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Modulating Narrow Bandgap in a Diacetylene
Functionalized Woven Covalent Organic Framework as a

Visible Light Responsive Photocatalyst

Anahita Khojastegi, Ahmadreza Khosropour, Saeed Amirjalayer,* Imann Mosleh,

and Alireza Abbaspourrad*

Woven covalent organic frameworks (COF) possess entangled 3D
frameworks. The metallated version of these structures contains spatially
isolated Cu(l) centers and promising optoelectronic properties because of
metal-to-ligand charge transfer (MLCT). However, despite their potential,
woven COFs have not yet been investigated as photocatalysts. In this study, a
new woven COF, Cu-PhenBDA-COF, functionalized with diacetylene bonds is
developed. Cu-PhenBDA-COF is fully characterized, and the optoelectronic
and photocatalytic properties are compared to previously reported
Cu-COF-505. The diacetylene bonds of the linker positively impact the
optoelectronic properties of Cu-PhenBDA-COF and result in a narrower
bandgap and better charge separation efficiency. When the Cu(l) center is
removed from both woven COFs, the absorption edge is blueshifted, resulting
in a wider bandgap, and there is a considerable decrease in the charge

(COFs), comprised of organic building
blocks covalently bonded together, have
been identified as promising photocata-
lysts combining tunability, crystallinity, and
porosity."*° Narrowing the bandgap of a
COF photocatalyst allows the photocatalyst
to harness a wider portion of the electro-
magnetic spectrum, especially the abun-
dant visible light which constitutes >40%
of the light generated by the sun.*’! To
achieve this in COF-based materials, re-
searchers typically focus on two primary ap-
proaches: functionalization and structural
modification. Functionalization involves in-
troducing electron donating or withdrawing
groups to the COF structure, which can al-

separation efficiency, underscoring the pivotal role of MLCT. This trend is
reflected in the photocatalytic activity of the woven COFs toward the
degradation of sulfamethoxazole in water, where the highest reaction rate
) is recorded for the metallated diacetylene functionalized

constant (k,,,,

woven COF, Cu-PhenBDA-COF.

1. Introduction

Photocatalysts that are designed based on reticular chemistry
offer diverse synthetic modularity to adjust optical and elec-
tronic properties.!3] In particular, covalent organic frameworks
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ter its electronic properties and narrow the
bandgap.”"!!l Structural modification in-
volves altering the COF structure by chang-
ing the connectivity or geometry of the
COF, thus affecting the energy levels of the
resulting materials’ electronic states.['21]
However, both approaches come with chal-
lenges, such as potentially destabilizing the
structure of the COF or requiring complex
synthetic procedures. Despite these efforts, visible light-
responsive COF photocatalysts with well-separated charge
carriers are still rare, and achieving this combination of proper-
ties remains a key research goal.

Woven COFs, specifically Cu-COF-505, containing woven he-
lical organic threads and a Cu(I) center around which the threads
converge and diverge, were introduced as the new generation of
COFs.[1%] Cu-COF-505 has many unique structural features that
can be tailored for a specific application. Cu(I) serves as a point of
registry, the crossing point of the organic polymer threads, and
can be removed reversibly in suitable reaction conditions.!1¢17]
The COF-505 threads possess many degrees of freedom that
allow significant deformation without affecting the structural
framework.[16]

Accordingly, Cu-COF-505 has photocatalytic potential due
to the inclusion of Cu(l) photosensitizers in the structure.['8]
The electron-rich Cu(I) center facilitates metal-to-ligand charge
transfer (MLCT) upon excitation; this extends the wave-
length range of absorption.'®?)] Additionally, the unique
electronic configuration of the metal center enables strong
spin-orbit coupling; this promotes intersystem crossing (ISC)
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Scheme 1. The synthesis procedure of Cu-PhenBDA-COF.

between excited singlet and triplet states and improves the
lifetime of the excited states and the overall photocatalytic
efficiency.[1821]

While Cu-COF-505 exhibits intriguing characteristics, further
optimization could increase its range and scope of photocatalytic
applications. For example, because functional groups play a key
role in photocatalytic properties, fine-tuning the connectivity of
the phenanthroline ligands on the metal center may enhance
photocatalytic properties.[??%] Specifically, replacing the benzi-
dine linker with a more electron-rich linker may improve the pho-
tocatalytic properties of the woven COF. Nevertheless, construct-
ing COFs with new functionality is challenging, and examples of
woven COFs are rare.[16:17:24-27]

The inclusion of linkers with particular functional groups
has improved the photocatalytic properties and tunability
of the optoelectronic properties of the resulting COFs.!
Diacetylene-bridged COFs have drawn significant interest due
to their exceptionally conjugated structures, accelerated charge
transfer, and accessible active sites.?’] Studies have demon-
strated that COFs containing diacetylene bonds possess a
narrower bandgap, facilitate intramolecular electron transfer,
and enhance the delocalized electronic structure compared to
their mono-acetylene counterparts or COFs lacking acetylene
bonds.[2831]

Here, we report the synthesis of a new woven COF (Cu-
PhenBDA-COF) with diacetylene functionalized linkers via
imine bond formation. We compared the optoelectronic proper-
ties of Cu-PhenBDA-COF with Cu-COF-505 to assess the impact
of the diacetylene bond. Under appropriate reaction conditions,
the Cu(I) could be removed, and we compared the optoelectronic
properties of both Cu-PhenBDA-COF and Cu-COF-505 with and
without the metal ion. Our new Cu-PhenBDA-COF was fully
characterized, and as proof of concept, we studied its photocat-
alytic properties via the degradation reaction of sulfamethoxazole
(SMX) in water.
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2. Results and Discussion

2.1. Synthesis and Characterization of Cu-PhenBDA-COF

To synthesize the diacetylene functionalized woven COF (Cu-
PhenBDA-COF), we have explored various solvent combinations
and catalysts to achieve the crystalline material (Table S1, Sup-
porting Information). Ultimately, Cu-PhenBDA-COF was syn-
thesized by combining Cu(I)-bis[4,4’-(1,10-phenanthroline-2,9-
diyl)dibenzaldehyde]tetrafluoroborate (Cu(PDB),BF,) and 4,4'-
(buta-1,3-diyne-1,4-diyl)dianiline (BDA) in a 7:3 (v/v) mixture of
dioxane:mesitylene and 12 M acetic acid (Scheme 1).

Powder X-ray diffraction (PXRD) of Cu-PhenBDA-COF con-
firmed its high crystallinity and periodic structure (Figure 1b).
To characterize the atomistic structure in detail, we modeled the
framework at the atomic level using a molecular mechanics ap-
proach. In this context, we extended the MM3 force field**4] to
describe the Cu(I) environment using our previously introduced
genetic algorithm-based parametrization protocol.*>-37] We used
a united-atom representation for the counter anion together with
a simplified charge representation (Cu: +1 and ion: —1). The
structure was explored based on this force field and starting from
the reported Cu-COF-505 network topology, and the simulated
XRD patterns were compared with the experimental data. The
framework structure, which is constructed by an interpenetra-
tion of two mesh structures (Figure 1a,c), is in good agreement
with the experimental pattern. The Cu-PhenBDA-COF (cell pa-
rameters: a = 25.46; b = 15.50; ¢ = 39.79; a = 85.02; f = 92.32;
7 =90.13 A) thus contains a similar network, iso-reticular, as the
Cu-COF-505 structure (Table S2, Supporting Information).

Fourier transform infrared (FTIR) spectroscopy was used to
assess the presence, or absence, of key functional groups in the
structure of Cu-PhenBDA-COF (Figure 2a). The disappearance
of the C=0 stretching vibration of the aldehyde groups at 1695
cm~! and the N—H stretching vibration frequency at 3400 cm™!
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Figure 1. a) Periodic structure of the Cu-PhenBDA-COF derived from the molecular mechanics investigations (for clarity, the individual threads are
color-coded, and the free ions are removed). b) Comparison of the experimentally measured synchrotron PXRD and simulated PXRD patterns (blue). c)
Atomistic structure of the Cu-PhenBDA-COF decomposed into the respective threads and mesh forming the crystalline structure.

(corresponding to the primary amine group), and the appearance
of a new band at 1622 cm™ pertaining to a C=N stretching vibra-
tion of an imine bond provides evidence of the complete con-
version of the aldehyde and amine groups to the corresponding
imine bond.[738:3]

The CPMAS solid-state 3C NMR spectrum of Cu-
PhenBDA-COF (Figure 2b) shows multiple peaks from 140
to 160 ppm; these chemical shifts are typical of C=N dou-
ble bonds. The disappearance of the aldehyde group of
Cu(PDB),BF, at 190 ppm indicates the high polymeriza-
tion degree of this COF.1%* The acetylenic carbons ap-
pear at 70 and 80 ppm, confirming that the functionality
of the linkers has not changed during synthesis. (Detailed
NMR assignments are provided in Figure S1, Supporting
Information.)

The SEM images of Cu-PhenBDA-COF showed spherical mor-
phology with a diameter of 1.5-2.5 um, similar to that of Cu-COEF-

Cu(PDB)yBF4
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T (%)

Cu-PhenBDA-COF

g~

C=N
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505 (Figure 3a,b). The TEM images (Figure 3d,e) also confirmed
the spherical morphology of the Cu-PhenBDA-COF and its wo-
ven structure where the weave is highlighted with the dark and
light crossings of the warp (the dark lines) and weft (the white
lines moving up and down).

The XPS spectra of Cu-PhenBDA-COF showed the presence of
Cu, F, N, and C, confirming the preservation of the Cu(I) complex
and the BF,” counterion (Figure 3c). The C 1s spectra were de-
convoluted to several peaks centered around binding energies of
283.0, 284.4, 284.9, 285.5, and 286.5 eV, corresponding to C=C,
C=C, C=N phenanthroline, C=N imine, and the satellite peak,
respectively (Figure 3f). Similarly, the deconvoluted N 1s spectra
showed two peaks; one peak is centered at 397.4 eV and corre-
lates to the C=N imine, while the other at 399.0 eV is related to
C=N phenanthroline (Figure S2a, Supporting Information). The
Cu 2p spectra confirmed the presence and purity of Cu(I) in the
system (Figure S2b, Supporting Information).
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Figure 2. a) FTIR spectra, and b) CPMAS solid-state >C NMR spectra of Cu-PhenBDA-COF, BDA, and Cu(PDB),BF, in DMSO-d,.

Adv. Funct. Mater. 2024, 34, 2309367

2309367 (3 of 9)

© 2023 Wiley-VCH GmbH

A ‘11 $T0T ‘8TOEII91

:sdny wouy papeoy

IpUO) puE SULIR, A} 338 “[$T0T/60/C1] U0 Axeiquy autquQ 1A\ ‘Areiqu] Asidatun [[2u10D) £q L9E60ETOT WHPE/ZO01 0 1/10p/Wod Ad[Im"

ssdny)

10)/W0" K1

pue-s

ASULOIT suowwo)) dAnear)) aqeorjdde oy £q pautoao are sajone v (asn Jo sani 1oy Areiqi] autjuQ L3I uo (


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

CPS

Cu2p Fis N1s

1200 1000 800 600 400 200
Binding energy (eV)

; f) ¢

\

‘CE

CPS

c=N/
c=N, imine\ /
Satellite pe\ali/\ {

A
SO0\
248\ \

202 200 288 286 284 282 280 278
Binding energy (eV)

o

Figure 3. a,b) SEM images, d,e) HR-TEM images, c) XPS survey spectra, and f) C 1s XPS high-resolution spectra of Cu-PhenBDA-COF.

The thermal stability of Cu-PhenBDA-COF was assessed us-
ing thermogravimetric analysis (TGA) and showed the excellent
thermal stability of the structure up to 400°C (Figure S3, Support-
ing Information). The major weight loss occurred above 400 °C,
accounting for 28% of the sample weight arising from the car-
bonization of the sample in the nitrogen atmosphere.

We also synthesized Cu-COF-505 to compare the optoelec-
tronic and photocatalytic activity to Cu-PhenBDA-COF (Scheme
S1, Supporting Information). The PXRD of the as-synthesized
Cu-COF-505 matched those reported. (Figure S4a, Supporting
Information).[1) We also removed Cu(l) from the structure of
Cu-PhenBDA-COF and Cu-COF-505 post-synthetically to com-
pare the optoelectronic and photocatalytic activity to the metal-
lated counterpart (Schemes S1 and S2, Supporting Information).
The demetallation of the woven COFs was confirmed by nitric
acid-digested samples using inductively coupled plasma mass
spectrometry (ICP-MS), and the results showed that 94.1 + 3.1%
and 95.0 = 2.6% of Cu(I) were removed from Cu-PhenBDA-COF
and Cu-COF-505, respectively. Further, upon demetallation, we
observed that when Cu(I) was removed from the COF structure,
the dark red-brown colors of the Cu-COFs, arising from MLCT,
changed to pale yellow. The PXRD of the demetallated woven
COFs (Figure S4, Supporting Information) showed a reduction
in the peak intensity, arising from the increased flexibility of the
woven COF.[1¢]

2.2. Optoelectronic Properties of the Woven COFs

Diffuse reflectance ultraviolet—visible spectroscopy (DRS-UV-
vis) was performed to evaluate the light-harvesting properties
of woven COFs.'®) For Cu-COF-505 the absorption edge is
~550 nm, while Cu-PhenBDA-COF showed a broad absorp-
tion covering almost the entire visible-light region, the absorp-
tion edge is estimated to be 650 nm with a tail that continued
to 800 nm (Figure 4a). These results indicate the positive im-
pact of the diacetylene bond in the light-harvesting ability of
Cu-PhenBDA-COF compared to Cu-COF-505. The absorption
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edge of the demetallated COFs, PhenBDA-COF and COF-505, is
blueshifted to 450 nm, indicating the importance of metal in the
structure of woven COF and the role of MLCT in visible light ab-
sorption.

The optical bandgaps of the woven COFs calculated from
the Tauc plot*!] were found to be 1.86 and 2.05 eV for Cu-
PhenBDA-COF and Cu-COF-505, respectively, while for the
demetallated woven COFs the bandgaps were wider with 2.31 eV
for PhenBDA-COF and 2.47 eV for COF-505 (Figure S5, Support-
ing Information). These observations indicate the importance of
both the diacetylene groups on the linker, as well as the Cu(I), to
improve the light-harvesting properties of the Cu-PhenBDA-COF
and narrow the bandgap compared to Cu-COF-505.

To gain more insight into the electronic properties of the wo-
ven COFs, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels were
estimated using different methods (Figure 4b). Mott—Schottky
plots of woven COFs displayed the negative slopes, typical of n-
type semiconductors (Figure S6, Supporting Information). For
n-type semiconductors, the flat band potentials are usually close
to the LUMO and thus were estimated to be —0.63, —0.49,
—0.19, and —0.17 V versus normal hydrogen electrode (NHE)
for Cu-PhenBDA-COF, Cu-COF-505, PhenBDA-COF, and COF-
505, respectively.**] Cyclic voltammetry (CV) was used to es-
timate the HOMO level, and the onset of the oxidation po-
tential of woven COFs indicates the HOMO to be 1.15, 1.45,
2.04, and 2.17 V versus NHE for Cu-PhenBDA-COF, Cu-COF-
505, PhenBDA-COF, and COF-505, respectively (Figure S7, Sup-
porting Information).[***] Our experimentally observed spectro-
scopic measurements and electrochemical measurements, are in
good agreement with the calculated estimated bandgap for our
woven COFs.

Ultraviolet photoelectron spectroscopy (UPS) was also used
to estimate the energy level of the HOMOs of Cu-PhenBDA-
COF and Cu-COF-505 (Figure S8, Supporting Information). The
HOMO level versus vacuum for Cu-PhenBDA-COF was found
at 5.94 eV, while for Cu-COF-505 it was 6.27 eV, which is in
good agreement with our electrochemical measurements. These
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Figure 4. a) DRS-UV-vis spectra of woven COFs. b) The energy band structure of woven COFs. c) Transient photocurrent measurements of woven COFs.

d) Nyquist plot of woven COFs in light.

results show that the LUMO energy levels of metallated woven
COFs are well-positioned and thermodynamically suitable for
producing radicals by oxygen reduction.

We conducted transient photocurrent measurements to exam-
ine the separation and movement of electron-hole pairs gener-
ated by light; Cu-PhenBDA-COF showed a higher photocurrent
response than Cu-COF-505 (Figure 4c). The low photocurrent re-
sponse for Cu-COF-505 is due to the C—C single bond linking the
two benzene rings, which may result in the partial destruction of
charge dislocation.[#-3% Conversely, the diacetylene bond in Cu-
PhenBDA-COF can promote a coplanar conformation favorable
for charge separation.[?-3% A higher photocurrent response was
recorded for the metallated woven COFs compared to the demet-
allated ones indicating the role of the metal in the charge separa-
tion of photogenerated charge carriers.

Electrochemical impedance spectroscopy (EIS) confirmed the
photocurrent responses (Figure 4d). The smaller semicircles as-
sociated with the metallated woven COFs compared to the demet-
allated counterparts indicate the lower charge transfer resistance
of the metallated COFs which we attribute to the presence of the
Cu(I) ion.

In addition, density functional theory (DFT) calculations at
the CAM-B3LYP/SDDI*#] |evel were performed at non-periodic
model systems to identify the relevant electronic transitions in-
duced by light excitation. These calculations show a metal-to-
ligand excitation for both Cu-COF-505 and Cu-PhenBDA-COF
(Figure 5). However, detailed analysis revealed that in the case of
Cu-PhenBDA-COF, the excitation from the metal center to the
organic ligands is promoted due to the coupling of the diacety-
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lene ligand with the metal-centered orbitals. This is reflected by
an increase of the calculated oscillator strength ffor the first two
metal to ligand electronic excitations going from 0.0519 to 0.0867
and from 0.0964 to 0.1791, respectively (Figure 5). The enhanced
MLCT indicates a significant change in the light absorption
properties.

2.3. Photocatalytic Properties of the Woven COFs

We evaluated the photocatalytic properties of Cu-PhenBDA-COF
in the photocatalytic degradation of sulfamethoxazole (SMX) in
water. SMX, one of the top ten prescribed antibiotics for humans,
livestock, and aquaculture worldwide, is frequently detected in
natural water due to its stability toward biodegradation.!**>"]
The degradation rate of SMX using Cu-PhenBDA-COF as a
photocatalytic system follows a pseudo-first-order kinetic model
lnc% = —k,pt, where C, and C, correspond to the concentration

of SMX attime ¢, and O min and k,,, are the apparent pseudo-first-
order rate constant. We observed that Cu-PhenBDA-COF can
adsorb ~10% of SMX under dark conditions. Under white LED
light conditions, Cu-PhenBDA-COF degraded 99.9% of the SMX
in 100 min, and the reaction rate constant (k,,,,) was found to be
0.0467 min~!. Cu-COF-505 also adsorbed ~10% of the SMX un-
der similar dark conditions; however, under light conditions, 50%
of the SMX was degraded within the same time frame (Figure 6a).
The k,,, for Cu-COF-505 was found to be 0.0079 min~'
(Figure S9, Supporting Information). Without a catalyst, SMX
did not degrade within the 100 min time frame. We attribute the
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Figure 5. Molecular orbitals representing the two metals to ligand electronic excitation (left and right) of the a) Cu-COF-505, and b) Cu-PhenBDA-COF
calculated at the CAM-B3LYP/SDD//B3LYP/SDD level for non-periodic model systems together with the corresponding oscillator strength f. Hydrogen

atoms are omitted for clarity.

superior performance of Cu-PhenBDA-COF over Cu-COF-505 to
the presence of the diacetylene bond that endows Cu-PhenBDA-
COF with better light-harvesting properties, charge separation
efficiency and thus, vastly better photocatalytic activity.

Additionally, the Cu(PDB),BF, complex removed <20% of
SMX in the first 20 min of the reaction, and after that no fur-
ther degradation was detected. These results imply that the supe-
rior photocatalytic properties of Cu-PhenBDA-COF compared to
other COFs stem from its optoelectronic properties.

We also investigated the photocatalytic degradation of SMX us-
ing the demetallated COFs (PhenBDA-COF and COF-505). Our
results showed that the demetallated COFs had inferior photocat-
alytic properties compared to the metallated counterparts, with
<10% of the SMX degraded within 100 min. This lower degra-
dation rate compared to the metallated COFs could be associated
with the role of Cu(I) in the structure. To optimize the photocat-
alytic performance of Cu-PhenBDA-COF, we examined the ef-
fects of pH, photocatalyst dosage, and initial concentration on
the degradation of SMX. First, the influence of the photocatalyst
dosage in the photocatalytic degradation of SMX was evaluated.
As shown in Figure 6b, increasing the amount of Cu-PhenBDA-
COF from 100 to 400 mg L' considerably increased the k,,, from
0.0106 to 0.0467 min~' (Figure S10a, Supporting Information).
Atadosage of 100 mg L', Cu-PhenBDA-COF can degrade 65.9%
of the SMX within 100 min, while 400 mg L~! of Cu-PhenBDA-
COF reached 99.9% of SMX degradation within 100 min. These
results indicate that when more COF is used, more active sites
are present for light absorption, and more reactive oxygen species
(ROS) are produced; more ROS leads to faster degradation of
SMX. However, when the catalyst dosage was increased to 600 mg
L™, a sharp decrease was observed in k,,, (0.0269 min~") com-
pared to 400 mg L', which can be attrlbuted to inefficient light
harvesting due to the blockage of the light pathway by the COF
particles suspended in the solution. As such, 400 mg L™! Cu-
PhenBDA-COF was selected as the optimum concentration of
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the COF at pH 7, and an SMX concentration of 5 mg L~ since the
highest k,,, (0.0467 min~") was recorded at this concentration.

The effect of the initial concentration of SMX with the opti-
mum amount of the COF photocatalyst (400 mg L™!) on SMX
degradation was also assessed (Figure 6¢). We observed that as
the SMX concentration increased, the removal percentage by the
adsorption in the dark decreased from 10.1% at 5 mg L™ to 6.0%
at 15 mg L7L. In light, a decreasing trend was also observed in
the k,,, of SMX degradation, as the SMX initial concentration in-
creased from 5 to 10 to 15 mg L™, k,,, was found to be 0.0467,
0.0234, and 0.0180 min~!, respectively (Figure S10b, Supporting
Information). With higher concentrations of SMX, more ROS is
required for degradation, and at the optimum concentration of
COF, it takes longer to produce ROS, thus the degradation kinet-
ics slows down.

Considering the pH dependency of SMX, we also studied the
degradation efficiency of SMX at different pH levels (Figure S11,
Supporting Information).[*) In the dark, the adsorption of SMX
on the surface of Cu-PhenBDA-COF in acidic pH was higher
than in neutral or basic pH. This adsorption trend correlates to
the different surface charges of the COF, which has a zero-point
charge at pH 5.8. This means that at lower pH levels the posi-
tively charged surface of Cu-PhenBDA-COF would have greater
electrostatic interactions with neutral SMX; however, once the
pH increases to 7 and 9, the surface of the COF is negatively
charged, but the SMX also bears negative charges resulting in
electrostatic repulsion and decreased adsorption (Figure S1la,
Supporting Information).’!l In light, degradation of SMX im-
proved when the pH increased from 3 to 9 and k,,, increased
from 0.0115 to 0.0622 min~', respectively. The slower degra-
dation rate at acidic pH levels can be attributed to the rad-
ical scavenger properties of hydronium ions. However, once
the pH level increases, the hydroxyl ions can facilitate the pro-
duction of ROS in the reaction, resulting in degradation rate
acceleration.

© 2023 Wiley-VCH GmbH
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Figure 6. The decomposition of SMX with a) different photocatalysts [SMX] = 5 mg L', [Catalyst] = 400 mg L', pH 7. b) different photocatalyst dosages
[SMX] = 5 mg L, pH 7. ¢) different SMX concentrations [Catalyst] = 400 mg L', pH 7. d) Removal efficiency of different radical scavengers. e) EPR

measurements using DMPO. f) EPR measurements using TEMPO.

The reusability of Cu-PhenBDA-COF in photocatalytic degra-
dation of SMX in three consecutive runs was evaluated (Figure
S12, Supporting Information). SMX removal efficiencies over
three cycles were 99.9%, 97.9%, and 94.1% within 100 min of the
reaction. The PXRD and FTIR spectra of recycled Cu-PhenBDA-
COF after three runs showed only slight changes compared to the
fresh catalyst, confirming the stability and reusability of this cat-
alyst under our experimental conditions (Figure S13, Supporting
Information).

To determine the nature of the ROS produced in the photocat-
alytic degradation of SMX, we used different radical scavengers
to investigate the inhibition effect on the reaction rate constant
(Figure 6d).1*) We started with methanol (MeOH), a scavenger
for hydroxyl radical (*OH) with a known rate constant of k =
9.7 X 10® mol~! s71. The experiment with 200 mm MeOH showed
35% inhibition of the degradation rate of SMX compared to the
control, suggesting the possible role of *OH. Next, benzoquinone
(BQ) and NaN, were used to investigate the possible role of super-
oxide radical (0,°~) (k = 3.2 x 10’ mol~! s7!) and singlet oxygen
(10,) (k = 1.0 x 10° mol~! s7!) in the degradation of SMX, re-
spectively. In our experimental condition, the presence of NaN,
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decreased the removal efficiency to ~78%, and BQ only removed
almost 19% of SMX in the reaction rate. These results illustrated
that O,°" is possibly the main ROS involved in the photocatalytic
degradation of SMX using Cu-PhenBDA-COF.

To validate the quenching experiment results, we used Elec-
tron Paramagnetic Resonance (EPR) spectroscopy using the spin-
trapping technique. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
and 2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) were used
as spin-trapping agents (Figure 6e,f). In the presence of DMPO
a ten-line signal can be observed when the system is irradiated.
This observation can be attributed to two distinguishable radi-
cals: *OH and O,°". The four-fold signals (marked with red stars)
with an intensity ratio of 1:2:2:1 (hyperfine splitting constants:
ay = 14.72 G) were assigned to DMPO-OH adduct, while the
six lined signals were attributed to DMPO-OOH adduct.[®*) The
detection of DMPO-OH and DMPO-OOH adducts confirms the
presence of *OH and O,°” in our photocatalytic system. When
TEMPO was used as the spin trapping agent, a threefold signal
with a ratio of 1:1:1 adduct and a hyperfine splitting constant ay
= 16.87 G characteristic of a TEMPO-'0, confirmed the presence
of 0,153

© 2023 Wiley-VCH GmbH
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Finally, the intermediates in the photocatalytic degradation
of SMX were investigated by LC-MS using an aliquot collected
at ~30 min of reaction time under optimized conditions. We
proposed two pathways that could be involved in the degrada-
tion of SMX (m/z 254) based on the detected masses and lit-
erature, including i) oxidation and ii) bond cleavage, as illus-
trated in Scheme S3 (Supporting Information).l>*>*>5] The ben-
zene ring was easily hydroxylated by active *OH to form an
oxidation product with m/z 270, and oxidation of the —CH,
group or —NH, group resulted in an oxidation product with m/z
284, while the masses with m/z 174, 109, 99 are the C—S and
N—S bond cleavage intermediates of SMX (Figure S15, Support-
ing Information).l*"! Conversely, no degradation product was de-
tected under dark conditions or when the Cu-PhenBDA-COF was
not present in an illuminated SMX sample (Figures S16 and S17,
Supporting Information). These results indicate that our photo-
catalytic system is highly efficient in harvesting visible light and
the generation of radicals.

3. Conclusion

In summary, we synthesized and characterized Cu-PhenBDA-
COF as a novel diacetylene functionalized woven COF, that is cat-
alytically active under visible light producing ROS suitable for the
degradation of SMX. We compared the optoelectronic properties
of Cu-PhenBDA-COF with Cu-COF-505; we observed that incor-
porating a diacetylene bond improved the light-harvesting prop-
erties in the visible region by >100 nm and narrowed the optical
bandgap by >10% from 2.05 eV for Cu-COF-505 to 1.86 eV for
our Cu-PhenBDA-COF. Our results showed that the Cu(I) metal
center plays a crucial role in the light adsorption properties of
the woven COFs through an MLCT mechanism. The photocat-
alytic properties of these COFs were evaluated for the degrada-
tion of SMX in water. It was found that Cu-PhenBDA-COF pos-
sessed the highest photocatalytic activity and that 99.9% of the
SMX is degraded after 100 min under visible light irradiation.
The degradation pathway was investigated with LC-MS, and two
major pathways of oxidation and bond cleavage were proposed.
The ROS produced in our photocatalytic system was determined,
and our data suggest the presence of O,° ~ plays a major role in
the photocatalytic degradation of SMX. To the best of our knowl-
edge, this is the first study on the optoelectronic and photocat-
alytic properties of woven COFs, and we believe that this exami-
nation can open a new avenue for designing and developing new
photocatalysts based on these types of materials.

4. Experimental Section

Synthesis and Activation of COF-505: COF-505 was synthesized based
on a previously reported procedure.[6]

Synthesis and Activation of Cu-PhenBDA-COF: Cu(PDB),BF, (15 mg,
0.016 mmol), BDA (8.0 mg, 0.032 mmol), and 1 mL of an anhydrous mix-
ture of mesitylene:dioxane (3:7) were placed in a Pyrex tube. Subsequently,
100 pL of acetic acid (12 m) was added to the mixture. The tube was de-
gassed via freeze-pump-thaw method using a liquid N, bath and a vac-
uum pump. After degassing, the tube was sealed and placed in an oven
at 120 °C for 7 d. After cooling, the glass tubes were cut, and the con-
tents were filtered. The dark reddish-brown solid was collected, washed
with DMF, and then, using Soxhlet apparatus, washed with THF for 24 h.
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The sample (15 mg) was then dried at 60 °C in a vacuum oven for 12 h.
(Elemental analysis calculated for Cg,H,gBCuF4Ng.4H,0: C, 75.08%, H,
4.20%, N, 8.34%, Cu, 4.73%, Found: C, 69.86%, H, 3.99%, N, 7.88%, Cu,
5.30% (Cu % based on ICP-MS)).

Photocatalytic Degradation of SMX: Photocatalytic experiments were
performed at room temperature in a 125 mL cubic quartz reactor using
a homemade light box equipped with four high-power white LED lamps
(179 Im W~'). As the optimum reaction condition, we first dispersed
20 mg of the COF in 50 mL of a 5 mg L™ solution of SMX. The mix-
ture was stirred for 30 min to reach the adsorption—desorption equilib-
rium. The degradation reaction was initiated by turning on the light. At
predetermined time intervals, 0.5 mL of the mixture was withdrawn and
filtered, and the concentration of SMX over time was measured using a
SHIMADZU UV-vis spectrophotometer at 257 nm.

The degradation intermediates of SMX were determined using a
Thermo Q Exactive ion trap mass spectrometer equipped with liquid chro-
matography. A reversed-phase C18 (Luna Phenomenex 4.6 x 100 mm,
5 uMm) column was used for separation at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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