decline in the photodegradation efficiency
was only 14.3% (from 94% at 20 mg L™ to 79.7% at 35 mg
L™"). Obviously, the concentration of contaminants is a pivotal
factor to influence the catalytic activity of the photocatalyst.

Note that the pH of the reaction solution often strongly
affects the degradation efficiency of the photocatalyst and even
changes the catalytic mechanism. As shown in Fig. 4¢, pH was
adjusted to 5, 7, 9 and 11 in the aqueous solution of CIP, and
the photocatalytic performance of Ag-TIPA for the degradation
of CIP did not indicate significant changes, implying the high
stability and immunity of the Ag-TIPA photocatalyst towards
acidic, neutral and alkaline environments. This result further
implies that Ag-TIPA can be applied to various environments
for the treatment of contaminants.

Natural water often contains different inorganic salts,
which primarily exist in the form of sodium salts (Na,COs3,
NaCl, NaNOjs, and Na,SO,) and affect the catalytic activity of
catalysts. Herein, the sodium salt effect for the influence of
the photodegradation efficiency of CIP catalyzed by Ag-TIPA
was also investigated in the presence of sodium salts including
Na,CO;, NaCl, NaNO;, and Na,SO,. Fig. 4d illustrates the
degradation efficiency of CIP by Ag-TIPA in the aqueous solu-
tion containing sodium salts with a concentration of 10 mM.
The experimental results demonstrated that the presence of
sodium salts did not have a discernible effect on photo-
catalytic degradation efficiency, revealing that the photodegra-
dation of CIP over Ag-TIPA is relatively independent of the
presence of sodium salts.

In addition to the high degradation efficiency, the re-
usability and stability of catalysts are essential for practical
application. After TIPA and Ag-TIPA catalyzed the degradation
of CIP, they were collected and used for the next run. As shown
in Fig. S4a and 4b,7 the results demonstrated that the degra-
dation efficiency of CIP catalyzed by TIPA decreased from
71.5% for the first time to 50% for the fifth run, and the cata-
Iytic activity decreased by 21.5%, indicating a rapid decline of
the catalytic activity of TIPA. However, Ag-TIPA-photocatalyzed
the degradation of CIP still maintained 87% for the fifth run.
Compared to the initial 94%, only 7% catalytic activity was
decreased during the consecutive 5 cycles, indicating a good
reusability and high superiority of Ag-TIPA compared to the
ligand TIPA. Hence, Ag-TIPA is a more effective and stable
catalyst for the photocatalytic degradation of CIP than TIPA. In
addition, to verify the stability of the structure of the catalyst,
Ag-TIPA was collected after every run and the PXRD pattern
was obtained. As can be seen in Fig. S2 and S5, the resulting

This journal is © The Royal Society of Chemistry 2024
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PXRD patterns did not show any significant variation after
degrading CIP and PNP in comparison with the simulated
one, directly confirming the high stability of the Ag-TIPA struc-
ture. Note that with increasing recycling times, the intensity of
the diffraction peak at 26 about 25.2° indexed as the (157)
plane slightly changed. By carefully comparing the position of
all diffraction peaks in Fig. S5f and calculating the lattice
spacing based on XRD data by Bragg’s law dj,q = 4/(2sind) (1 is
the X-ray wavelength (1 = 1.5406 A), d is the spacing of the diffr-
acting planes, and 6 is the angle between the incident rays and
the diffracting planes), no any significant change in lattice
spacing can be found, further confirming the stability of the
crystal structure of Ag-TIPA after photocatalysis. In general, the
intensity of diffraction peaks in crystal materials is influenced
by several factors, such as the crystal structure, crystallite size,
defects and dislocations, atomic scattering factors, wavelength
of incident radiation, instrumental factors, and so on.
Moreover, it is well known that the catalyst actually partici-
pated in the catalytic reaction and had the same structure
before and after the catalytic reaction. This process results in
the alterations in the crystalline size and surface morphology
such as the formation of defects and dislocations. Hence, the
slight change of intensity of diffraction peaks in the present
case was probably caused by the formation of defects and dis-
locations in materials and slight change of crystalline size
during the photocatalytic process. In addition, FTIR spectra
shown in Fig. S6t also corroborated the high stability of Ag-
TIPA on composition before and after photocatalysis.
Furthermore, to further monitor the Ag content in reaction
solution, the coupled plasma-optical emission spectroscopy
(ICP-OES) was used to detect the amount of Ag in the solution
after 5 cycles (Table S37). The results showed that Ag content
was zero in the solution, indicating that Ag-TIPA still main-
tained a stable structure and Ag was not etched during the
photocatalytic degradation. As a comparison, the photo-
catalytic activity of the present Ag-TIPA photocatalyst for the
degradation of CIP and PNP is superior to that of most of the
previously reported composite materials (Table S47).

2.3 Investigations on the electronic structures and optical
properties of Ag-TIPA

The separation efficiency of the photogenerated electron-hole
carriers has been extensively used to characterize electron
excitation.>®** Fig. S71 illustrates the electron-hole density
functional theory (DFT) calculation model of TIPA and Ag-
TIPA. The hole-electron separation process of TIPA and Ag-
TIPA from the ground state (S0) to the excited state (S1, S2, S3)
was analysed. Fig. 5(a—c) represents the hole-electron distri-
bution of TIPA with holes (purple) and electrons (green) and
Fig. 5(d-f) for Ag-TIPA. The D index represents the centroid
distance between the hole and the electron, indicating the
degree of separation of the hole-electron, the T index is the
degree of separation between the hole and the electron, and
the S index represents the degree of overlap between electron
and hole distributions. The small D index, the large Sr index,
the negative T'index and the small As index in Table S5} indi-

This journal is © The Royal Society of Chemistry 2024
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cate that the ligand TIPA is involved in a local excitation
process. In contrast, for the Ag-TIPA polymer, holes are mainly
distributed on metals and a small part is distributed on the
ligand, and electrons are prominently concentrated on the
ligand, and therefore show larger D, T and Ac indices and a
smaller Sr index. These disparities between TIPA and Ag-TIPA
mean that Ag-TIPA exhibits a higher degree of hole-electron
separation than TIPA, and this enhanced charge separation is
beneficial for photocatalysis.

Under ultraviolet-visible light irradiation, the metal (Ag)
electrons are excited and transferred to the ligand (TIPA), fol-
lowing the MLCT mechanism. The excitation of electrons from
the metal to the ligand is crucial to initiate photocatalytic reac-
tions. The high separation efficiency of hole-electron carriers
in Ag-TIPA (SO — S1, SO — S2, and SO — S3) facilitates efficient
charge transfer and promotes the photocatalytic activity of the
material. Herein, frontier molecular orbitals were utilized to
further understand the excellent properties of Ag-TIPA. In
TIPA, the HOMO (Fig. S8at) and LUMO (Fig. S8b¥) electron
clouds are predominantly distributed on the ligand, indicating
that this TIPA is locally excited. However, in Ag-TIPA, the
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HOMO (Fig. S8ct) electron cloud is predominantly distributed
on metals, and the LUMO (Fig. S8dt) orbital is distributed on
organic ligands.

In addition, the density functional theory (DFT) calcu-
lations were conducted on the original cells of Ag-TIPA using
the VASP. Fig. 5g shows the total electronic density of states
(TDOS) of Ag-TIPA (black) as well as the partial electronic
density of states (PDOS) of Ag (red) and TIPA (blue). To better
understand the charge-transfer process, the charge densities
of the valence band maximum (VBM) and the conduction
band minimum (CBM) of Ag-TIPA are included in their
respective positions. The VBM represents the highest occupied
electronic states, while the CBM represents the lowest unoccu-
pied electronic states. The VBM was mainly contributed by Ag,
while the CBM was primarily composed of TIPA, which further
validates the MLCT mechanism of Ag-TIPA. Based on these
findings, the high photocatalytic performance of Ag-TIPA for
CIP degradation compared to TIPA under ultraviolet-visible
light irradiation is readily acceptable and understandable.

It is well known that the transfers and migration efficiency
of electron-hole charge carriers play a crucial role in photo-
catalytic applications.>® The separation and migration of
photogenerated carriers in different catalysts can also be con-
firmed by transient photocurrent analysis and electrochemical
impedance spectroscopy (EIS). As shown in Fig. 6a, Ag-TIPA
indicated a strong photocurrent response compared to the
TIPA organic ligand under UV-visible light irradiation. The
radius of the arc of Ag-TIPA in the EIS (Fig. 6b) is much
smaller than that of TIPA. This represents that the interface
layer resistance occurred on the surface of electrode Ag-TIPA is
smaller than TIPA, implying the higher charge transfer
efficiency for the separation and transfer of photogenerated
electron-hole pairs on Ag-TIPA. As a result, Ag-TIPA showed a
high photocatalytic degradation efficiency for CIP. In addition,
as shown in Fig. 6¢c and d, the weak luminescence intensity
and average short fluorescence lifetime (0.735 ns) of Ag-TIPA
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Fig. 6 (a) Photocurrent response. (b) EIS spectra. (c) PL spectra. (d)

Time-resolved fluorescence decay spectra of TIPA and Ag-TIPA.
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also verify a lower recombination rate of photogenerated elec-
trons and holes and a better photocatalytic activity under UV-
visible light irradiation in comparison with that of the TIPA
organic ligand (the average fluorescence lifetime is 1.269
ns).36,37

To gain a deeper understanding of the photocatalytic
mechanism, the UV-visible diffuse reflectance spectrum of Ag-
TIPA was measured and shown in Fig. 7a.*®> The absorption
spectrum of Ag-TIPA exhibits a red-shift phenomenon com-
pared to that of the TIPA organic ligand, implying electron
transfer taking place at a low energy band. The plot of (a/v)?
versus (hv) (Fig. 7b) can well deduct the band gap energy (E,) of
the sample from the UV-vis absorption spectrum calculated
using the Kubelka-Munk formula with ahv = (hv — Eg)">.%” By
extrapolating the linear part of the absorption curves for TIPA
and Ag-TIPA, the estimated energy band gaps (E,) were deter-
mined to be 2.96 and 2.81 eV, respectively, indicating its poten-
tial semiconducting properties.*®* Under UV-visible light
irradiation, the coordination of Ag leads to the transfer of elec-
trons from the metal to the ligand, promoting the charge sep-
aration process. It enables energy transfer and enhances the
absorption of light by the semiconductor. This produces more
active free radicals to oxidize pollutants, and thereby improv-
ing the photocatalytic degradation performance. Specific
characterization studies were conducted to analyze the energy
band structure of the catalyst. XPS was used to obtain valence
band (VB) spectra, allowing for the determination of the cata-
lyst’s band structure. The intersection of a fitted tangent line
with (Av) as the horizontal axis typically determines the VB
edge of a semiconductor. In this case, the VB values of TIPA
and Ag-TIPA were determined to be 3.31 eV and 2.78 eV,
respectively (Fig. 7c). Since the valence band potential of Ag-
TIPA is higher than the standard redox potential of H,O/"OH
(2.38 eV vs. NHE), it is theoretically possible to produce "OH
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Fig. 7 (a) UV-vis diffuse reflection spectra of TIPA and Ag-TIPA. (b)

Optical bandgap energy of TIPA and Ag-TIPA photocatalysts. (c) XPS
valence band spectra of TIPA and Ag-TIPA samples. (d) Schematics of
the bandgap of TIPA and Ag-TIPA.
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under light.*>*° This value represents the energy level of the
valence band. Furthermore, the conduction band (CB) energy
(Ecp) was calculated using the equation Ecy = Eyg — Eg
(Fig. 7d). The Ecp was calculated to be 0.17 eV for TIPA and
—0.03 eV for Ag-TIPA. When Ag' is coordinated with the N
atom of TIPA, the valence band (VB) of Ag-TIPA is increased by
0.35 eV compared to pure TIPA. At the same time, the CB
increased by 0.2 eV. The energy gap of Ag-TIPA is 2.81 eV and
can absorb photons with energies higher than 2.81 eV. Since
the CB potential of the Ag-TIPA catalyst is lower than that of
0,/H,0, (0.68 €V vs. NHE)*' and higher than that of 0,/°0,~
(=0.33 eV vs. NHE),*® theoretically it should be able to produce
H,0, in the presence of light, but not "O,~. This result will be
further confirmed by the findings from the trapping experi-
ments of active species and the electron spin resonance (ESR).

2.4. Photocatalytic degradation mechanism

To investigate the role of reactive species such as holes (h'),
hydroxyl radicals ("OH) and superoxide radical anions (‘O,"),
disodium ethylenediaminetetraacetic acid (EDTA-2Na), tert-
butanol (TBA) and benzoquinone (BQ) were used as scavengers
for h', "OH and "0O,~, respectively. The trapping experiments of
active species for the photocatalytic degradation of CIP over
the Ag-TIPA catalyst were conducted and the results are shown
in Fig. 3f. After adding EDTA-2Na to the reaction solution, the
degradation rate of CIP declined from 93% to 59%, implying
the decrease of active species h'. Similarly, addition of TBA
and BQ reduced the degradation efficiency of CIP from 93% to
72% and 90%, respectively. This result demonstrates that posi-
tive holes h" and hydroxyl radicals ‘OH are the main active
species playing pivotal roles in the CIP photodegradation
process, and the influence of 'O, is negligible. Based on the
free radical trapping test, ESR was employed to confirm the
reacting species involved. In general, TEMPO and DMPO are
used to capture holes (h*) and hydroxyl free radicals ("OH) and
superoxide (O,~), respectively. Fig. 8 shows the ESR spectra of
TEMPO-h" (Fig. 8a) and DMPO-"OH (Fig. 8b) in Ag-TIPA under
darkness and UV-vis light irradiation. Note that TEMPO-h"
showed a strong signal in the dark and the intensity of signals
gradually decreased with increasing UV-vis light irradiation
time. This result implies that the photogenerated holes (h")
were consumed by other species with increasing illumination
time, which reduced the opportunity of TEMPO capturing h*,
and thereby decreasing the intensity of TEMPO-h' signals
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Fig. 8 ESR spectra of Ag-TIPA for (a) TEMPO-h"*; (b) DMPO-"OH in the
dark and under UV-visible light irradiation.
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(Fig. 8a).”” This observed phenomenon clearly confirmed the
formation of photogenerated holes on the photocatalyst Ag-
TIPA. Similarly, DMPO was used as a spin-trapping agent in
the filtrate sample of Ag-TIPA to capture hydroxyl free radicals
by forming 5,5-dimethyl-2-oxo-pyrroline-1-oxyl (DMPOX)*?
stemming from the oxidation of DMPO by two "OH radicals.”
The result showed a typical sevenfold signal peak
(1:2:1:2:1:2:1) (Fig. 8b). However, the DMPO-"O,” ESR
spectrum in Ag-TIPA did not show any signals in the dark and
under UV-visible light irradiation (Fig. S9%), revealing the
absence of superoxide radicals "O,~ in the solution of Ag-TIPA
with DMPO. Additionally, to verify the above-mentioned for-
mation of H,O, in the presence of Ag-TIPA under light
irradiation, the photolysis of water was carried out in air and
under argon protection after vacuum (marked as argon protec-
tion) and H,0, production was monitored by reacting with Ce
(SO4), (H,0, + 2Ce(S0,), = Ce,(S0,); + H,S0, + 0,).*! The vari-
ation of the concentration of the Ce(wv) ion in reaction solution
was measured by the change of the UV-vis absorption spec-
trum of Ce(wv) at 320 nm with increasing light irradiation time.
As shown in Fig. S10a,T with increasing light irradiation time,
it is clear to find that the concentration of the Ce(v) ion gradu-
ally decreased until completely disappeared. Under argon pro-
tection, the intensity of adsorption peaks of the Ce(wv) ion did
not show any significant change (Fig. S10b¥), implying no
H,0, production and indirectly demonstrating that H,O, was
produced by two-electron reduction of oxygen (O, + 2H" + 2e”
— H,0,).*" All experimental results further verified the gene-
ration of h*, "OH and H,0, and their pivotal role as main
active species during the photodegradation of CIP and PNP on
catalyst Ag-TIPA. This confirmation further supports the pre-
vious findings (Fig. 3f) regarding the involvement of "OH and
h' as the primary active species in the photocatalytic mecha-
nism of Ag-TIPA. Furthermore, based on the result from the
above-mentioned BQ captured ‘O, in Fig. 3f, it is necessary to
note that the superoxide radical ("O,”) did not form. Hence,
the electrons in the CB of Ag-TIPA interact with the dissolved
0, to form H,0, (O, + 2H' + 2e~ — H,0,), and H,0, with e~
further converts into 'OH and OH™ (H,0, + e~ — 'OH + OH "),
the latter OH™ interacts with h* to generate ‘OH radicals (OH~
+ h" — "OH). This is in good agreement with the decrease of
the intensity of TEMPO + h' signals and the increase of inten-
sity of DMPO-'OH signals with increasing time of light
irradiation (Fig. 8). On the other hand, the electrons of the
VBM in Ag-TIPA under light irradiation were transferred from
the CBM of the metal to the ligand, which also realized the
separation of e~ and h'. Obviously, H,0, formed also acceler-
ated oxidation of the pollutant and partial photoexcited h*
directly oxidized the pollutants, and the hydroxyl radicals "OH
stemmed from the combination of OH~ with h" and inter-
action of H,0, with e~ further oxidized the pollutants and rea-
lized photocatalytic degradation (Fig. 9).

2.5. Possible decomposition pathway of CIP and PNP

Based on the optimized structure of PNP and CIP and the cal-
culated electrostatic potential and frontier molecular orbital
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Fig. 9 Mechanism of photocatalytic degradation of pollutants.

analysis, Fig. 10a and d illustrate the electrostatic potential dis-
tribution of CIP and PNP, respectively, where the blue area rep-
resents the electron-rich area with electrophilic characteristics.
In contrast, red regions represent the areas that lack electrons
and have nucleophilic properties.’® The frontier molecular
orbitals of PNP and CIP are shown in Fig. S11a-d,f indicating
that the n-bonding orbitals are mainly located in the benzene
and hydroxyl rings (PNP) as well as the quinoline ring (CIP).**
According to the theory of frontier orbitals, "OH is more likely
to attack positions with higher electron density in the frontier
orbitals. The Fukui index and Orbital-Weighted Dual
Descriptor (OWDD) theory (Tables S5 and S67) can also predict

View Article Online
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the most reactive sites susceptible to free radical attacks. The
negative values of the OWDD in the blue regions (Fig. 10b and
e) suggest a higher susceptibility to free radicals.** Taking into
account the theoretical analysis and LC-MS measurement
(Fig. S9t) identification (Table S8t), the degradation pathway
of CIP is described below (Fig. 10c). For pathway I, the pipera-
zine ring of CIP (m/z = 322) undergoes cleavage and is oxidized
by "OH and H,0, to form two amide derivatives, P1 (m/z = 334)
and P2 (m/z = 334). With further oxidation of P1 and P2, the
fluorine element is replaced by the hydroxyl group, a de-
carboxylation reaction occurs, and the C=C bond is oxidized
and broken by the hydroxyl radical, yielding P3 (m/z = 308) and

4 (m/z = 308). The tertiary amine group adjacent to the car-
boxyl group in P3 is oxidized and delocalized to form P5 (m/z =
225). The secondary amine group adjacent to the hydroxyl
group and the tertiary amine group adjacent to the carboxyl
group are oxidized and delocalized in P4. The benzyl ring
reacts electrophilically with "OH, and the carboxylic acid group
undergoes reduction to an aldehyde group, forming P6 (m/z =
155). In pathway II, the piperazine ring is completely destroyed
and converted to the product P8 (m/z = 262), where the fluorine
element is replaced by the hydroxyl group and "OH attacks the
quinoline ring to produce P9 (m/z = 199). In pathway III, the
CIP molecule undergoes decarboxylation, and the double
bond is oxidized and the ring is opened under the oxidation of
'OH and H,0, to produce P10 (m/z = 308). As the aldehyde
group on the amide group on P10 is oxidized to a carboxyl
group, it is removed to generate P11 (m/z = 298). Piperazine is
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Fig. 10 Minimum and maximum electrostatic potential (ESP) values for (a) CIP and (d) PNP. OWDD (Af,,) isosurface (value = 0.001) of (b) CIP and (e)
PNP, blue/green (positive/negative values) represents electrophilic/nucleophilic attack susceptibility. The proposed scheme degradation pathways

for (c) CIP and (f) PNP.
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oxidatively removed to give P12 (m/z = 228), which undergoes
decarboxylative oxidation to generate P13 (m/z = 101).
Ultimately, these products are mineralized into small mole-
cules, CO, and H,0.**™*°

Similarly, based on the theoretical analysis and LC-MS
identification, a degradation pathway for PNP in the photo-
catalytic system is proposed (Fig. 10f). Additionally, possible
intermediates are identified using mass spectra (Table S97).
Under light conditions, nitrophenol is oxidized to phenoxy
radicals. The phenoxy radical then undergoes electrophilic
substitution and rearrangement reactions with hydroxyl rad-
icals. The oxygen radical binds to PNP, causing the release of
OH™ and NO,” from the benzene ring, forming part of the
phenoxy radical as well as hydroxyl and nitro groups, resulting
in intermediates such as nitrobenzene and p-phenol. As the
reaction progresses, the radicals continue to oxidize p-nitro-
phenol and the intermediates, eventually forming compounds
such as benzoquinone. Subsequently, the benzene ring is
rapidly opened, generating products like ¢trans-(cis-) butanediol
acid, oxalic acid, and formic acid, which are ultimately minera-
lized into CO, and H,O.

3. Experimental section

Details of the chemical reagents and characterization tech-
niques used in this study are provided in the ESL.{

3.1. Synthesis of {{[Ago(TIPA)s](NO;)s-12H,0},, (Ag-TIPA)

AgNO; (0.0169 g, 0.1 mmol), tris(4-imidazolyl phenyl)amine
(TIPA) (0.022 g, 0.05 mmol), 1 mL of N,N-dimethylformamide
(DMA), 3 mL of isopropanol, and 20 uL of HNO; (6 mol L™
were added to a high-temperature-resistant glass vial. The
mixture was placed into a stainless-steel high-pressure reactor
with a PTFE liner and screw cap. The reaction was performed
in an oven and the reaction temperature gradually increased to
95 °C and this temperature was maintained for 72 h, then
naturally cooled to room temperature, filtered, washed, and
dried at room temperature to obtain the black lumpy com-
pound Ag-TIPA. FTIR (KBr, cm™'): 3441(m), 3126(m), 1637(m),
1516(s), 1316(s), 1128(m), 1062(s), 962(m), 835(s), and 654(m)
(Fig. S57).

3.2. Photocatalytic experimental section

3.2.1. Ag-TIPA-catalyzed photodegradation of CIP or PNP.
20 mg of Ag-TIPA catalyst was added to 20 mL of aqueous solu-
tion containing CIP or PNP with a mass concentration of
15 mg L™". The resulting suspension was stirred continuously
in the dark for 30 min to ensure the adsorption-desorption
equilibrium between the catalyst and the solution. Afterwards,
the solution suspension was exposed to UV-visible light using
a 300 W high-pressure mercury lamp as a visible light source.
Aliquots of the reaction mixture were analyzed using a UV-
visible spectrophotometer to monitor the change in absor-
bance during the expected reaction time interval.
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3.2.2. Evaluation of the durability and recyclability of Ag-
TIPA. In the experiment, 100 mg of Ag-TIPA catalyst was
initially used and divided into 5 glass tubes for 5 sets of paral-
lel experiments. After the first run, 80 mg of the Ag-TIPA cata-
lyst was recovered by centrifugation and used for 4 sets of par-
allel experiments for the second run. Based on this procedure,
after the fourth run, 20 mg of the Ag-TIPA catalyst was col-
lected and used for the fifth run. For every run, the photode-
gradation efficiency of Ag-TIPA was monitored.

3.2.3. H,O0, generation test on the Ag-TIPA catalyst. The
H,0, generation test on the Ag-TIPA catalyst was conducted in
a photocatalytic reactor with 20 mg of the catalyst. The reactor
contained 20 mL of deionized water and was exposed to 300 W
mercury lamp irradiation. To stabilize the reaction, 0.01 M
EDTA-2Na and 0.05 M NaOH solution were added to prevent
H,0, decomposition. The concentration of hydrogen peroxide
was monitored by titration with a standard cerium sulfate solu-
tion (Ce(SO4),), as mentioned in a previous study.*"

H,0, + 2C€(SO4)2 = Cez(SO4)3 + H,;SO4 4 O,

The quantitative calculation of H,O, was determined by
measuring the absorption reduction values of UV-vis spectra
between 200 and 600 nm.

3.3. Computational details

To analyze the electron cloud distribution of crystalline Ag-
TIPA, the Vienna ab initio Simulation Package (VASP)*° was uti-
lized to perform the periodic density functional calculations. A
I-centered 1 x 1 x 1 Monkhorst-Pack k-point mesh was
employed. The convergence threshold for the self-consistent
field iteration was set to 10™* eV, the cutoff energy was 400 eV,
and the optimization termination was found to occur when
the force acting on each atom was smaller than 0.05 eV A™".
The optimized periodic structure includes 3 metal Ag atoms,
42 N, 162 C, and 126 H. By completely relaxing the lattice con-
stant, the periodic experimental structure of Ag-TIPA was opti-
mized. The valence and conduction bands of crystalline Ag-
TIPA were visualized using VESTA.

A cluster model of representative Ag-TIPA was intercepted
using an optimized periodic structure containing three metal
Ag ions and one TIPA organic ligand. For the Ag-TIPA and
TIPA cluster models, the ground state and excited state were
calculated using the B3LYP/6-31g”" level, the metal ions were
performed using the Stuttgart-Dresden-Dunning (SDD)>*
pseudopotential. The restriction optimization was used, and
all non-H atomic coordinates were frozen. All cluster structure
calculations were done using Gaussian16,>® wavefunction ana-
lysis was performed in Multiwfn,* and molecular frontier
orbitals, electrostatic potentials, etc., were visualized using
VMD.*®

4. Conclusions

In summary, a novel Ag-TIPA two-folded interpenetrated
porous coordination polymer was successfully prepared by a
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solvothermal reaction and its single structure was deter-
mined while the chemical state and composition were
characterized by XPS. Such a Ag-TIPA coordination polymer
exhibited excellent photocatalytic degradation performance
for CIP and PNP under UV-visible light irradiation due to the
metal-ligand charge transfer promoting the efficient separ-
ation of photogenerated electron-hole carriers. Additionally,
such Ag-TIPA also indicated high reusability owing to the
high stability of the crystal structure in different acidic,
neutral and alkaline environments and even in the presence
of various sodium salts. In addition, dosage/pollutant con-
centration/pH/sodium salt effects for the influence of photo-
degradation of CIP and PNP were investigated in detail.
Finally, theoretical calculation and trapping experiment as
well as the investigation of electrochemical properties further
reveal the intrinsic features of Ag-TIPA and active species
under UV-visible light irradiation for CIP and PNP degra-
dation in comparison with the single organic ligand TIPA. A
metal-ligand charge transfer mechanism is proposed and
the corresponding photodegradation products of CIP and
PNP were identified. This work provides a potential strategy
for exploring the application of transition metal coordination
polymers in photocatalysis, especially in the photodegrada-
tion of contaminants, antibiotics and environmental
remediation.
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