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Roxarsone (ROX) is a commonly used antibacterial and growth-promoting additive to animal feed. The
development of an effective method for detecting ROX and its conversion products is of importance be-
cause of their potential harm to human health and ecosystem. Herein, we report the designed synthesis
of a novel one-dimensional covalent organic framework (1D COF), named EP-COF, and its application as a
fluorescent probe for ROX sensing. EP-COF is constructed based on imine linkages, exhibiting high crys-
tallinity, strong fluorescence emission, and good dispersibility in water. It displays a remarkable capability
to efficiently detect ROX, with an impressive detection limit of 4.5 nmol/L. Moreover, EP-COF also offers
advantages of excellent selectivity, and high structural stability. This work not only presents a promising
approach for the detection of harmful substances like ROX, but also serves as a valuable reference for
exploring application of 1D COFs in chemical sensing.

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

Medica, Chinese Academy of Medical Sciences.

Arsenic contamination in water environments poses a signifi-
cant threat to human health in many parts of the world [1-3].
Long-term exposure to arsenic-contaminated water can lead to
many health issues, including skin, respiratory, cardiovascular, neu-
rological, gastrointestinal, endocrine and hematopoietic system dis-
eases, and even can result in cancer or death [4-7]. Over the past
few decades, extensive research has been conducted for the detec-
tion and removal of arsenic [8-10]. However, most of these stud-
ies have focused on inorganic arsenic, while little attention has
been paid to organic arsenic species [11-14]. Organic arsenic com-
pounds are widely used in agriculture and animal husbandry as
pesticides, feed additives, and antibiotics. Roxarsone (ROX), specif-
ically 4-hydroxy-3-nitrophenylarsenic acid, is a multifunctional or-
ganic arsenic compound widely used to promote the growth of
livestock and poultry, improve the feed conversion rate, increase
the anticoccidial effect, and promote the deposition of animal pig-
ments, due to its low price [15-18]. However, ROX has limited
metabolic transformation within animals, leading to its excretion
into soil and water environment through animal waste. Although
ROX is less toxic to ecosystems and humans than inorganic ar-
senic, it can easily transform into highly toxic inorganic arsenic
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through a series of chemical changes, and thus endangers the eco-
logical environment and human life [19,20]. Therefore, the need for
efficient detection of ROX in wastewater is urgent. Currently, the
methods for ROX detection mainly include high performance liquid
chromatography (HPLC), solid phase microextraction (SPME), ion
chromatography combined with inductively coupled plasma mass
spectrometry (IC-ICP-MS), and electrochemical sensing [13,21-25].
While these methods are effective, they also have some shortcom-
ings such as high equipment cost, complicated sample preparation,
and limited sensitivity. Therefore, the development of new detec-
tion methods is of great significance. In this context, fluorescence
sensing become a promising approach by offering the advantages
including strong visual recognition ability, rapid response, and high
selectivity [26-29].

Covalent organic frameworks (COFs) are a class of crystalline
porous polymers composed of organic building blocks connected
by dynamic covalent bonds [30-32]. They have aroused strong in-
terest of researchers because of their great application potential in
gas storage and separation [33], energy storage [34], proton con-
duction [35], drug delivery [36], optoelectronic devices [37], envi-
ronmental management [38], sensing [39] and catalysis [40], which
stems from their large specific surface areas, long-range conjuga-
tion, and customizable pore architectures. Since the emergence of
COFs in 2005 [41], the research has been overwhelmingly focused
on two-dimensional (2D) COFs and three-dimensional (3D) COFs,
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Scheme 1. Synthesis of EP-COF.

and there are only a few research on the designed synthesis and
application of one-dimensional (1D) COFs [42-47]. Nonetheless, 1D
COFs have distinctive structural features from 2D and 3D COFs, as
their building blocks are only covalently linked in one dimension.
Such structural characteristic endows 1D COFs with a potential for
dispersion which is beneficial for chemical sensing. Herein, we re-
port the design, synthesis, and characterization of a novel 1D COF
(EP-COF), and its application as a fluorescent probe for ROX sensing
in wastewater. It exhibits remarkable selectivity and high sensitiv-
ity in ROX sensing experiments, providing a promising solution for
the detection of ROX in wastewater.

EP-COF was designed by incorporation of two fluorophores,
tetraphenyl ethylene and carbazole, to enhance its fluorescence.
The introduction of hydroxyl groups onto the inner wall of the
pores not only functions as a recognition site for ROX but also im-
proves hydrophilicity of the COF. EP-COF was synthesized through
the solvothermal reaction of 4/,4"/.4""".4"""""-(ethene-1,1,2,2-
tetrayl)tetrakis(([1,1’-biphenyl]—4-amine)) (ETTBA) and 4,4'-(9-
propyl-9H-carbazole-3,6-diyl)bis(2-hydroxybenzaldehyde) (PCDBH)
(Scheme 1). In order to elucidate the crystal structure of EP-COF,
the as-synthesized material was characterized with powder X-ray
diffraction (PXRD) technique. On the other hand, unit cells of var-
ious possible COF structures were established using Materials Stu-
dio 7.0 software, by which their theoretical powder diffraction pat-
terns were simulated and then compared with the experimentally
observed PXRD pattern. There are two possible framework struc-
tures in the theoretical simulations, namely one-dimensional struc-
ture (Scheme 1) and two-dimensional structure (Fig. S1 in Support-
ing information). For each of them, two typical stacking models,
overlapping (AA) stacking and staggered (AB) stacking, were con-
sidered and denoted as 1D-AA and 1D-AB, and 2D-AA and 2D-AB
(Fig. S2 in Supporting information), respectively. Comparing the ex-
perimental PXRD data with the simulated PXRD patterns of 1D-
AA, 1D-AB, 2D-AA, and 2D-AB, it could be found that the main
peak positions of 1D-AB, 2D-AA, and 2D-AB significantly deviated
from the main peak positions of the experimental data, indicat-
ing poor matching. In contrast, only the main peak position of 1D-
AA has a high degree of coincidence with those of the experimen-
tal data (Fig. S3 in Supporting information). Therefore, the 1D-AA
model appeared to be the most consistent with the structure of
EP-COF. On the basis of the experimental PXRD pattern of EP-COF
(Figs. 1a and b), Pawley refinement yielded the unit cell param-
eters of a=2848A, b=2810A, c=4.48A, a=8=90°, y =120°,
with Rp =2.11%, Ryp = 3.54%.
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Fig. 1. (a) PXRD patterns of EP-COF: comparison between the experimental (black
line) and Pawley refined (red dotted line) profiles, the eclipsed AA stacking model
(blue line) and the refinement difference (gray line) (inset: partial enlargement of
the PXRD pattern). (b) Top and side views of EP-COF. (c) FT-IR spectra of ETTBA,
PCDBH, and EP-COF. (d) N, adsorption-desorption isotherm (77 K) of EP-COF (inset:
pore size distribution profile).

Fourier transform infrared (FT-IR) spectroscopy was used to
characterize the functional groups in EP-COF. In its FT-IR spectrum
(Fig. 1c), the characteristic peak at 1612.9 cm~! corresponds to the
C=N bond stretching vibration of the imine in EP-COF. Notably, un-
like the typical C=N stretching vibration in common COFs which
generally appears around 1625 cm~!, the lower wavenumber of
the imine bond in EP-COF was attributed to the presence of a hy-
droxyl group on the benzene ring adjacent to the imine, which can
form an intermolecular hydrogen bond between them [48,49]. In
addition, the characteristic peaks corresponding to the stretching
vibration of the amino group of ETTBA (3379.9 cm~!) and the vi-
bration band of the aldehyde group of PCDBH (1652.5 cm™!) de-
crease significantly after their condensation reaction, suggesting
that the polymerization degree of EP-COF is high. To further con-
firm the structure of EP-COF, its solid-state 13C cross polarization
magic angle spinning (CP-MAS) NMR spectrum was collected, in
which the chemical shift of imine carbon appears at 161.95 ppm
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(Fig. S4 in Supporting information), further proving the existence
of imine bond in EP-COF. In addition, several peaks were observed
in the range of 50-10 ppm, which are assigned to the alkyl car-
bon atoms attached to the carbazole N. Elemental analysis (EA) of
EP-COF showed that the values of C, H, and N were close to the
elemental composition of a single unit cell in the COF (Table S1 in
Supporting information). Thermal stability of the EP-COF was as-
sessed by thermogravimetric analysis (TGA) under N, atmosphere.
As revealed by the TGA traces, EP-COF showed less than 5% weight
loss when the temperature increases from room temperature to
343°C (Fig. S5 in Supporting information), indicating it had high
thermal stability. The morphology of EP-COF was investigated with
scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). SEM images presented an irregular micron-sized
densely packed rod-like morphology (Fig. S6 in Supporting infor-
mation), while TEM images revealed a random layer-by-layer ag-
gregation (Fig. S7 in Supporting information).

The porosity of EP-COF was evaluated by nitrogen adsorption
and desorption experiments. Its N, adsorption-desorption isotherm
exhibits good reversibility and a steep nitrogen adsorption in the
low-pressure range (P/Py=0-0.01) (Fig. 1d), indicating that EP-
COF has microporous feature. The pore size distribution (PSD) of
the COF was estimated using nonlocal density functional theory
(NLDFT), which revealed a dominant pore size distribution around
11.0A, in consistence with the theoretical aperture (11.8 A) (Fig. S8
in Supporting information). Based on the N, isotherm adsorption
data in the low-pressure range (P/Pp=0.01-0.10), the Brunauer-
Emmett-Teller (BET) specific surface area of EP-COF (Fig. S9 in Sup-
porting information) was calculated to be 780 m?2/g, indicating its
high porosity.

Since EP-COF contains two types of fluorescent moieties, its flu-
orescence emission is supposed to be greatly enhanced. Further-
more, compared with 2D COFs, the covalent bonding in EP-COF
only extend in one-dimensional direction to form nanobelts. The
weak interactions among the nanobelts should result in good dis-
persibility of EP-COF in water. On the other hand, ROX contains
-AsO(OH), and -NO,. The former is capable of forming hydrogen
bonds with EP-COF, while the latter can effectively quench the flu-
orescence of the COF. Therefore, theoretically EP-COF can serve as
fluorescent sensing material for the detection of ROX. To explore
such a potential, the stability of EP-COF was firstly investigated
by dispersing it in various solutions (12 mol/L HCI, 12 mol/L NaOH,
trifluoroacetic acid (TFA), and deionized water), with the suspen-
sion being dispersed with ultrasonic for 2 h and stirred at room
temperature for 72 h. The stability of EP-COF remained high un-
der neutral and acidic conditions, but significantly decreases under
the strong alkaline condition, as revealed by comparing their PXRD
patterns with the original one (Fig. S10 in Supporting information).
The solid-state UV-vis spectrum of EP-COF showed a wide light
absorption up to ca. 550nm (Fig. S11 in Supporting information).
The fluorescence emission spectra of ETTBA, PCDBH, and EP-COF
in water was recorded. The spectra indicated that the emission of
EP-COF exhibits an obvious red shift compared with that of ETTBA
and PCDBH (Fig. S12 in Supporting information), confirming the
formation of a large conjugated structure [50,51]. Time-correlated
single-photon counting (TCSPC) measurements indicated a lifetime
of 0.57 ns, with an absolute photoluminescence quantum yield of
1.09% for the solid EP-COF (Figs. S13 and S14 in Supporting infor-
mation).

The sensing behavior of EP-COF toward ROX was investigated
by introducing different amounts of ROX into the aqueous suspen-
sion of EP-COF and recording the changes of fluorescence emis-
sion. As shown in Fig. 2a, the fluorescence intensity of the sus-
pension decreased significantly with the increase of ROX concen-
tration. Specifically, the fluorescence intensity decreased by more
than 90% when the concentration of ROX increased from 0 pmol/L
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Fig. 2. (a) Fluorescence emission spectra of aqueous suspension (100 mg/L) of EP-
COF upon gradual addition of ROX (Aex =365nm). (b) Stern-Volmer plot of EP-COF
toward ROX. (c) Fluorescence quenching efficiency of EP-COF at 558 nm in the pres-
ence of various antibacterial drugs. (d) Fluorescence quenching efficiency of EP-COF
at 558 nm in the presence of various metal ions.

to 40 pumol/L (Fig. S15 in Supporting information). Moreover, the
concentration of ROX has a good linear relationship with the flu-
orescence intensity (Fig. S16 in Supporting information). And the
quenching efficiency of ROX for EP-COF reaches 92.3%. The fluo-
rescence quenching efficiency was quantified by the Stern-Volmer
(SV) equation: (Ig/I)-1=Ksy[Q], where I, represents the initial fluo-
rescence intensity without the addition of the test substance, I rep-
resents the fluorescence intensity after adding the test substance,
Ky refers to the quenching constant, and Q refers to the concen-
tration of the test substance. The SV map shows that EP-COF has
a good linear relationship for the ROX (R?2=0.997) at low con-
centrations (0~2.5 pmol/L) (Fig. 2b and Figs. S17 and S18 in Sup-
porting information), and the quenching constant is estimated to
be 3.45 x 10 L/mol. The limit of detection (LOD) was calculated
on the quenching constant and the standard deviation, using the
formula LOD =30 /Ky, where o is the standard deviation of the
fluorescence measurements of the blank solution, and K, is the
quenching constant. It was determined that the detection limit
of ROX by EP-COF was 4.5 nmol/L, which is much lower than the
safety standard of ROX (19 nmol/L) stipulated by the World Health
Organization, demonstrating a very high sensitivity. In contrast,
the fluorescence intensity of the ETTBA and PCDBH suspensions
only slightly diminished with the addition of ROX. Even by adding
100 pmol/L ROX, the fluorescence quenching efficiencies were only
10.4% and 17.0% for ETTBA and PCDBH, respectively (Figs. S19 and
S20 in Supporting information).

In farm wastewater, ROX often coexists with other antibacte-
rial drugs and metal ions that could potentially interfere with the
detection of ROX. Thus, it is essential to assess and mitigate such
interference. Anti-interference tests were conducted on EP-COF us-
ing some typical antibacterial additives in animal feed, such as ery-
thromycin (ERY), thiamphenicol (THI), and p-arsanilic acid (p-ASA).
These organic compounds were individually introduced into the
suspension of EP-COF, and fluorescence measurements were car-
ried out. Subsequently, ROX was added to the cuvette and the tests
were repeated. The changes in fluorescence intensity before and af-
ter the addition of ROX were compared (Fig. S21 in Supporting in-
formation). It was observed that upon the addition of p-ASA, ERY,
and THI, the fluorescence intensity of the suspension just displays
slight decreases compared with the initial state. In contrast, the
fluorescence emission of the COF was almost quenched after the
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introduction of ROX. The quenching efficiency of EP-COF by each
of the organic compounds was calculated (Fig. 2c). It can be seen
that the quenching efficiency of p-ASA, ERY, and THI was below
20%, while it was 97.9% for ROX. This result demonstrates that the
presence of p-ASA, ERY, and THI has little interference on the de-
tection of ROX, indicating that EP-COF has good selectivity for ROX.

Anti-interference tests were also performed for common metal
ions, including K+, Agt, Cd2t, Co?t, Ni%+, Pb%*, Zn2*, Fe2t, and
Fe3+. The procedure is similar to that for the organic compounds
above. Metal salts were individually added into the aqueous sus-
pension of EP-COF, and the fluorescence tests were carried out. Af-
ter that ROX was introduced and the fluorescence emission spec-
tra were recorded again. The analysis of the fluorescence emission
spectra revealed that intensity of the suspension decreased upon
the addition of the metal salts but just to a small extent, with
their quenching efficiency below 30%, much lower than that of ROX
(97.7%) (Fig. 2d). Notably, after the addition of ROX, the fluores-
cence emission of EP-COF almost disappeared (Fig. S22 in Support-
ing information). These results indicate that the presence of the
aforementioned metal ions exerts minimal interference on the de-
tection of ROX, further confirming the high selectivity of EP-COF
toward ROX.

As a fluorescent probe, it is crucial not only to exhibit high sen-
sitivity and good selectivity, but also to possess high stability in
use. To access the stability of EP-COF, the aqueous suspension of
EP-COF was left at room temperature for 15 days and then its flu-
orescence emission behavior was examined. The experimental re-
sult shows that the intensity of the fluorescence emission almost
keep constant (Figs. S23 and S24 in Supporting information), in-
dicating a high stability of EP-COF. Moreover, the fluorescence in-
tensity of EP-COF slightly decreased (Fig. S25 in Supporting infor-
mation). Meanwhile, the fluorescence quenching efficiency retained
over 90% after five cycle experiments (Figs. S26 and S27 in Sup-
porting information). The above results demonstrate an outstand-
ing reusability and cyclic stability of EP-COF.

To elucidate the reasons behind the high sensitivity and selec-
tivity of EP-COF for ROX detection, the UV-vis absorption of ROX
and the fluorescence spectrum of EP-COF were compared, which
showed no overlap. Therefore, the fluorescence quenching by en-
ergy transfer between them could be excluded (Fig. S28 in Sup-
porting information) [52]. Molecular orbital (MO) calculations were
performed for ROX, EP-COF, THI, ERY, and p-ASA, respectively, to
shed light on the fluorescence quenching mechanism. ROX con-
tains nitro group which has a strong electron-withdrawing effect,
making it electron-deficient and prone to undergo photo-induced
electron transfer (PET) process, which usually leads to fluores-
cence quenching. Generally, when the energy of the lowest unoc-
cupied molecular orbital (LUMO) of the COF is higher than that
of the analyte, the excited COF acts as an electron donor and the
analyte acts as an electron acceptor [14,53,54]. Upon excitation
by light of a specific wavelength, electrons in the excited state
are transferred from the COF to the analyte, resulting in fluores-
cence quenching (Fig. 3a). As shown in Fig. 3b, the LUMO levels
of THI, ERY, and p-ASA are all higher than that of EP-COF, im-
plying that electronic transitions from excited COFs to these an-
alytes are thermodynamically unfavorable, resulting in poor fluo-
rescence responsiveness (Table S2 in Supporting information). In
contrast, the LUMO energy level of ROX is lower than that of
EP-COF, and electronic transition from the excited COF to ROX is
thermodynamically feasible, thereby leading to the fluorescence
quenching (Fig. 3b, and Figs. S29 and S30 in Supporting informa-
tion). Based on these calculations, the response and high selectiv-
ity of EP-COF to ROX can be explained by the electron transfer
mechanism between the donor (EP-COF) and the acceptor (ROX).
In addition, DFT calculations suggest that the hydroxyl groups
can generate hydrogen bonding interactions between the COF and
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ROX, as well as improve hydrophilicity (Section D, Supporting
information).

In conclusion, we have designed and synthesized a 1D COF as
an efficient fluorescent sensor to detect ROX in water. The COF
achieves a remarkable fluorescence quenching efficiency of 97.9%,
with a LOD of 4.5 nmol/L. Moreover, it also exhibits a high selectiv-
ity for ROX in the presence of other organic compound and various
metal ions. The remarkable performance of EP-COF in ROX detec-
tion can be attributed to its well-ordered 1D framework structure,
high porosity, abundant detection sites, and outstanding stability
in aqueous environments. With the combination of the high sensi-
tivity, selectivity, and stability, this research presents a convenient
method for detecting ROX, highlighting the potential of this emerg-
ing crystalline 1D porous materials in various applications.
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