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ABSTRACT: Metal—organic frameworks (MOFs) have garnered significant interest in
photoelectrochemistry (PEC). To overcome the intrinsic drawbacks of narrow-
wavelength absorption and limited photon utilization, this study used two photosensitizers
as hybrid ligands to realize intrareticular energy transfer (IRET) and multiple wavelength
light absorption for enhancing photoelectrochemical performance. The dual-photo-
sensitized MOF (dpMOF) contained a [Cd,(COO),] paddlewheel unit as the metal node
along with meso-tetra(4-carboxyphenyl)porphine and pyridine-functionalized boron
dipyrromethene ligands serving as the energy acceptor and donor units, respectively.
Both experimental data and theoretical calculations confirmed the energy transfer. The
IRET process possessed an energy transfer efficiency of up to 88.3%, significantly
promoting photon utilization and charge separation. Compared with single photo-
sensitized MOFs with similar topologies, IRET in dpMOF resulted in 2.6—6.5 times
enhanced photocurrent under multiple wavelength irradiation. Therefore, an advanced

BDP 460-550 nm
Por 460-630 nm

PEC biosensing strategy was proposed to demonstrate the PEC application of dpMOF. This work offers new insights into the design

of enhanced MOFs and photoconversion applications.

B INTRODUCTION

The light absorption, energy conversion, and carrier photo-
generation capability of photoactive materials are crucial for
enhancing their photon utilization and photoelectrochemical
(PEC) performance.'~* However, most developed photoactive
semiconductors, such as metal oxides/sulfides,”° organic small
molecules,” polymers,® and quantum dots (QDs),”'" suffer
from narrow visible light absorption range, low photon
utilization, and ill-defined photoelectron transfer paths. These
intrinsic drawbacks significantly suppress PEC performance.
Therefore, the breakthrough in PEC technology requires the
rational design of photoactive materials to address these critical
issues. For example, the stepwise assembly of QDs and
photoactive dyes has been used to broaden the visible light
absorption range,'' and a deficient ternary metal sulfide
(CdIn,S,) photoanode has been designed to enhance the
photon-to-current efficiency.'” Although the integration of
photoactive materials can satisfy the requirements for widening
the wavelength range of light absorption, the complex
compositional design limits flexibility in material selection.
Hence, it is essential to develop multifunctional semiconductor
materials with precise structures and convenient preparation
processes.

Metal—organic frameworks (MOFs) are a class of porous
materials with periodic structures'*™'® and have attracted
extensive research interest in PEC fields. A host—guest MOF
has been designed to facilitate photogenerated exciton type

© 2025 American Chemical Society

WACS Publications

conversion by efficiently transferring energy from the MOF
skeleton to molecular acceptors.'” Recently, our group'® also
developed an electron donor-coordinated MOF to enhance the
PEC performance by shortening the charge transfer pathway.
However, the limited light energy utilization of MOFs
currently restricts improvement in PEC performance. Consid-
ering that the high efficiency of long-distance and directional
energy transfer (ET) in photosynthesis is mainly attributed to
highly ordered chlorophylls (porphyrin-like pigments),"”
MOFs with ordered porphyrins have been proposed as highly
efficient light harvesting and ET components to boost
photocatalytic activity.”” Indeed, the covalent combination of
porphyrin and boron dipyrromethene derivatives significantly
extends the light absorption range and has successfully
achieved intermolecular ET to promote photon harvest-
ing.ZI_23 However, the inherent defects of organic small
molecules in these MOF structures, such as instability and low
carrier mobility,”* limit their application in PEC fields.

To boost the light absorption, facilitate the photoelectric
conversion, and improve the charge-carrier mobility, this work
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Figure 1. (a) Structures of building blocks: [Cd,(COO),] paddlewheel unit, DPB, Por, BDP, and TCPB ligands. C, gray; O, red; N, blue; Cd,
yellow. (b—d) Topology network structures of sppMOF, dpMOF, and spbMOF. (e—g) PXRD patterns of sppMOF, DPB, Por, dpMOF, sppbMOF,

BDP, and TCPB.

designed an intrareticular ET (IRET) strategy by integrating
the structural advantages of multicomponent MOFs to
synthesize a novel dual-photosensitized MOF (dpMOF).
Two photosensitizers, meso-tetra(4-carboxyphenyl)porphine
(Por) and pyridine-functionalized boron dipyrromethene
(BDP), as hybrid ligands of the metal node of
[Cd,(COO0),] paddlewheel unit (Figure 1a) could act as the
energy acceptor and donor for IRET, respectively, after the
BDP ligand absorbed the light irradiation from 460 to 550 nm.
Compared with the single photosensitized MOFs, sppMOF,
and spbMOF prepared with nonphotosensitized small
molecule organic ligands 4,4’-di(4-pyridyl)biphenyl (DPB)
and 1,2,4,5-tetrakis(4-carboxyphenyl) benzene (TCPB) to
replace BDP and Por, respectively, IRET in dpMOF
demonstrated a photocurrent enhancement of 2.6—6.5 folds
under multiple wavelength irradiation. The role of IRET in
enhancing PEC performance was well demonstrated by
experiments and density functional theory (DFT) calculations.
Especially, the IRET process promoted photon utilization and
charge-carrier mobility, and the energy transfer efficiency was
up to 88.3% under 545 nm irradiation. The excellent PEC
performance of dJpMOF was also used for sensitive biosensing
of vascular endothelial growth factor 165 (VEGF,;), a protein
that plays a critical role in angiogenesis. Overall, the design of
dpMOF with a broad absorption range provides a proof of
concept to construct reliable IRET for enhancing the PEC
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performance of MOFs and expanding the photoconversion
applications.

B RESULTS AND DISCUSSION

Design and Synthesis of MOFs. The single crystal of
dpMOF was prepared with the synthesized Por and BDP
(Figures S1—SS) as ligands via a solvothermal method, while
sppMOF and spbMOF were obtained by replacing BDP and
Por with DPB and TCPB, respectively (Figure la). Single-
crystal X-ray diffraction (XRD) and crystal analysis provided
the corresponding topologies (Figures 1b—d and S6), revealing
space groups P2,/n for dpMOF and spbMOF, and P-1 for
sppMOF (Tables S1—S3). Furthermore, powder XRD
(PXRD) measurements confirmed that the synthesized
sppMOF, dpMOF, and spbMOF exhibited ideal crystallinity
and matched well with the simulated XRD peaks (Figures le—
g and S7). The diffraction peaks at 4.0, 5.3, 6.0, 7.4, 7.9, 10.1,
10.3, and 10.6° could be indexed to the (002), (10—1), (101),
(11-1), (111), (113), (11—4), and (20—2) facets of dpMOF
(CCDC deposition number: 2361207), respectively. Trans-
mission electron microscopic (TEM) images characterized
their morphologies, which exhibited blocky microstructures
(Figure S8) with a homogeneous distribution of Cd, C, N, O,
F, and B elements (Figures S9—S11). N, adsorption—
desorption tests confirmed the porous nature of dpMOF,
sppMOF, and spbMOF, and the adsorption isotherms
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Figure 2. (a) UV—vis absorption spectrum of Por (green) and PL spectrum of BDP (orange yellow). (b) Distance and dihedral angle between
proximate Por and BDP ligands in the crystal structure. (c) Tauc plot of dJpMOF. (d) DOS curves of dpMOF and its components. (e) UPS of
dpMOF. Inset: relative energy gap between the maximum valence band and Fermi level. (f) Valence band (VB) and conduction band (CB) energy

levels of sppMOF, dpMOF, and sppMOF.
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Figure 3. (3, b) Photocurrent—time curves of dpMOF-, sppMOF-, and sppMOF-modified ITO in air-saturated PBS (a), and dpMOF/ITO in air-
(i) and O,-saturated (ii) PBS (b) in the presence of 10 mM DA under light irradiation with wavelengths of 630 (1), S50 (2), 500 (3), and 460 (4)
nm. (c) EPR spectra of dpMOF in DMPO methanol solution under Xe lamp irradiation for 0, S, and 10 min. (d) Electrical resistivity (R) and
carrier mobility of dpMOF (i), sppMOF (ii), and spbMOF (iii). (e) Charge density difference between the lowest electron excitation and the
original ground state of dpMOF from the top view. Electron density gain and loss are colored yellow and green, respectively.

indicated H,-type hysteresis loops (Figure S12). The
Brunauer—Emmett—Teller surface areas of dJpMOF, sppMOF,
and spbMOF were simulated to be 226.2, 106.2, and 48.88 m*
g~!, respectively. Notably, dpMOF exhibited a high specific
surface area, favoring to increase the surface redox-active
sites.”> Thermogravimetric analysis further verified the relative
contents of different components in MOFs by observing the
variation in sample weight with temperature (Figure S13).
Overall, the excellent crystallinity verified the successful
synthesis of the designed MOFs.

Feasibility of IRET. The ultraviolet—visible (UV—vis)
spectrum of dpMOF showed two absorption peaks at 440 and
520 nm, which corresponded to the absorption of the Por
ligand with 20 nm red shift compared with pure Por and BDP
ligand, respectively, while the UV—vis spectra of sppMOF and
spbMOF showed only the absorption peak of Por or BDP
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ligand (Figure S14), indicating the extended light absorption
range of dpMOF. The efficient IRET process between Por and
BDP ligands was demonstrated using the absorption spectrum
of Por and the photoluminescence (PL) spectrum of BDP
(Figure 2a). The spectral overlap of Por absorption and BDP
emission in the range of 575—660 nm confirmed the possibility
of ET from BDP to Por units. The distance and angle between
the two photosensitizers in dpMOF were approximately 1.71
nm and 79.5° (Figure 2b), respectively, proving that IRET
between the BDP and Por units belonged to the Forster
resonance ET.

Semiconducting Properties and Energy Band Calcu-
lations of MOFs. To prove the semiconducting properties of
dpMOF, the UV—vis diffuse reflectance spectra (DRS) of
dpMOF, sppMOF, and spbMOF were recorded (Figure S15).
The absorption peaks of dpMOF were red-shifted compared
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Figure 4. (a) Calculated UV—vis absorption spectrum of dpMOF. (b) MO isodensity surfaces in i and ii absorption bands of dpMOF. Green and
blue regions denote the positive and negative orbital phases, respectively (isovalue = 0.01). (c—e) Excitation—emission maps of dpMOF (c), BDP
(d), and Por (e). (f) PL lifetime curves of Por, BDP, dpMOF, sppMOF, and pbMOF under 545 nm excitation. (g) A schematic illustration of the
PEC process of dpMOF with IRET mechanism in the presence of DA and dissolved O,.

with BDP and Por ligands, suggesting that intermolecular
charge transfer between the BDP and Por ligands occurred in
dpMOF. Moreover, the assembly of BDP and Por ligands into
dpMOF increased the degree of conjugation of the whole
system through 7—7 stacking interactions,” potentially leading
to a red-shifting of absorption peaks. The forbidden
bandwidths of dpMOF, sppMOF, and sppbMOF were obtained
with the Tauc plot method to be 1.89, 1.97, and 2.12 eV,
respectively (Figures 2c, S15, and Sl6),26 indicating a narrower
band gap width (Eg) of dpMOF. The E; value was slightly
lower than the direct band gap width of 2.22 eV obtained by
DFT calculation with the density of states (DOS) of dpMOF
(Figure 2d). Theoretically, a narrower E, results in more
photogenerated carriers, which is favorable for enhancing the
PEC performance.'**’

The electronic properties of dpMOF, sppMOF, and
spbMOF were investigated using Mott—Schottky curves
(Figure S17) and UV photoelectron spectra (UPS, Figures
S18 and 2e). The flat band (Eg vs Ag/AgCl) and onset
(Eqonset) potentials were measured at —0.16 and 18.90 eV for
dpMOF, —0.30 and 19.08 eV for sppMOF, and —0.22 and
19.16 eV for sppbMOF, respectively. Their relative electronic
binding energies between the valence band maximum (Eygy)
and Fermi energy level were found to be 3.21, 3.82, and 3.77
eV, respectively. According to the work function formula,”*~°
the Eygy of dpMOF, sppMOF, and sppbMOF was calculated to
be —5.53, —=5.96, and —5.83 eV for dpMOF, sppMOF, and
spbMOF, respectively. Thus, the conduction band minimum
(Ecgwm) could be obtained with E, = Ecpy — Evpyyo ' as
depicted in Figure 2f. The more negative conduction band

(CB) energy level of dpMOF indicated its stronger reducing
ability,* which was favorable for generating photoelectrons.

PEC Characterization of MOFs. The photoinduced
electron transfer ability of dpMOF was verified by PEC
measurements (Figure 3a). In comparison with sppMOEF- and
spbMOF-modified indium tin oxide (ITO) electrodes, the
dpMOF-modified ITO electrode prepared with the optimal
amount of dpMOF (Figure S19) exhibited the highest
photocurrent response under light irradiation at individual
wavelengths. The photocurrent at 630 nm irradiation (Figures
3a and $20a) was mainly attributed to the response of the Por
ligand with the 7—x stacking effect that facilitated framework
electron transfer,””*® which was not further studied in this
work. The photocurrent responses under irradiation at 460,
550, and 500 nm could be attributed to the IRET process from
BDP to Por ligands (Figures S14 and S20a). The photo-
currents of dpMOF were 2.6—3.6 and 4.2—6.5 times those of
sppMOF and spbMOF, respectively (Figure S21 and Table
S4). In contrast, the photocurrent responses were very weak in
the absence of a photosensitive ligand, approaching those of
bare ITO under light irradiation (Figures S20b and S22).
Thus, the presence of IRET in dpMOF greatly improved its
PEC performance. Moreover, the PEC intensity of dpMOF
remained stable after continuous irradiation for over 2000 s
(Figure S23), indicating the excellent PEC performance of
dpMOF.

To perform the PEC analysis, the detection solution usually
contains an electron sacrifice, such as ascorbic acid or
dopamine (DA), to prevent the recombination of electron—
hole pairs by consuming the generated holes, which can greatly
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increase the photocurrent (Figure S24). Furthermore, the
photocurrent of dpMOF/ITO significantly depended on the
presence of dissolved oxygen (Figures S25 and 3b),
demonstrating the transfer of generated photoelectrons to
O,, which produced O,°”. This phenomenon was supported
by the more negative CB potential (—0.86 V vs NHE) of
dpMOF than the reduction potential of —0.33 V (vs NHE) for
02 /02-—.34

PEC Mechanism of dpMOF. To verify the generation of
O,°” in the PEC process, electron paramagnetic resonance
(EPR) spectra of dpMOF, sppMOF, and spbMOF were
recorded in §,S-dimethyl-1-pyrroline N-oxide (DMPO)
methanol solutions under light irradiation for different
times,>> which revealed the increasing characteristic signals
of DMPO-0,*~ (Figures 3c and S26). Thus, the photocathode
currents generated by the three MOFs could be attributed to
photogenerated electron migration to their surface to reduce
O,. Meanwhile, the Hall effect (Figure 3d and Table SS)
confirmed that dpMOF possessed a higher carrier mobility and
lower resistivity. The electron transfer process in dJpMOF was
demonstrated with DFT calculations, which illustrated the
charge density difference between the lowest electronically
excited state and the original ground state of dJpMOF (Figures
3e and S27), and indicated the electron loss from the Por
ligand and the electron gain by the BDP ligand. The efficient
electron transfer process between the two ligands promoted
photon utilization and improved PEC performance.

The separation of electron—hole pairs and electron transfer
between the two ligands were further verified with time-
dependent DFT calculations. The theoretical simulated UV—
vis absorption spectra revealed multiple detectable absorption
bands of Por and BDP (Figure S28). Specifically, Por exhibited
the absorption peaks at 428.1, 431.0, 555.5, and 587.1 nm
corresponding to transitions from the ground state (S,) to
excited states (S;—S,), respectively (Figure S29), and BDP
showed only one absorption peak at 460.2 nm corresponding
to the Sy to S; transition (Figure S30). Similarly, dpMOF
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displayed two detectable absorption bands (Figure 4a) at 543.6
and 580.5 nm. The latter corresponded to the highest occupied
molecular orbital (HOMO) of Por ligand to its lowest
unoccupied molecular orbital (LUMO) transition (i), and
the former could be attributed to the transitions from excited
states HOMO—1 and HOMO-2 of Por ligand to LUMO of
BDP ligand (ii), indicating the electron transfer between two
ligands. Oscillator-based intensities also verified that the main
contribution of excited states of dpMOF was due to the
HOMO-1/-2 to LUMO transitions (Figure 4b and Table
S6), confirming the separation of electron—hole pairs within
the framework. To further evaluate the energy transfer process
of dpMOF, it was verified using three-dimensional (3D)
fluorescence spectra of the sample. dpMOF exhibited a robust
emission peak of the BDP ligand at 520—650 nm (Figure
4c,d), while the emission peaks of the Por ligand at 655 and
720 nm almost disappeared (Figure 4e), which was mainly
attributed to ET from BDP to Por ligand in dpMOF.
Furthermore, the 3D fluorescence map of the mixed ligand
spbMOF with a single photosensitizer corresponded to the
BDP ligand, whereas there was a clear weakening of the
fluorescence of sppMOF (Figure S31). To further explore the
contribution of IRET in dpMOF to PEC performance, the
IRET efficiency (Egpr) was evaluated by time-resolved
photoluminescence (Figures 4f and S32, Table S7) and
quantum yield (y, Figures S33, S34, and Table S8)
measurements.’® > Taking 545 nm excitation as an example,
WapMoB Wron Wepps and PL lifetime of dpMOF were 6.96, 7.2,
59.5%, and 3.69 ns, respectively, and the IRET rate from BDP
to Por was calculated to be 1.47 X 107° s™* with an 88.3%. The
results demonstrated that the fast energy transfer led to a lower
PL lifetime of dpMOF, which accelerated electron transfer.
Notably, the energy conversion efficiency was higher than 65—
71% of other Por-derived MOFs**~*' and 60% of BDP-based
MOE,* suggesting greater potential of dpMOF for efficient
light harvesting. Furthermore, dpMOF(Ni) obtained by
doping Ni into dpMOF (Figures S35 and S36) was used to
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investigate the interaction between ligands and metal nodes.
dpMOF exhibited a much higher photocurrent than both
dpMOF(Ni) (Figure S37) and a single photosensitizer Por-
based MOF (Figure S38). The enhancement could be
attributed to two factors: (1) the arrangement of electrons
on the d-orbitals of the Ni** node (Figure $39), which made it
more receptive to accepting electrons from the ligand,
suggesting that a stronger ligand-to-metal charge transfer was
unfavorable for improving the PEC performance; (2) the
synergistic interaction between dual photosensitizing compo-
nents in dpMOF, which collectively boosted photoelectro-
chemical activity. In light of the experimental and DFT
computational investigations described above, a mechanism
through which IRET augments charge separation within
dpMOFs is proposed in Figure 4g. After light irradiation and
IRET, the photoelectrons generated from Por ligands were
transferred to LUMO of BDP ligands and then O, to form
0,7, which produced the photocurrent. At low pH, the
photocurrent was greater due to the protonation of the
oxidized O,*” (Figure S40). Meanwhile, DA, as an electron
donor, was oxidized by the photogenerated holes to maintain
charge balance in the framework.

PEC Biosensing Application. To verify the application
potential of dpMOF, a PEC detection method was proposed
by combining the trans-cleavage function of Casl2a-crRNA
with the gold film deposited dpMOF/ITO electrode (Au/
dpMOF/ITO), which was modified with DNA-ferrocene (Fc)
as a biosensor (Figure Sa). Here, Fc acted as an electron
quencher after it donated electrons to the hole,* which led to
a photocurrent decrease of Au/dpMOF/ITO (Figure S41).
Using VEGF 4 as a target analyte, an assistant probe was
prepared by hybridizing its aptamer and a specific DNA
sequence (S1). After VEGF, 4, was incubated with the probe to
release S1 (Figure S42), the trans-cleavage function of Casl2a-
crRNA was activated by binding the released S1 to cleave the
DNA-Fc on the biosensor, which led to the increased
photocurrent. Similarly, EIS measurements validated the
successful assembly of the sensor platform (Figure S$43).
Under optimal conditions (Figure S44), the photocurrent
under 500 nm light irradiation showed a linear increase upon
the increasing VEGF 45 concentration from 1 to 1200 pM
(Figure Sb,c). The detection limit at S/N = 3 was 0.43 pM,
which was lower compared with the fluorescence and
electrochemical methods (Table $9).*#* Although previous
PEC and electrochemiluminescence methods developed for
VEGF,4; detection achieved lower detection limits, they
involved long time enzyme-assisted cyclic amplification on
biosensor surface,*®*” and complex aptasensor fabrication and
low accuracy.”® The detection of different proteins and serum
samples demonstrated good specificity (Figure S$4S5) and
accuracy (Table S10). Hence, the designed IRET strategy
and proposed dpMOF possess good prospects in PEC
biosensing and photoconversion applications.

B CONCLUSIONS

This study synthesized a dual-photosensitized MOF to achieve
the designed IRET strategy and enhance the PEC performance
of MOFs. dpMOF with excellent crystallinity could be
conveniently synthesized with [Cd,(COO),] as a metal node
and two photosensitizers as ligands, BDP acted as both light
absorption ligand and energy donor, and Por served as an
energy acceptor. Both the experimental verifications and DFT
calculations confirmed the IRET process from BDP to Por

ligands in the MOF skeleton, which resulted in the separation
of electron—hole pairs to generate the photoelectrons from Por
ligands and then the electron transfer from HOMO—1/-2 of
Por ligands to LUMO of BDP ligands. The IRET efficiency of
up to 88.3% greatly enhanced the PEC performance with a
photocurrent increase by 2.6—6.5 times. The practical
applications of the interligand IRET were demonstrated with
a proposed PEC method for convenient and sensitive
detection of protein. This study not only provides new insights
into the development of photoactive materials with high
photon utilization but also expands the application of MOFs in
PEC bioanalysis and photoconversion.
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