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ABSTRACT: Electrochemiluminescence (ECL) is a light-emitting process that occurs
via an annihilation reaction among energetic radical intermediates, whose stabilities
determine the ECL efficiency. In this study, a ligand-dimerized metal−organic
framework (MOF) with ultrastable anion radical is designed as an efficient nanoemitter
for self-accumulated ECL. Due to the nonplanar structure of perylene diimide (PDI)
derivate, two PDI ligands in the framework form a J-dimer unit with a vertical distance
of ∼5.74 Å. In cathodic scanning, the ligand-dimerized MOF demonstrates three-step
ECL emissions with a gradual increase in ECL intensity. Unlike the decrease in the PDI
ligand, the self-accumulated ECL of the MOF was observed with 16.8-fold
enhancement due to the excellent stability of radical intermediates in frameworks.
Electron paramagnetic resonance demonstrated the ultrastability of free radicals in the
designed frameworks, with 82.2% remaining even after one month of storage. Density
functional theory calculations supported that PDI dimerization was energetically
favorable upon successive electron injection. Moreover, the ECL wavelength is 610 nm, corresponding to the emission of excited
dimers. The radical-stabilized reticular nanoemitters open up a new platform for decoding the fundamentals of self-accumulated ECL
systems.
KEYWORDS: metal−organic frameworks, electrochemiluminescence, anion radical, mechanism, electrochemistry

■ INTRODUCTION
Electrochemiluminescence (ECL) is an optoelectronic trans-
duction process involving the electrochemically generated
energetic radicals on the electrode surface, which subsequently
annihilate each other to generate excited states for ECL
emission.1−4 However, unstable radical intermediates in
conventional emitters are usually consumed in detection
environments, especially in aqueous solution, prior to the
ECL reaction, leading to the low ECL efficiency. To reduce the
consumption, most of approaches are based on the accelerated
charge transfer between radical intermediates,5,6 thereby
improving the ECL system’s efficiency.7,8 Typically, the
integrating luminophores with the coreactants in a single
structural unit shortens the reaction path9,10 and thus
accelerates the charge transfer to enhance the ECL.11,12 A
donor−acceptor framework is designed as the nanoemitter to
promote electron transfer via intrareticular charge transfer
pathway for radical complexation, resulting in a robust
ECL.13,14 Alternatively, the improvement of the energetic
radical cations/anions’ stability on the electrode surface could
be a promising way to enhance the strength of ECL
emission.15,16

To improve the stability of free radicals,17−19 one common
approach is to shield the radicals by introducing large
substituents,20−22 and another is to increase the delocalized

nature of unpaired electrons on the molecular backbone.23,24

Metal−organic frameworks (MOF) are a type of porous
crystalline materials with strict skeleton and designable
ligands.25 Introducing the conjugated ligands into MOFs can
effectively improve the stability of radical intermediates owing
to the rigid structure and shielding effect of frameworks.26−28

For example, MOFs containing naphthalenediimides realized
radical stabilization through the electron delocalization and
spin-pairing of an in situ coplanar dimer structure within the
framework.29 Perylene diimide (PDI) derivates with large
conjugated structures have excellent electron-accepting ability
to generate delocalized anion radicals in frameworks,30−33

giving a perspective in ECL applications.
Inspired by the framework-promoted radical stabilization,

we utilized Ni2+ as a node and N,N′-di(4-benzoic acid)-1,2,6,7-
tetrachloroperylene-3,4,9,10-tetracarboxylic acid diimide (a
PDI derivate) as a ligand, which formed a J-dimer in the
frameworks. In the cathodic scanning, three-step ECL
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emissions were observed. Moreover, the transient ECL of
MOF demonstrated 16.8-fold enhancement upon successive
tests, resulting in the self-accumulated ECL. According to
density functional theory (DFT) calculations of the PDI dimer
in frameworks, the designed MOF demonstrated a gradual
decrease of energy upon electron injection, which makes
electrochemically generated radical intermediates much more
stable to promote the production of excited states. Electron
paramagnetic resonance (EPR) further identified the one-
month stability of free radicals in frameworks, facilitating the
radical accumulation during the ECL process. Compared with
conventional ECL nanoemitters, the MOF emitters with
stabilized radicals effectively accelerated the generation of
excited states during the ECL process, which greatly improved
the ECL efficiency and stability. To the best of our knowledge,
it is the first example that utilizes ligand-dimerized MOFs to
produce stable radicals for self-accumulated ECL emission,
enriching the ECL enhancement mechanism.

■ EXPERIMENTAL SECTION
Materials and Reagents. Tripropylamine (TPrA),

propionic acid, 4-aminobenzoic acid, and N,N-dimethylforma-
mide (DMF) were acquired from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). 1,6,7,12-Tetrachloroper-
ylene tetracarboxylic acid dianhydride was purchased from
Bide Pharmatech Co., Ltd. (Shanghai, China). Nickel nitrate
hexahydrate (Ni(NO3)2·6H2O) and potassium persulfate
(K2S2O8) were obtained from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Acetonitrile, tetrabutylammonium hexa-
fluorophosphate, and nickel glycine (Ni-gly) were purchased
from Macklin Biochemical Co., Ltd. (Shanghai, China).
Phosphate buffer solution (PBS, 0.1 M, pH 7.4) was prepared
with NaH2PO4·2H2O and Na2HPO4·12H2O. All aqueous
solutions were prepared using ultrapure water, which was
obtained from a Millipore water purification system (Milli-Q,
≥ 18.2 MΩ cm−1).

Apparatus. 1H NMR spectra were collected on a Bruker
Advance III 400 MHz spectrometer at room temperature.
Powder X-ray diffraction (PXRD) data were recorded with a
Bruker D8-Advance diffractometer with a Cu-sealed tube (λ =
1.54178 Å) at 40 kV and 40 mA with 0.2 s per step. Scanning
electron microscopy images were taken on an S-4800 scanning
electron microscope (Hitachi, Japan). Transmission electron
microscopy images were taken on a JEM-2010 transmission
electron microscope (JEOL, Japan). Photoluminescence (PL)
spectra were measured on an FLS-980 fluorescence spec-
trophotometer (Edinburgh Instrument., U.K.). Infrared spectra
were collected on a Vector 22 Fourier transform infrared (FT-
IR) spectrometer (Bruker Optics, Germany). Ultraviolet and
visible-diffuse-reflectance spectra (UV−vis DRS) were ac-
quired on a UV-3600 UV−vis-NIR spectrophotometer
(Shimadzu Co., Japan). X-ray photoelectron spectroscopy
(XPS) was performed on an ESCALAB 250 spectrometer
(Thermo-VG Scientific Co., U.S.A.) with ultrahigh vacuum
generators.

Electron Paramagnetic Resonance. EPR measurements
were performed on a Bruker BioSpin EMX PLUS (PPMS)
EPR spectrometer at ambient temperature. MOF and PDI
ligand were placed in two 3 mm I.D. EPR quartz sample tubes
and were tested at room temperature without a trapping agent.
Stability tests were performed under in situ light and the EPR
signal was detected at fixed intervals (1 min, 30 s). When
stability tests were performed, the instrument parameters for

the PDI ligand and MOF were set at power (2.0 mW), power
attenuation (20 dB), gain (30 dB), modulation amplitude (1.5
G), and power (0.2 mW), power attenuation (30 dB), gain (20
dB), and modulation amplitude (0.1 G). Specifically, to obtain
comparable signals for both the MOF and PDI ligand, the
instrument parameters were adjusted at power (2.0 mW),
power attenuation (20 dB), gain (30 dB), and modulation
amplitude (0.5 G).

Synthesis of PDI Ligand and MOF. N,N′-Di(4-benzoic
acid)-1,2,6,7-tetrachloroperylene-3,4,9,10-tetracarboxylic acid
diimide (PDI) ligand was synthesized according to a reported
literature with some modifications.28 Briefly, the mixture of
1,6,7,12-tetrachloroperylene tetracarboxylic acid dianhydride
(200 mg, 0.378 mmol), aminobenzoic acid (518 mg, 3.78
mmol), and propionic acid (25 mL) were stirred at 140 °C for
48 h. After the mixture was cooled to room temperature, water
was added to promote precipitation, followed by filtration and
washing with a mixture of 1:1 methanol/water. Afterward, the
crude product was obtained by vacuum drying overnight at
room temperature. Finally, recrystallization with DMF yielded
a pure crimson powder. Yield: 69%. 1H NMR (400 MHz,
DMSO): δ 13.18 (s, 1H), 8.63 (s, 2H), 8.14 (d, J = 8.0 Hz,
2H), 7.59 (d, J = 8.0 Hz, 2H). HRMS (m/z), [M-H]−: Calc.
764.9431, found 764.9428 (Figures S1 and S2).

For MOF, a mixture of Ni(NO3)2·6H2O (15 mg, 0.052
mmol), PDI (10 mg, 0.013 mmol), and DMF (3 mL) was
heated in a Teflon-lined autoclave at 100 °C for 72 h.34 Red
powder was collected via washing with DMF and methanol
several times and subsequent drying at room temperature. The
structure of MOF was modeled by referring to the similar
metal−organic frameworks crystal structure.35 The lattice
parameters of bulk MOF were a = 50.89 Å, b = 19.97 Å,
and c = 16.31 Å. Simulated PXRD patterns of MOF were
obtained from Materials Studio 2020.

Cyclic Voltammetry. Cyclic voltammetry (CV) was
recorded with a CHI-630D electrochemical workstation
(CHI Instruments Inc., China). All studies were performed
with a conventional three-electrode system in the potential
range from 0.0 to −1.9 V with a scan rate of 0.1 V s−1. The
working electrode in the three-electrode system is a glassy
carbon electrode (GCE, d = 5 mm), and the auxiliary electrode
is a platinum electrode. Specifically, Ag/AgCl and Ag/Ag+ are
utilized as the reference electrode in the aqueous and
acetonitrile phases, respectively. The GCE was polished with
0.3 and 0.05 μm alumina powder, followed by ultrasonic
cleaning in water, ethanol, and water for 3 min before each
experiment. Finally, the cleaned electrodes were purged and
dried with a high purity nitrogen. For preparation of the
modified GCEs, the MOF, PDI ligand, Ni-gly, and Ni(NO3)2·
6H2O were individually dispersed in ultrapure water to form
1.0 mg/mL suspension, and then 20 μL of the modified
suspension was evenly coated on the surface of GCEs.

ECL Measurement and Spectra. The ECL measurements
were conducted on MPI-EII multifunctional electrochemical
and chemiluminescent analytical system (Xi’an Remex
Analytical Instrument Co., Ltd. China) with a conventional
three-electrode system. All measurements were carried out in
0.1 M PBS containing 0.1 M KCl and K2S2O8 at a 500 V
photomultiplier tube (PMT), except for 900 V of stepping
pulse (SP) without coreactant and 700 V of ECL measure-
ments with 100 mM H2O2. The ECL spectra were measured in
a home-built ECL spectroscopic analyzer consisting of a Nikon
Eclipse (Ti), Princeton Instruments Acton SpectraPro SP-
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2300, Princeton Instruments PyLoN at −120 °C and a CHI-
630D electrochemical workstation. The spectra of MOF-
modified GCEs were collected under potential of −1.2 and
−2.0 V for 30 s in 0.1 M PBS containing 100 mM K2S2O8.

DFT Calculations. The PDI, (PDI)2, and Ni-
(PDI)2(DMF)2 cluster models were used in the calculations
of MOF. All the DFT and time-dependent density functional
theory (TD-DFT) calculations were carried out with the
Guassian 16 package suite.36 Structures were optimized by
using B3LYP functional37,38 with D3BJ empirical dispersion.
The 6-31G(d) basis set was employed for C, H, O, N, and Cl
atoms, while the LANL2DZ basis set, together with the related
effective core potentials,39 was used for Ni atoms. The
formation energies for different reduced states of PDI dimers
were defined as

=E E E Eform dimer monomer 1 monomer 2 (1)

where Edimer is the total energy of the dimer, Emonomer1 and
Emonomer2 are the energy of different reduced states of PDI,
individually.

The relative energies of different reduced states were defined
as

=E E Erelative n 0 (2)

where Erelative is the relative energy of PDI molecules or
Ni(PDI)2(DMF)2, En and E0 are the total energy of different
reduced states and neutral state of PDI or Ni(PDI)2(DMF)2,
respectively.

The optimized ground structures were then used in time-
dependent TDDFT calculations for the vertical excitation
energies of clusters. In addition, orbital composition analysis
and the charge transfer between ligands of the excited states
were also performed using the Multiwfn program.40−43 To
better understand the transitions of the UV−vis spectrum, the
excitation energies and oscillator strength of excited states of

Figure 1. (A) 3D structure of MOF and (b) head-to-tail arrangement of PDI ligands in the framework along the b-axis. (c) Structure of PDI dimer
in the framework. (d) Experimental and simulated PXRD patterns of the MOF. (e) FT-IR spectra of PDI ligand and MOF powder.
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PDI were calculated. It can be seen from TDDFT calculations
that the PDI exhibits two detectable absorption bands, called i
and ii. An extremely strong absorption is located at 538.48 nm,
which mainly originates from the HOMO → LUMO
excitation, with the oscillator strength of 0.60. Another wide
absorption at about 415.60 and 400.56 nm was calculated with
the oscillator strength of 0.09 and 0.02, respectively.

■ RESULTS AND DISCUSSION
Design and Characterization of MOF. To increase the

solubility of ligand in polar reagents,44 we chose the nonplanar
halognenlized PDI as the organic linker (Figure S3), and then
PDI-based MOFs were synthesized in the presence of Ni2+

nodes via the solvothermal method. Structural analysis showed
that the MOF material had the monoclinic space group C 2/c
with a head-to-tail arrangement of PDI ligands (Figures 1a and
S4). Due to nonplanar PDI molecules, adjacent PDI units
interacted with a slipping angle of 40.53° (Figure 1b), which is
a typical feature for J-dimers in frameworks.45,46 The vertical
distance between parallel aromatic planes was 5.74 Å (Figure
1c), resulting in relatively weak intrareticular electronic
interactions.47 The PXRD pattern of the MOF revealed
distinct diffraction peaks at 3.7°, 7.3°, and 10.9°, which
corresponded well with the simulated diffraction peaks (Figure
1d). After forming the framework, the vibrational absorption
band of C�O at 1712 cm−1 decreased and blue-shifted
compared to PDI ligand (Figure 1e). Furthermore, the MOF
exhibited broad lamellar rectangular crystals (Figure S5) and
homogeneous distribution of Ni, Cl, and N elements in the
structure with the +2 valence state of Ni in the framework
(Figures S6 and S7). Overall, PDI dimers were successfully
incorporated into the framework, providing the possibilities for
the stabilization of radical ions.

Electrochemical and ECL Properties of MOF. In the
cathodic scanning, both PDI- and MOF-modified GCEs
demonstrated three ECL peaks using 100 mM S2O8

2− as
coreactant at −0.3, −1.0, and −1.8 V (Figure 2a), which were
denoted as ECL 0, ECL 1, and ECL 2, respectively.48,49 CV
test in acetonitrile clearly revealed three reduction peaks for

both ligand and MOF (Figures 2b and S8), corresponding to
three-step ECL emissions. Significantly, the ECL 2 intensity of
the MOF showed 69.7-fold enhancement compared to the PDI
ligand (Figure 2a). Unlike the anodic ECL (Figure S9), it was
noteworthy that the intensity of ECL 2 for the MOF increased
with first-half scanning and appeared as the peak in second-half
scanning (Figure S10), indicating the accumulation of stable
radicals during cathodic ECL scanning.

Furthermore, we characterized the ECL behavior of the
MOF with continuous CV scans in the presence of a
coreactant. In contrast to ECL 1, which decreased, ECL 2
achieved an obvious enhancement in peak ECL intensity and a
positive shift in peak ECL potential. This was attributed to the
accumulation of free radical intermediates as the number of
scan segments increased in the potential range of 0 to −1.7 V
(Figures 3 and S11, S12). Significantly, when the potential

dropped to −1.6 V, the ECL transients of MOF demonstrated
a 16.8-fold enhancement of ECL intensity (Figures 2c and
S13), suggesting self-accumulated ECL. By using the
amperometric i−t method at different potentials, it was also
observed that the ECL intensity of MOF at low potentials grew
along with the scanning time, whereas the ECL signal dropped
at high potentials (Figure S14). For individual ligands, Ni2+,
and Ni-gly, there was no ECL enhancement at low potential
for either transient or continuous scanning (Figures 2d and
S15−S17). The self-accumulated ECL of the MOF could be
attributed to the formation of stable anion radicals in the
framework at a more negative potential.

Stability of Free Radicals in Frameworks. We
performed EPR tests to visually confirm the stability of radicals
in frameworks. In dark, the single-electron signal intensity of
MOF was ∼700-fold greater than that of the free ligand due to
the framework’s shielding effect (Figure S18a).50 Under in situ
light at 500 nm, the EPR signal of PDI ligand progressively
grew and reached a plateau at 15 min, following with the rapid
decline after turning off the light (Figure S18b). However, for
MOF structure, the EPR signal kept constant in either dark or
light irradiation due to the generation of saturated radicals
during thermal synthesis (Figure 4a).51 Moreover, the radical
signal had no obvious decay after the light was turned off.
Upon storage of the MOF in the dark, the EPR signal
attenuation was only 3.8% for 5 days and 17.8% for one month
(Figure 4b), demonstrating the ultrastability of free radicals in
frameworks.

To explore the stability of anion−cation radicals, the
annihilation process of transient ECL was examined using
the stepping pulse (SP) method. A strong ECL signal occurred

Figure 2. (A) ECL curves in the aqueous phase containing 100 mM
S2O8

2−, and (b) CV curves in acetonitrile at bare electrode (black),
MOF (purple), and PDI (blue). Inset: amplified ECL curves between
0 V and −0.6 V. ECL transients of (c) MOF and (d) PDI with 100
mM S2O8

2− by cathodic stepping pulse from 0 V to −0.8, −1.2, −1.6,
and −1.7 V (pulse time: 1 s).

Figure 3. Dependence of relative ECL intensity divided by the initial
intensity of ECL with MOF-modified GCE by using continuous CV
scans (from 1 to 9 cycles) in the potential range of 0 to −1.7 V on (a)
scanning time and (b) potentials in PBS containing 100 mM S2O8

2−.
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after the first pulse cycle with the initial potential of −1.6 or
−0.9 V, while no similar phenomenon was observed with the
initial potential of +1.6 V, suggesting that anionic radicals were
more stable than cationic radicals for MOF (Figure S19).
Furthermore, DFT calculations were used to determine the
relative stability of the PDI and MOF with different quantities
of electrons. In comparison to the electrically neutral state,
both the MOF and PDI tended to accept electrons to form
lower energy systems. Upon electron injections, the energy of
MOF sequentially decreased with the electron numbers, and
reached the lowest energy at third reduction in the low-spin
state (Figure 4c and Table S1), which was rationalized by the
reduced spin density via electron spin pairing (Figure 4d).

ECL Emission of Ligand-Dimerized Frameworks. By
analyzing the solid UV absorption spectra, the MOF had a
band gap of 2.17 eV, suggesting it to be a typical
semiconductor (Figure S20). Time-dependent DFT calcu-
lations indicated that there were two detectable absorption
bands for the PDI ligand (Figure 5a), where the absorption at

538.5 nm corresponded to the HOMO to LUMO leap.
Meanwhile, the absorption at 415.6 nm had the contribution of
two excited states, i.e., the HOMO−3 and HOMO−5 to
LUMO leaps. Based on oscillator strengths, we found that the
excited states of the PDI ligands were mainly contributed by
HOMO to LUMO leaps (Figure 5b and Table S2). Moreover,
the redshift of the liquid UV spectrum of MOF confirmed the
presence of the dimerization structure in the framework with
PDI molecule as the major chromophore unit (Figure S21).52

To further investigate the multistep ECL behavior of MOF,
we performed ECL tests under different pH conditions (Figure
6a). The intensity of ECL 1 increased with the increase of pHs,
which was attributed to the reduction of carbonyl groups in
MOFs facilitated in high pHs (Figure S22).53−55 Meanwhile,
the intensity of ECL 2 remained constant in pH range from 5
to 9, since the electrons were mainly injected into perylene
units (Figures 4d and 6d), leading to relatively stable radicals
for self-accumulated ECL. The photoluminescence of free
ligand in DMF showed two significant emission peaks at 550
and 610 nm (Figure S23). At the low concentration of PDI
molecules in DMF, the emission mainly appeared at 550 nm
due to the presence of PDI monomers. As the concentration of
PDI increased, the emission at 550 nm decreased, and the
emission at 610 nm gradually increased, corresponding to
dimer emission at high concentrations (Figure 6c). By
comparison with the photoluminescence of MOF and PDI,
the ECL spectrum of the MOF was consistent with that of the
PDI dimer centered at 610 nm (Figure 6b).

The dimerization energetics of PDI moieties in various
reduced states were evaluated by DFT calculations. The spin
density distribution exhibited that the unpaired electrons were
delocalized at the center of the hydrazone nucleus of PDI in
the dimer structure. The ligand with different reduced states
can dimerize with neutral PDI to form dimers such as (PDI)2,
(PDI)2

−●, (PDI)2
2−, (PDI)2

2−●●, and (PDI)2
3−●, which were

energetically favorable. Meanwhile, Coulomb repulsion was the
cause of the high formation energies between negatively
charged monomers. Obviously, (PDI)2

−● and (PDI)2
2−●●

have lower formation energies than (PDI)2 (Table 1), which
is ascribable to charge delocalization over PDI units.29 When
three electrons were injected, two of the electrons were spin-
paired, leading to the spin density reduction (Figure 6d).
(PDI)2

3−● was energetically favorable due to a combination of
excitonic coupling and charge transfer interactions in PDI
dimers.56 Based on the analysis above, MOF underwent a
three-step reduction on the electrode surface, sequentially
generating (PDI)2

−●, (PDI)2
2−●●, and (PDI)2

3−● with lower
energies, which reacted with SO4

●− to form excited states,
individually, and produced self-accumulated ECL emissions,
provided a promising methodology to understand ECL
fundamentals.

■ CONCLUSION
In summary, we successfully designed an anion radical-
stabilized MOF with ligand dimerization for self-accumulated
ECL. Due to the distorted planar as well as head-to-tail
arrangement of PDI ligands, the discrete J-dimer structure
dominated in frameworks. Moreover, the large distance
between parallel aromatic planes resulted in weak intrareticular
electronic interactions in frameworks. DFT calculations
identified that MOF tended to accept electrons, while the
energetically favorable dimer structure in frameworks facili-
tated the delocalization of an unpaired electron over the whole

Figure 4. (a) In situ EPR spectra of solid MOF in light (500 nm) for
15 min and in dark. (b) EPR spectra of MOF preserved in dark
conditions for different times. (c) Relative energies of PDI and MOF
fragments after injection of different numbers of electrons. (d)
Structure of MOF fragment and spin isodensity surfaces of MOF,
MOF−●, MOF2−●●, and MOF3−● (isovalue = 0.002). Green and
blue regions denote the populations of spin-α and spin-β electrons,
respectively. MOF−●, MOF2−●●, and MOF3−● represent the
injection of one, two, and three electrons into MOF, respectively.

Figure 5. (a) Calculated solid UV−vis absorption spectrum of PDI
and (b) MO isodensity surfaces in i and ii absorption bands of PDI.
Green and blue regions denote the positive and negative orbital
phases, respectively (isovalue = 0.02).
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PDI molecule and thus enhanced the stability of radical
intermediates. Therefore, a significant enhancement of the
ECL signal was achieved via the accumulation of free radical
intermediates on the electrode surface. Indeed, free radicals in
the designed frameworks can remain for one month. The
ligand-dimerized frameworks not only illustrated the strategic
use of ligand dimers in MOFs to stabilize radical ions for self-
accumulated ECL but also gave a guideline for design of next-
generation ECL nanoemitters.
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Table 1. DFT-Calculated Formation Energies for Different
Reduced States of the PDI Dimers

monomer dimer formation energy (kcal/mol)

PDI + PDI (PDI)2 −36.79
PDI−● + PDI (PDI)2

−● −45.83l
PDI−● + PDI−● (PDI)2

2− −5.69
PDI2− + PDI (PDI)2

2− −67.61
PDI2−●● + PDI (PDI)2

2−●● −93.78
PDI3−● + PDI (PDI)2

3−● −109.98
PDI2− + PDI−● (PDI)2

3−● 24.44
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