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ABSTRACT: Four metal−organic frameworks (MOFs) were de-
signed and prepared through a mixed-ligand strategy by controlling the
combination of various dicarboxylic acid ligands with invariant center
metal and o-phenanthroline heterocyclic ligand. The regulatory effects
of ligand electronic band and crystal structure on the electro-
chemiluminescence (ECL) characteristics of MOFs were verified by
experimental results and density functional theory (DFT) calculations.
The flexible chain structure of MOF-2 promotes electron transfer
between MOF electroactive free radicals and the co-reactant, making it
show outstanding ECL characteristics among all of the four MOFs
with the luminescence quantum efficiency 8.37 times that of
tris(bipyridine)-ruthenium(II) ([Ru(bpy)3]2+). Meanwhile, a new
ECL mechanism for MOF luminescent crystal materials with reactive
oxygen species in solvents as a co-reactant in the aqueous aerobic environment has been proposed. MOF-2 was selected to construct
an ECL sensor for the determination of glucose in human urine samples. This study provides a useful idea for the development and
design of new luminescent molecular crystal materials.

1. INTRODUCTION
Electrochemiluminescence (ECL) is a redox-induced process,
in which luminophores are commanded by the application of
an appropriate potential to generate electronically excited
states at the electrodes and then relax and emit light.1−3 In
general, ECL emitters and co-reactants are the two key factors
affecting the development of ECL. The development of new
ECL emitters has been the focus of ECL research because of
their important role in the conversion of electrical energy into
radiant energy. The development of more efficient co-reactive
reagents is also an important subject of ECL research because
the co-reactants are irreplaceable to help produce higher ECL
efficiency and better operability in most practical applications.
In addition to three types of typical ECL materials, such as
tris(bipyridine)-ruthenium(II) ([Ru(bpy)3]2+), luminol, and
various quantum dots (QDs),4 the development of various new
ECL materials has attracted researchers.
Metal−organic frameworks (MOFs), also called porous

coordination polymers (PCPs), are emerging porous and
crystalline materials built from metal ions/clusters and organic
linkers.5,6 Owing to their intriguing topological structures,
MOFs have versatile application prospects in many fields such
as chemical sensing,7 fluorescence,8 supercapacitors,9 gas
sorption,10 separation,11 catalysis,12 and so forth. In recent
years, MOFs have also shown promising prospects in the
synthesis of high-performance ECL materials. MOFs can be

used to encapsulate different kinds of ECL materials13−15 due
to their ultrahigh specific surface area and functionable pores.16

The excellent structural flexibility of MOFs17 integrates
luminescent clusters and co-reactant accelerators into the
frame structure, effectively shortening the electron transfer
path between them and improving the luminous efficiency of
ECL luminescent bodies.15 The metal-centric ions or their
ligands in MOFs can also be directly used as co-reaction
accelerators to further enhance the luminous signal.18,19

In the construction of the above ECL materials, MOFs are
used as a carrier. In fact, MOFs with ECL properties can also
be prepared by selecting suitable metal ions and ligands. The
most common ECL MOFs are ruthenium-based complexes. In
addition, some MOFs composed of lanthanide ions (Ln3+) and
d10 metal-based MOFs are also considered to have good ECL
activity. In order to improve the electrochemical activity of
MOFs, ligands with reduction−oxidization activity, such as
bipyridine, tripyridine, and 1,10-phenanthrene, have also been
introduced in the construction of MOFs. Such ligands can
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enhance the electrochemical activity of MOFs and facilitate
post-functionalization,10 greatly improving the application
prospect of MOF luminous materials in an aqueous phase.
As we all know, some key factors during the synthesis of

MOF such as the type of metal ions or organic ligands,20,21

reaction temperature,22 pH of the system,23 solvent,24 etc. will
restrict the frame structure of the prepared MOF material, thus
affecting its performance. However, little attention has been
paid to the influence of these factors on the electrochemical or
luminescence properties of MOFs when studying their ECL
properties, and useful conclusions can hardly be drawn to
guide people to obtain effective ECL MOF materials. It is
difficult to reach a satisfactory conclusion about whether
MOFs with similar structure and composition have similar
ECL properties.
In this paper, four zinc-based MOFs were synthesized with

1,10-phenanthroline (Phen) and four different para carboxylic
acids including benzene-1,4-dicarboxylic acid (BDC), biphen-
yl-4,4′-dicarboxylic acid (BDA), 2,6-napthalenedicarboxylate
(NDC), and 4,4′-azodibenzoic acid (ADA) using mixed-ligand
strategy. Crystallographic studies showed that the four MOFs
have a similar one-dimensional chain structure. Different kinds
of para dicarboxylic acids regulated the twisting degree of
MOF chain structure, resulting in Phen as the auxiliary ligand
presenting different degrees of face-to-face stacking. Although
all four MOFs composed of d10 metal zinc exhibit photo-
luminescence (PL) properties, we found that only MOF-2
composed of the BDA carboxylate ligand showed significant
ECL at both cathode and anode without the addition of co-
reactants, while the other three MOFs have weak or no ECL
properties. Experiments showed that different organic ligands
can regulate the electron band structure of MOFs, thus
affecting the ECL efficiency of MOFs. This prediction is
further supported by density functional theory (DFT)
calculations. The commonly used cathodic and anodic ECL
co-reactants of K2S2O8 and tripropylamine (TPrA) could
enhance the ECL signals of several MOFs, among which the
ECL efficiency of MOF-2/K2S2O8 system is the highest with
an ECL efficiency of 837% when [Ru(bpy)3]2+ was taken as
the reference (ECL efficiency is 100%).25 Based on the
principle that glucose oxidase (GOx) catalyzes glucose
oxidation to produce hydrogen peroxide, which inhibits the
ECL signal of the MOF-2/K2S2O8 system, an ECL biosensor
was constructed to the sensitive detection of glucose and has
been successfully applied to the determination of glucose
content in urine.

2. EXPERIMENTAL SECTION
2.1. Materials. All reagents and solvents were commercially

available and used directly without any further purification.
1.10-Phenanthroline (Phen), zinc nitrate hexahydrate (Zn-
(NO3)2·6H2O), N,N-dimethylformamide (DMF), sodium
phosphate monobasic dihydrate (NaH2PO4·2H2O), disodium
hydrogen phosphate dodecahydrate (Na2HPO4·12H2O), and
potassium persulfate (K2S2O8) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai). Benzene-1,4-dicar-
boxylic acid (BDC), biphenyl-4,4′-dicarboxylic acid (BDA),
2,6-napthalenedicarboxylate (NDC), and 4,4′-azodibenzoic
acid (ADA) were all purchased from Aladdin. Phosphate
buffer solution (PBS, 0.1 M, pH 7.4) was prepared by mixing
stock solutions of NaH2PO4, Na2HPO4, and KCl. All chemicals
were of analytical grade. The schematic representation of four
different carboxylic acid ligands was shown in Scheme 1.
2.2. Apparatus. X-ray signal crystal diffraction patterns

were measured by a Bruker SMART APEXCCD X-ray
diffractometer with Mo Kα radiation (Bruker, Germany).
Powder X-ray diffraction (PXRD) data were obtained on a
Bruker D8-Advance X-ray powder diffractometer using Cu Kα
radiation (Bruker, Germany) at 40 mA and 40 kV with 0.2 s
per step, and the data were collected within the 2θ range of 5−
50. The ultraviolet adsorption spectra were scanned from 200
to 450 nm on a UV-3310 ultraviolet−visible spectropho-
tometer (Shimadzu, Japan). Photoluminescence (PL) spectra
were performed on an RF-5301PC fluorescence spectropho-
tometer (Shimadzu, Japan). Fourier transform infrared (FT-
IR) spectra were recorded in the range from 4000 to 400 cm−1

on a Bruker EQUINOX-55 spectrophotometer (Bruker,
Germany) using KBr pellets. The experimental measurements
for cyclic voltammograms (CV) and ECL were recorded on
MPI-E multifunctional EC and CL analytical system (Xi’an
Remax Electronic Science & Technology Co. Ltd., Xi’an,
China). A conventional three-electrode system was used for
CV and ECL measurements with a glassy carbon electrode
(GCE, 3 mm in diameter) used as the working electrode, a
platinum wire as the counter electrode, and an Ag/AgCl
(saturated KCl solution) electrode as the reference electrode,
respectively. ECL spectra were obtained by a self-made ECL
spectrum analyzer consisting of a CHI-660D electrochemical
workstation and a Fluorolog-3 fluorescence spectrophotometer
(Horiba JY) or with filters of various wavelengths from 400 to
760 nm. Electrochemical impedance spectroscopy (EIS)
experiments were performed with a CHI-660E electrochemical
workstation.
2.3. Preparation of Zinc-Based MOFs. 2.3.1. Synthesis

of [Zn(BDC)(Phen)(OH)]n (MOF-1). Briefly, a mixture of BDC

Scheme 1. Organic Carboxylates Used in This Worka

aBDC, benzene-1,4-dicarboxylic acid. BDA, biphenyl-4,4′-dicarboxylic acid. NDC, 2,6-naphthalenedicarboxylate. ADA, 4,4′-azodibenzoic acid.
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(0.016 g, 0.1 mmol), Phen (0.019 g, 0.1 mmol), and
Zn(NO3)2·6H2O (0.030 g, 0.1 mmol) was stirred in the
mixture of 3 mL of DMF, 3 mL of MeOH, and 3 mL of H2O
for 30 min at room temperature. The mixture was poured into
a Teflon-lined autoclave (25 mL) and then heated at 120 °C
for 72 h. White crystals of MOF-1 were collected by filtration,
washed with DMF, and dried in air.

2.3.2. Synthesis of {[Zn(BDA)(Phen)]2·DMF}n (MOF-2). A
mixture of BDA (0.024 g, 0.1 mmol), Phen (0.019 g, 0.1
mmol), and Zn(NO3)2·6H2O (0.030 g, 0.1 mmol) was stirred
in the solvent of DMF and H2O with a volume ratio of 7:3 for
30 min at room temperature. Then, it was poured into a
Teflon-lined autoclave (25 mL). The autoclave was cooled
slowly to room temperature after heating to 120 °C for 72 h.
Pale yellow crystals of MOF-2 were collected by filtration,
washed with DMF, and dried in the air.

2.3.3. Synthesis of {[Zn(NDC)(Phen)]·DMF}n (MOF-3).
MOF-3 was obtained in a similar way as that for MOF-2,
except that NDC (0.022 g, 0.1 mmol) was employed instead of
BDA. The transparent rhombus crystals of MOF-3 were
collected by filtration, washed with DMF, and dried in the air.

2.3.4. Synthesis of [Zn(ADA)(Phen)]n (MOF-4). MOF-4 was
also synthesized in the same way as MOF-2, except that ADA
(0.027 g, 0.1 mmol) was used instead of BDA. Reddish brown
crystals of MOF-4 were collected by filtration, washed with
DMF, and dried in the air.

2.3.5. Synthesis of the MOFs 1−4 Powder. Phen (0.1
mmol) and Zn(NO3)2·6H2O (0.1 mmol) with different
carboxylic acid ligands (0.1 mmol) were dissolved in 7 mL
of DMF respectively and stirred in the air at 120 °C for 3 h.
The powder was collected by centrifugation, washed with
DMF, and dried in the air for the next experiments.
2.4. ECL Measurement. Prior to modification, the glassy

carbon electrode was first polished with 0.3 and 0.05 mm
alumina powder to obtain a mirror-like surface, followed by
ultrasonic treatment with deionized water and ethanol
respectively. Then, the GCE was allowed to dry at room
temperature. Ten microliters of the MOF/H2O dispersion
liquid (1.0 mg/mL) was dropped on the GCE surface and then
dried at room temperature. The CV and corresponding ECL
measurements were recorded with a designated PMT in 0.1 M
PBS (pH = 7.4) containing a 0.1 M K2S2O8 solution. As a

control, each component of MOF-2 including zinc ion, Phen
and BDA was modified on GCE and their ECL signals were
measured as previously described in the determination of
MOF-2.
2.5. Construction of the Sensor. Five microliters of the

MOF-2 suspension (1.0 mg/mL, prepared with 0.5% chitosan)
was dropped onto the pretreated GCE and then dried in the
air. Subsequently, 10 μL of the GOx solution (10 mg/mL,
prepared with 0.1 M pH 7.4 PBS) was dropped on the
electrode. During the fabrication of the biosensor, for each
modification step, the electrode was washed with PBS to
eliminate the nonspecific binding substances, and the obtained
biosensor (GOx/chitosan-MOF-2/GCE) was stored at 4 °C
for further use.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Structural Determination of MOFs.

The X-ray single-crystal structure assays indicate that all MOFs
form a one-dimensional zigzag chain structure. MOF-1
crystallized in the triclinic crystal system with the P1 space
group, which was a five-coordinate with two nitrogen atoms
from the Phen ligand and two oxygen atoms from the
carboxylate group of two different terephthalic acid and one
oxygen atom from the coordinated water molecule (Figure
1A). MOF-2 crystallized in a monoclinic crystal system with
the space group C2/c. For the two Zn(II) centers, Zn(1) is
considered to be a kind of open metal site with five-
coordinated two nitrogen atoms from the Phen ring and
three oxygen atoms from two carboxylate groups of two
different biphenyldicarboxylic acid molecules. It exhibited a
distorted square-pyramidal geometry. Zn(2) is surrounded by
two nitrogen atoms from the Phen ligand and four oxygen
atoms from two carboxylate groups of two different
biphenyldicarboxylic acid molecules in a distorted octahedral
geometry. Figure 1B shows the face-to-face interaction
between the Phen rings with the centroids of 3.418 and
3.584 Å.26 MOF-3 crystallized in a monoclinic crystal system
with the space group P2/c. The metal centers of Zn(1) and
Zn(2) are chelated to two carboxylate groups of two NDC
subunits, and the other two coordination sites on the Zn(II)
centers are occupied by one Phen unit.27 These chains align in
parallel by the C−H···OCO action of the NDC, and these

Figure 1. Crystal structures of (A) MOF-1, (B) MOF-2, (C) MOF-3, and (D) MOF-4.
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interactions lead to the formation of two-dimensional
corrugated plates in the crystal plane (Figure 1C). In Figure
1D, MOF-4 also crystallized in a monoclinic crystal system
with the space group C2/c. Each Zn(II) center is
hexacoordinated in a distorted octahedral geometry consisting
of two nitrogen donors from one Phen ring and four oxygen
atoms from two carboxylate groups of two different ADA
ligands. The packing of the chains is dominated by π−π
interaction between Phen rings between the chains with a
distance of 4.08 Å.26 Table S1 shows the crystal data for the
four MOFs. The PXRD patterns of all kinds of the four MOF
materials are collected (Figure S1). The PXRD pattern of four
MOFs can be readily compared with the simulated patterns
from the single-crystal X-ray data. The positions of the main
peaks from the as-prepared samples match well with the
simulated pattern, thus demonstrating the high purity of the
synthesized products. For the FT-IR, the C�N and carboxyl
absorption peaks in the four MOFs showed different degrees of
blue-shift compared with the Phen or the dicarboxylic acid
ligands, indicating that Phen and deprotonated carboxyl

ligands were coordinated with metal ions in four MOFs,
respectively (Figure S2).
3.2. UV Absorption and Photoluminescence Perform-

ances. The luminescence properties of the d10 metal complex
are usually determined by the ligands.28,29 The solid-state UV−
vis absorption spectra of the four MOFs and their ligands were
collected and compared (Figure 2). The maximum absorption
wavelength of MOF-1 and -2 are almost identical to the
absorption peaks of Phen (258 and 329 nm). In contrast,
MOF-3 and -4 show a wider absorption band, with their
maximum absorption wavelengths closer to that of the
carboxylate ligand. Especially for MOF-4, its absorption peak
red-shifted by about 50 nm compared with that of ADA. Using
the Kubelka−Munk function30 to convert the reflectance into
the equivalent absorption spectrum, the band gap energy Eg
can be obtained directly from the [F(R∞)·hν]1/2 curve (Figure
S3), which are 3.39, 3.25, 3.26, and 2.00 eV for MOF-1−4,
respectively. This indicates that the newly synthesized MOFs
are all semiconductors with good electric conductivity. The
experimental band gap order was reproduced by periodic

Figure 2. Solid-state UV−vis absorption spectra of (A) MOF-1 and the ligands, (B) MOF-2 and the ligands, (C) MOF-3 and the ligands, and (D)
MOF-4 and the ligands.
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density functional calculations (see the Supporting Informa-
tion).
The solid-phase luminescence properties of four MOFs

together with Phen and carboxylic acid ligands have been
investigated at room temperature. The emission peaks of the
ligand of Phen and carboxylic acid ligands of BDC, BDA,
NDC, and ADA are at 385, 350, 390, 450, and 430 nm,
respectively, which are ascribed to π → π* or n → π*
transitions in these organic molecules (Figure 3A).31 For the
four types of MOFs, a single wide emission band was shown at
375, 380, 385, and 400 nm, respectively (Figure 3B), indicating
that the maximum emission wavelength of MOF-1−3 was
highly correlated with the Phen ligand after the ligand was
complexed with Zn(II) ions, but its relative luminescence
intensity was affected by the type of carboxylic acid ligand.
Compared with other complexes, MOF-4 has the weakest
fluorescence intensity and the emission wavelength does not
coincide with that of Phen ligand and ADA carboxylic acid.
To reveal the characters of the excited states, time-

dependent density functional calculations were performed
(see the Supporting Information). The first singlet excited state
(S1) was the Phen local excitation for MOF-1 and MOF-2. By
contrast, S1 was the NDC or ADA local excitation for MOF-3
and MOF-4 (Figure 4). To account for the effect of crystal
packing on the excited states, we take MOF-3 as an example,
and two neighbor ligands were further added. The results are
qualitatively similar to that without the two ligands. Note that
compared with other low-lying excited states, the intensity of
S1 was usually rather low (Table S1). Relaxation of the S1
states does not change their characteristics. Thus, the
luminophores of MOF-1 and MOF-2 are the Phen ligand
but are carboxylic acid ligands for MOF-3 and MOF-4. The
computational findings complement the experimental data.
3.3. ECL Properties of the MOF−PBS System. The ECL

measurement was first conducted with the MOF-modified
GCE in an air-saturated PBS solution (0.10 M, pH = 7.4). The
potential was cycled between −1.8 and 1.8 V using a CV mode
at a scan rate of 100 mV/s (Figure 5A). When the potential
was negatively scanned, two obvious reduction peaks appeared
at −0.7 and −1.4 V. During the oxidation process, the current
peak near 1.4 V occurred first and the oxidation current
continued to increase until the potential reached 1.8 V. The
electrochemical properties of MOF-2 were compared with
those of its components, since it has the most prominent
luminous property among the four MOFs (Figure S4A,C).

Thus, the two reduction peaks at −0.7 and −1.4 V should be
associated with the reduction of dissolved oxygen and the
injection of electrons into the lowest unoccupied molecular
orbitals (LUMOs) of MOF to form the anionic radical
(MOF•−). Here, MOF-4 is an exception because only one
reduction peak was found in the −0.7 V cathode process, and
no reduction peak attributed to MOF-4 itself was found. For
the oxidation process, the oxidation peak at 1.4 V was
considered to be the oxidation of MOF and then injected holes
into the highest occupied molecular orbital (HOMO) of MOF
to produce a cationic radical (MOF•+). Subsequently, the
oxidation current continued to increase until the potential
moved to 1.8 V, which may be due to the evolution of
oxygen.21 Further investigation of the effect of dissolved
oxygen showed that the influence of oxygen concentration on
the MOF cathodic ECL process is more significant than that
on an anodic one (Figure S5).
Although only MOF-2 showed obvious ECL emission in

both positive and negative potential regions when the scanning
rate was 100 mV/s (Figure 5B), MOF-1 and MOF-3 exhibited

Figure 3. Solid-state fluorescence behaviors of (A) ligands and (B) MOF-1−4 and Phen (λex = 320 nm).

Figure 4. Hole and electron analysis of the first singlet excited state.
The charge transfer is from the blue hole distribution to the green
electron distribution. Isovalue = 0.002 au.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02559
ACS Omega 2023, 8, 43463−43473

43467

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


similar ECL properties when the potential scanning speed
increases to 1.0 V/s (inset Figure 5B) because the ECL signal
is significantly enhanced with the increase of the scanning
speed (Figure S6). It was noted that MOF-4 did not show
significant ECL luminescence even with an increased scanning
rate, which should be related to the weak photoluminescence
intensity and the difficult electric reduction process of MOF-4.
The stepping pulse (SP) approach was further employed to
investigate the ECL behaviors of MOF-2 (Figure S7). MOF-2
can directly convert to the ECL excitons (MOF*) on the
cathode or anode and emit ECL signals, different from other
ECL substances that follow the annihilation mechanism. That
means that it is not necessary to react the MOF•− produced
during the cathode electrochemical reduction with the MOF•+

produced by anode oxidation to obtain the exited state of
MOF* for annihilation ECL. The ECL emission peak of MOF-
2 is located at 460 nm with a red-shift of 80 nm compared to
the fluorescence emission peak of MOF-2 at 380 nm (Figure
S8), indicating that MOF-2, as an ECL luminous, may generate
an ECL signal through a lower energy surface state transition
mechanism.23

Based on the above experiments, we speculated the ECL
mechanism of MOFs in the PBS solution, represented by the
luminescence process of MOF-2. When the potential was
scanned negatively, the dissolved oxygen in the PBS solution
was first reduced to O2

•− at −0.7 V (eq 1). The potential
continued to shift negatively to −1.4 V, the component of Zn2+
and Phen in MOF-2 underwent an electrochemical reduction
to generate MOF-2•− (eq 2). The MOF-2•− further reacted
with the O2

•− and produced an excited luminant (MOF-2*)
(eq 3). When the excited MOF-2* returned to its ground state,
the ECL signal was emitted (eq 4). The cathode luminescence
process is as follows:

O e O2 2+ • (1)

MOF 2 e MOF 2+ • (2)

MOF 2 O MOF 2 O2 2
2+ * +• • (3)

hMOF 2 MOF 2 v* + (4)

During the electrochemical oxidation process of the anode,
BDA in MOF-2 lost electrons to generate cationic radical
MOF-2•+ (eq 5) when the potential was scanned forward to
about 1.4 V. As the potential continued to move positively, the

oxidation of water occurred and the hydroxyl radicals (OH•)
generated (eq 6). The MOF-2 reacted with OH• and was
transferred into MOF-2•− (eq 7). MOF-2•+ reacted with
MOF-2•− and generated an excited luminant (MOF-2*) (eq
8). The ECL signal was released when it returned to the
ground state (eq 9). The anode luminescence process is as
follows:

MOF 2 e MOF 2•+ (5)

H O e OH H2 +• + (6)

MOF 2 OH MOF 2 O2+ +• • (7)

MOF 2 MOF 2 MOF 2+ *•+ • (8)

hMOF 2 MOF 2 v* + (9)

Based on this mechanism, when the potential is scanned in the
range of −1.8 to +1.8 V, the accumulation of MOF-2•− during
the electrochemical reduction process will promote the anode
ECL while O2 produced by anode ECL emission will continue
to be used as a co-reactant promoting the cathodic ECL.
Therefore, the ECL process of MOF-2 does not require
additional co-reactant and the ECL intensity is considerable.
In order to further answer the question that the

luminescence intensity of the four kinds of MOF is
significantly different, we compared the electron density
distribution of the four MOFs. As speculated above, the
oxidized or reduced radical species of MOFs were involved in
ECL processes. The electron spin density distributions of the
cations resemble that of the HOMO of the neutral ones, so do
the spin densities of the anions and the LUMO of the neutral
MOFs (Figure S9). MOF-2 and MOF-3 have similar electron
and hole localizations. The excess electrons of [MOF-2]−/
[MOF-3]− are localized on the Phen ligand, while the holes of
[MOF-2]+/[MOF-3]+ are localized on the carboxylic acid
ligands. By contrast, the excess electrons and holes of the
MOF-1 and MOF-4 radicals are localized on the Phen or ADA
carboxylate ligand. This further verified that it is difficult for
the Phen ligand to be the electroreduction site in MOF-4 and
for the carboxylic acid to be the oxidation site of MOF-1. It is
also explained that it is difficult for MOF-1 and MOF-4 to
generate very strong luminescence signals through the
mechanism of mutual enhancement of cathode and anode
luminescence. For MOF-2 and MOF-3, we noticed that the
metal Zn in MOF-2 formed open metal sites due to incomplete

Figure 5. CV (A) and ECL response (B) of the MOF-1−4 powder at a scan rate of 0.1 V/s (the scan rate of the inset is 1.0 V/s).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02559
ACS Omega 2023, 8, 43463−43473

43468

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02559/suppl_file/ao3c02559_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02559?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coordination,32 which effectively improved the oxygen
adsorption level (Figure S10). In addition, the increased
flexibility of carboxylic acid ligands from NDC to BDA
changed the crystal structure of MOFs from parallel chains to
double helices (Figure S11). It is precisely because of the
flexible helical chain structure of MOF-2 that the free radical
MOF-2•− formed at the Phen electroreduction site is close to
the oxygen free radical, which greatly improves the probability
of free radical reaction and greatly promotes the ECL signal of
MOF-2.
3.5. ECL Properties of MOFs/Co-reactant System. In a

cathodic ECL system, two obvious reduction peaks were
produced when K2S2O8 was added into the PBS solution, in
which the co-reactant S2O8

2− could be electrochemically
reduced to a strong oxidizing intermediate (SO4

•−) at −1.0
V24 and MOF-2 converted to MOF-2•− by single electron
reduction at −1.4 V (Figure 6A). An intensive ECL signal was
observed with an onset potential around −1.0 V and maximum
emission around −1.34 V (Figure 6B), which was consistent
with the ECL of MOF-2 in PBS. It must be emphasized that

the ECL signal of MOF-2 is too strong to be compared with
the ECL signal without the use of a co-reactant under the same
instrumental conditions by using the usual concentration of
K2S2O8 (0.1 M) as a co-reactant. Thus, the cathodic ECL
signal of MOF-2 with only 0.002 M K2S2O8 was compared
with that of 50 times the amount of K2S2O8 (0.1 M) on the
bare GCE, and a 22-fold enhancement of the signal was
observed. The ECL signal of the other three MOFs was also
compared with that of MOF-2. The ECL signal of all MOFs
was enhanced after the addition of co-reactant except for
MOF-4, but the ECL signal of MOF-2 is always the strongest
compared with the other three MOFs, although the
concentration of the K2S2O8 co-reactant was 50 times that of
MOF-2 (Figure 6C). The ECL spectrum in the presence of the
K2S2O8 co-reactant is basically consistent with the ECL
spectrum of MOF-2 in PBS, and the red-shift occurred
compared with the PL of MOF-2 (Figure 6D). Therefore, the
cathode ECL emission should be still generated by the MOF-
2* in the presence of K2S2O8, which acted as a co-reaction
reagent and further amplified the ECL signal of MOF-2. Using

Figure 6. Cathodic (A) CV and (B) ECL of MOF-2/GCE (b, c) and bare GCE (a) in 0.1 M PBS solution without (b) and with (a, c) 0.1 M
K2S2O8. (C) ECL response of MOF-1−4 in a 0.1 M K2S2O8 solution. (D) ECL spectrum and fluorescence spectrum of MOF-2 in a 0.1 M K2S2O8
solution (λex = 320 nm).
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the routing Ru(bpy)32+/K2S2O8 ECL system as the reference
(ECL quantum yield is defined as 100%)33 and the ECL
efficiency of MOF-2 was determined to be 837% (Figure S12).
Taking MOF-2 as an example, K2S2O8 enhances the MOF

ECL by the following mechanism. S2O8
2− was electrochemi-

cally reduced to radical intermediate (SO4
•−) around −0.8 V

(eq 10), which injected holes into the highest occupied
molecular orbital (HOMO) of MOFs to produce a cationic
radical (MOF-2•+) (eq 11). When the negative scanning
potential reached −1.3 V, MOF-2 reduced to the MOF-2
anion radicals (MOF-2•−) on the electrode (eq 12), which
reacted with SO4

•− or MOF-2•+ and formed the exited state of
luminant (MOF-2*) (eqs 13 and 14). Finally, MOF-2*
returned to the ground state and emitted light (eq 15).

S O e SO SO2 8
2

4 4
2+ +•

(10)

SO MOF 2 MOF 2 SO4 4
2+ +• •+

(11)

MOF 2 e MOF 2+ • (12)

MOF 2 SO MOF 2 SO4 4
2+ * +• •

(13)

MOF 2 MOF 2 MOF 2+ *• •+ (14)

hMOF 2 MOF 2 v* + (15)

Similarly, enhanced oxidation current at 1.34 V (Figure 7A)
and strong anodic ECL signal with an onset potential around
+0.8 V and maximum emission around +1.5 V on the MOF-2-
modified electrode (Figure 7B) was observed using TPrA as
the anodic co-reactant reagent. Compared with the other
MOFs, the anodic ECL intensity of MOF-2 is still the
strongest, while only MOF-4 can hardly be enhanced by the
TPrA co-reactant reagent (Figure 7C). The ECL emission
peak of the MOF-2/TPrA system is 440 nm, which is not
much different from the ECL emission peak of MOF-2 in PBS
(460 nm), so the ECL of the MOF-2/TPrA system is still
caused by MOF-2* (Figure 7D).
The ECL process of MOF-2 with TPrA as an anodic co-

reactant is speculated as follows. TPrA could be electrochemi-
cally oxidized to TPrA•+ (eq 16), and it underwent

Figure 7. Anodic (A) CV and (B) ECL of MOF-2/GCE (b, c) and bare GCE (a) in 0.1 M PBS solution without (b) and with (a, c) 10 mM TPrA.
(C) ECL response of MOF-1−4 in a 0.1 M PBS solution with 10 mM TPrA. (D) ECL spectrum and fluorescence spectrum of MOF-2 in 0.1 M
PBS solution with 10 mM TPrA (λex = 320 nm).
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deprotonation to produce TPrA• (eq 17).34 As the potential
shifted to more positive, MOF-2 could be electrochemically
oxidized to MOF-2•+ (eq 18) and reacted with TPrA• to
generate MOF-2* (eq 19), which emitted light finally (eq 20).

TPrA e TPrA•+ (16)

TPrA TPrA H+•+ • + (17)

MOF 2 e MOF 2•+ (18)

TPrA MOF 2 MOF 2+ *• •+ (19)

hMOF 2 MOF 2 v* + (20)

3.7. Determination of Glucose. The MOF-2/K2S2O8
ECL system is used as a probe for practical analytical
applications. Hydrogen peroxide was found to significantly
inhibit the ECL signal in the MOF-2/K2S2O8 system. Under
the optimal experimental conditions (Figure S13), the ECL
inhibition rate of the MOF-2/K2S2O8 system was linear to the
H2O2 concentration in the range of 10−9−10−7 M, and the
detection limit was 3.3 × 10−10 M (Figure 8A). Based on the
inhibitory effect of H2O2 on the ECL signal of the MOF-2/

K2S2O8 system and the principle of glucose oxidase (GOx)
catalytic oxidation of glucose, a glucose detection ECL sensor
was constructed. Electrochemical impedance spectroscopy
(EIS) was used to verify the various sensor preparation steps
(Figure S14). Glucose was measured by an ECL sensor under
the optimized experimental conditions and the inhibitory
efficiency of ECL was linear with glucose concentration from
0.5 to 10 μM with the detection limit of 0.2 μM (S/N = 3)
(Figure 8B). The ECL signal was not significantly different
from that of the blank solution when the same concentrations
of AA, Mal, Lac, DA, and UA (10 μM) were added to the PBS
solution, respectively. The ECL signal of the mixture made of
all these interfering substances with 2.0 μM glucose was
basically consistent with that obtained using glucose alone
(Figure 8C). Six ECL biosensors were prepared by the same
procedure and used for the measurement of glucose with the
same concentration (3.0 μM). The ECL intensity did not
change significantly and the relative standard deviation (RSD)
of the ECL signal was 1.8%, indicating that the sensor had
good reproducibility (Figure 8D). The urine of two healthy
people was collected as samples, and the content of glucose

Figure 8. (A) ECL responses of the MOF-2/K2S2O8 system for different concentrations of H2O2 [0.1, 0.5, 1.0, 3.0, 5.0, and 10.0 × 10−8 M (from a
to f)]. (B) ECL responses of the MOF-2/K2S2O8 system for different concentrations of glucose [0.5, 1.0, 2.0, 3.0, 4.0, 8.0, and 10.0 nM (from a to
g)]. Inset shows the linear calibration curve. (C) ECL intensity for 2.0 μM Glu and 10 μM AA, DA, UA, Mal, and Lac. (D) Reproducibility of the
sensor with 3.0 μM Glu using six modified electrodes in the same condition.
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was measured after these urine samples were diluted 1000
times with PBS solution and 0.1 M K2S2O8 was added. Table 1

shows the results of measuring glucose and spiked recovery in
urine samples with the prepared sensor, indicating that the
proposed ECL sensor can be used for glucose analysis in actual
samples.

4. CONCLUSIONS
In summary, four zinc-based MOFs were designed and
synthesized by a mixed-ligand strategy via a simple
solvothermal method with different dicarboxylic acid ligands
and Phen. Additionally, the cathodic and anodic ECL
properties of the four zinc-based MOFs in PBS solution and
with co-reactant were studied and compared, respectively.
Among them, MOF-2 with the BDA carboxylic acid ligand has
a strong ECL efficiency due to its open metal sites and the
flexible structure of carboxylate ligands. Taking MOF-2 as an
example, the ECL mechanism of MOF involving dissolved
oxygen in aqueous solution was proposed. These MOFs can be
used to design excellent ECL materials for practical
application.
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