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Abstract: Designing multifunctional materials that
mimic the light-dark decoupling of natural photosyn-
thesis is a key challenge in the field of energy
conversion. Herein, we introduce MnBr-253, a precious
metal-free metal–organic framework (MOF) built on Al
nodes, bipyridine linkers and MnBr(CO)3(bipyridine)
complexes. Upon irradiation, MnBr-253 colloids demon-
strate an electron photocharging capacity of
~42 C ·g� 1

MOF, with state-of-the-art photocharging rate
(1.28 C · s� 1 ·g� 1

MOF) and incident photon-to-electron con-
version efficiency of ~9.4% at 450 nm. Spectroscopic
and computational studies support effective electron
accumulation at the Mn complex while high porosity
and Mn loading account for the notable electron storage
performance. The charged MnBr-253 powders were
successfully applied for hydrogen evolution under dark
conditions thus emulating the light-decoupled reactivity
of photosynthesis.

As global energy demand rises, efficient energy collection,
storage, and utilization of have become critical for the
development of human society.[1] Sunlight, as an inexhaus-
tible clean energy source, remains a central focus in energy
research, and particularly its efficient conversion into
directly usable and storable energies.[2] Natural evolution
has answered the solar energy storage challenge with photo-
synthesis, allowing plants, algae, and cyanobacteria, to

convert absorbed solar energy into chemicals independently
of light. Such flexibility in artificial electro-systems could
enable decoupled solar harvesting and fuel production or
long-term electron storage, avoiding multiple electro-syn-
thetic steps, chemical fuel storage, while offering flexibility
in energy carrier form and temporal demand.[3] In this
context, the advancement of materials, capable of both solar
energy harvesting, and electron storage is key albeit at a
nascent stage.[4] Polyoxometalate, carbon nitride, metal
oxide materials have already demonstrated potentials to-
ward charged off-grid, wireless colloidal systems but con-
tinued efforts to broaden the material scope and enhanced
overall performance are critical.[5]

Metal–organic frameworks (MOFs), composed of organ-
ic ligands and metal nodes, offer ideal platforms for
developing energy applications due to their crystallinity,
porosity, and customizable three-dimensional structures.[6]

Toward light-induced electron storage, promising examples
include linker-engineered Ti-based MIL-125 and MOF-253
modified with Lehn-type Re complexes, showing light
absorption, sacrificial electron donor (SED) oxidation and
electron accumulation within the framework for later use in
dark photocatalysis.[7] Despite these recent advances, modest
accessibility to the electroactive sites, low visible light
absorption, poor stability underscore the need for further
efforts.

Herein, we introduce MnBr-253 as a photochargeable
rare metal-free hybrid material, made of Al nodes, bipyr-
idine linkers and fac-[MnBr(CO)3(dcbpy)] (dcbpy=5,5’-
dicarboxylic-2,2’-bipyridine) complexes (Figure 1). Mn 2,2’-
bipyridyl (bpy) tricarbonyl halide (X) complexes constitute
a versatile family of photoredox structure, however, im-
peded by photodegration.[8] Building on our prior work on
Re MOF-253’s electron accumulation, we explored Mn-
functionalized MOF-253’s photocharging ability and
photostability.[7b] As Earth crust’s third most abundant
transition metal, Mn is a promising alternative to Re, with
their complexes likely sharing similar opto-electronic prop-
erties and reactivities as extensively shown for CO2 reduc-
tion studies.[9] Considering porous materials, Mn is lighter
and smaller potentially limiting diffusion-related issue and
device integration hinderance.[10]

MnBr-253 enables visible light energy harvesting and
electron storage from electron source photo-oxidation,
reaching up to ~42 Cg� 1

MOF and a state-of-the-art incident
photon-to-electron conversion/storage quantum yield
(AQY) of ~9.4% at 450 nm. The electron storage ability
was employed to drive catalytic H2 evolution reaction
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(HER) and O2-assisted dye degradation under lightless
conditions, demonstrating temporal decoupling of energy
harvesting and utilization. Density functional theory (DFT)-
based calculations, electron paramagnetic resonance (EPR)
characterizations together elucidate that the hour-lived
electrons are confined as bipyridyl radical anions at the Mn-
bpy centers.

MOF-253 was synthesized from 5,5’-dicarboxylic-2,2’-
bipyridine and AlCl3 following a modified reported proce-
dure (details in Supporting Information, SI, Figure S1)
involving sonication and MOF activation at 150 °C for
18 hours.[7b] The white MOF-253 powder was dispersed in a
MnBr(CO)5 acetonitrile solution and heated to 50 °C for
24 hours to produce fac-[MnBr(CO)3(5,5’-dcbpy)] moieties.
MnBr-253 was isolated as a brick-red powder and charac-
terized (Figure 2). Its powder X-Ray diffraction (PXRD)
pattern matched MOF-253’s, suggesting maintained overall
crystallinity post-Mn integration (Figure 2a). In contrast to
that of MOF-253, the attenuated total reflectance infrared
(ATR-IR) spectrum of MnBr-253 displayed bands at 2031.7
and 1944.8 cm� 1 ascribed to the carbonyl asymmetric stretch-
ing vibrations, ν(C�O) (Figure 2b).[11] These bands differ
from that of the MnBr(CO)5 precursor suggesting selective
formation of fac-MnBr(CO)3(dcbpy) units. While the broad
signal around 1944.8 cm� 1 typically appears as two bands in
discrete molecules, merging is commonly observed in
immobilized systems.[12] Solid-state UV/Vis spectroscopy
analysis of MOF-253 revealed no absorption beyond
350 nm. In contrast, MnBr-253 absorbs broadly with a
visible-light-centered maximum intensity absorption at
460 nm (Figure 2c) previously ascribed to metal-to-ligand
charge transfer transition from the Mn to the bipyridine
ligand.[12b,13]

The electronic and coordination properties of Mn in
MnBr-253 were elucidated via X-ray absorption spectro-
scopy. The Mn K-edge at ~6550 eV indicates an oxidation

Figure 1. Schematic representation of MnBr-253’s structure, composi-
tion, working principle, and dark applications (including, from left to
right, methyl viologen dichloride, Co(dmgH)2(4-pyridinecarboxylic acid)
(dmgH=dimethylglyoxime) and methyl orange structures).

Figure 2. (a) Powder XRD patterns of MOF-253, uncharged and discharged MnBr-253. (b) ATR-IR spectra of MOF-253, MnBr-253 and MnBr(CO)5.
(c) The solid-state UV/Vis spectra of MOF-253, uncharged and discharged MnBr-253. (d) Extended X-ray absorption fine structure of Mn in MnBr-
253 and results of the fit (k2 weighted). (e) N2 adsorption-desorption isotherms of MOF-253 and MnBr-253 at 77 K. Inset: pore size distribution of
MOF-253 and MnBr-253. (f) EDX mapping of MnBr-253.
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state near 2.4 which contrast with the expected Mn(I) state.
This is ascribed to X-ray-induced damage and Mn’s propen-
sity for higher oxidation states (Figure S2). Nevertheless,
extended X-ray absorption fine structure (EXAFS) analysis
revealed a high congruence with molecular modeling of
Mn’s coordination environment (Figure 2d, Table S1) con-
firming a one bromine, three carbon, and two nitrogen
atoms first coordination shell.

Nitrogen adsorption measurements unveiled a Bruna-
uer–Emmett–Teller (BET) surface area of ~1657.4 and
~1228.3 m2 ·g� 1 for MOF-253 and MnBr-253 (Figure 2e,
Table S2), respectively. This value is in the higher end of the
surface area range and is potentially attributed to the high
activation temperature used.[14] Both samples have nano-
pores primarily around 1 nm, with a 25.9% decrease of total
pore volume upon Mn integration ascribed to the complex’s
hinderance effect. Nevertheless, the material remains highly
porous as a prerequisite for solution infiltration.[10,15] Scan-
ning electron microscope analysis and energy dispersive X-
ray (EDX) mapping (Figures 2f and S3–4) showed heteroge-
neous micromorphology at the micron level without uniform
particle size and a homogeneous aggregate-free distribution
of each element.

Inductively coupled plasma mass spectrometry (ICP-
MS) measurements carried out on the digested MnBr-253
revealed a relatively high Mn content of ~1 mmol ·g� 1

MOF

(inferring that on average 1 in every 3.7 bipyridines is
coordinated) potentially due to the powders’ high surface
area (Table S3).[7b,16] Thermogravimetric analysis under Ar
atmosphere revealed that MOF-253 begins to degrade at
~420 °C, while MnBr-253 shows a preliminary mass loss of
~8.4 wt% between 160–200 °C, attributed to the release of
the complex’s CO ligands (Figure S5). This value broadly
agrees with ICP-MS Mn loading results as the CO ligands
should account for ~6.6 wt% of MnBr-253’s total molecular
weight (calculation in SI).

Next, we studied the photo-reactivity of MnBr-253
(Figure 3). The powder was dispersed in acetonitrile with
triethanolamine (TEOA), used as SED, under Ar atmos-
phere. Subjected to LED irradiation for 80 min (λ�450 nm,
2 mW/cm2, denoted as “standard charging” conditions),
MnBr-253 underwent a noticeable color transition from
brick red to dark green. In contrast, no color changes were
observed without light, TEOA, or using MOF-253 instead of
MnBr-253 under otherwise unchanged conditions (Ta-
ble S4). This highlights the key role of each item and
indicates a photoinduced electron transfer from TEOA to
the complex upon light absorption. The green color was
found to be persistent post-irradiation (unless air exposed)
allowing for powder isolation and investigations (Figure 3a).

Solid-state UV/Vis analysis of the green sample revealed
two main absorption bands around 420 and ~700 nm
contrasting with that of pristine MnBr-253 (Figure 2c).
Continuous-wave EPR analysis conducted on the charged
MnBr-253 exhibited a distinct isotropic signal with a g-value
of 1.9959 (Figure 3b), highlighting its paramagnetic nature
and the presence of organic radicals.[17] Considering this and
MOF-253’s electrochemical inertness, it is anticipated that
the radicals mainly localize on the Mn’s bipyridyl ligands.

Charge-compensation potentially occurs via protons re-
leased from the electron donor degradation.[18] The ATR-IR
spectrum after irradiation showed no significant alteration in
the organic framework vibrations (<1700 cm� 1) of the
MOF, however, the ν(CO) bands shifted to lower frequen-
cies (Figure 3d). This infers a higher back donation to the
carbonyls, likely originating from an increased electron
density (ED) near the Mn center.[19] Formation of typical
photodegradation products of discrete fac-[MnX(CO)3-
(bpy)]-type complexes (e.g., mer-[MnX(CO)3(bpy)], halide-
dissociated intermediates, Mn2(CO)6(bpy)2 dimers) was
discounted as characterized by higher ν(CO) frequencies or
major shifts (>50 cm� 1) contrasting with the modest lower-
frequency changes observed here (Figure 3d).[20] While it
cannot be fully excluded due to the signal’s broadness, Mn
coordination by TEOA is unlikely, as ν(CO) frequencies do
not match prior reports and a similar trend was observed on
MnBr-253 charged with other SEDs (Figure S6).[21]

To further elucidate the color change ascription, we
conducted DFT calculations. An electron was introduced on

Figure 3. (a) Photograph of MnBr-253 before (i) and after (ii) charging
procedure. (b) EPR trace of MnBr-253 and charged MnBr-253
measured at room temperature. (c) ATR-IR spectra of uncharged,
charged, discharged and 2nd discharged MnBr-253. (d) Partial enlarge-
ment of the v(CO) region. (e) Electron density distribution of the
HOMO or SOMO in fac-[MnBr(CO)3(5,5’-dcbpy)] fragments depicted
in their (left) neutral and (middle) radical anion states with node-
coordinating oxygen atoms fixed, and as (right) a molecular radical
anion complex.
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a [MnBr(CO)3(dcbpy)] moiety in MOF-253 (using the
corresponding literature-extracted single crystal linker struc-
tures) to mimic a charged state within MnBr-253. The node-
coordinating oxygen atoms were fixed before structure
optimization to further reproduce the rigid MOF structure
(Figure S7, details in SI). The ED distributions for the
highest and singly occupied molecular orbitals (HOMO and
SOMO, respectively) were simulated for both the neutral
and radical anionic states of the complex, respectively
(Figure 3e). While the ED of [MnBr(CO)3(dcbpy)] mainly
lies on the Mn, it shifts to the bipyridyl ligand in [MnBr-
(CO)3(dcbpy)]

*� . The latter’s simulated ATR-IR and UV/
Vis spectra exhibited behaviors consistent with experimental
findings, with downward ν(CO) frequencies shifts and strong
absorption around ~700 nm (Figures S8–9). Overall, DFT
calculations support the formation of a radical bipyridyl
anion at the Mn complex without altering the ligand shell.
Interestingly, calculations performed on the radical anion
[MnBr(CO)3(dcbpy)

*� of the discrete molecule revealed a
Mn-centered ED. This is coherent with the literature and
the documented halide dissociation triggered by the reduc-
tion of such complexes. This highlights the major impact of
MOF integration on the complex’s properties, attributed to
the electron-withdrawing nature of the MOF-rigidified
dcbpy ligand.[7b,22] With the Mn center’s lowered reactivity,
stability is improved unlocking the observed electron
confinement behavior.

With photocharging materials holding great promises
toward dark photocatalysis, sensor or memory device, we
investigated MnBr-253’s main redox features.[4b] Our at-
tempt to synthesize molecular fac-[MnBr(CO)3(5,5’-dcbpy)]
revealed its fast degradation (~5 min) precluding investiga-
tion of its reduction potential (Ered).

[11] Ered was broadly
anticipated around � 0.6 V vs normal hydrogen electrode
(VNHE) based on prior reports on fac-[ReBr(CO)3(5,5’-
dcbpy)] and the higher electronic affinity of Mn
complexes.[23] The electron quantification in charged MnBr-
253 was achieved upon using methyl viologen dichloride
(MV) as an electron accepting titrant (Ered(MV)�� 0.45
VNHE) (details available in SI).[24] In short, MnBr-253 was

irradiated under “standard charging” conditions for various
times before injecting an Ar-purged MV solution in the
dark. A rapid solution color change was observed from
colorless to blue with concomitant disappearance of MnBr-
253’s green color. Supernatant UV/Vis spectroscopy dis-
played absorption spectra consistent with that of MV*� and
showed an intensity increase over irradiation time, peaking
after 80 minutes (Figure S10, Table S5). Beer–Lambert
[MV*� ] analysis indicated that 14.3�1.1 C ·g� 1

MOF was origi-
nally accumulated in MnBr-253.

Given the critical importance of the photocharging rate
(RPC) for applications, we investigated faster charging by
increasing the irradiance from 2 to 10 to 20 mW/cm2. A
dramatic reduction of the maximum-charging time was
achieved shifting from 80 to 20 to 1 minute, respectively
(Figures S10–12, Tables S5–7). Concurrently, the maximum
electron storage capacity almost doubled, reaching 27.0�
1.8 C ·g� 1

MOF. Next, we investigated the impact of the SED
replacing TEOA by triethylamine (TEA) (Figure 4). While
both are common SEDs, TEA, with smaller monomolecular
radius than TEOA (3.44 vs 4.45 Å, Figure 4a), is potentially
more effective, especially in infiltrating porous materials.
Under 20 mW/cm2 irradiation with TEA (denoted as “opti-
mized charging” conditions), a maximum charge accumula-
tion of 41.5�3.6 C ·g� 1

MOF (δmax=4.36×10� 4 mole � ·g
� 1

MOF)
was achieved within one minute, revealing the superior
reactivity of TEA. After 30 seconds a charging power of
1.28 C · s� 1 ·g� 1

MOF (RPC=1.35×10� 5 mole � ·g
� 1

MOF · s
� 1) was

calculated, corresponding to a remarkable AQY of 9.4% at
450 nm, underscoring MnBr-253’s outstanding capability for
rapid and efficient charge accumulation (Figure S13,
Table S8).[4a]

Prolonged irradiation led to electron loss, which oc-
curred at slower rates with decreasing irradiance signaling
its influence on both charging and degradation processes
(Figure 4a). Over time in the dark, the material exhibited
hour-long charge storage but experienced gradual decay,
with approximately 50% of the initial charge lost after
3 hours at 4 °C (Figure S14, Table S9). After a photo-
charging/discharging process under standard conditions, a

Figure 4. (a) Accumulated electron in MnBr-253 after different irradiation time when using TEOA or TEA as the electron source. Inset displays the
molecular model and weight of TEOA and TEA. (grey: carbon, blue: nitrogen, red: oxygen, white: hydrogen) (b) H2 evolution vs time upon the
injection of a Co catalyst solution to a charged MnBr-253 (MnBr-253⊖) solution in the dark. (c) UV/Vis spectra of a methyl orange solution
(10 mgL� 1) before and after being exposed to MOF-253, MnBr-253, charged MnBr-253 (injected as an Ar-purged solution, no air) or charged
MnBr-253 (injected as-prepared, with air).
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second cycle demonstrated some rechargeability of the
MOF, but reached only ~10% of the original value (Fig-
ure S15, Table S10). ATR-IR, solid-state UV/Vis and
PXRD analysis of the discharged MnBr-253 samples
revealed low ν(CO) band intensities, modest absorption
band at ~450 nm and new reflections, respectively (Figur-
es 3c, S16–17), indicating that both the Mn complex and the
MOF structure are affected by the photocycles. EXAFS
analysis further confirmed the complex’s partial structural
decomposition and formation of Mn� O bonds possibly at
the node units (Figure S18, Table S11). The low stability of
the reduced Mn complex might be ascribed to the slow
dissociation of the Br ligand and subsequent complex
degradation.[25] The observed photodegradations align with
the light-sensibility of [MnX(CO)3(bpy)] complexes and are
potentially accelerated by the strong absorption abilities of
[MnBr(CO)3(dcbpy)]

*� , generating highly reactive excited
species (Figure 2c).[13,26] Nonetheless, considering that the
discrete [MnBr(CO)3(dcbpy)] complex degrades within
minutes, halide dissociation typically occurs upon reduction,
and [MnX(CO)3(bpy)] complexes are light-unstable, integra-
tion within the MOF delivered remarkable stability im-
provement and incidentally highlights the benefits of inter-
facing complexes with MOFs.

The high charge capacity, rapid photo-charging and
discharging and reductive potential of MnBr-253 creates
opportunity toward delayed “dark” photochemistry. HER
catalysis and organic dye degradation were investigated as
model reactions for energy conversion and environmental
remediations. For HER catalysis, a benchmark cobaloxime
catalyst (Figure 1), was dissolved in an Ar-purged H2O/
MeCN (10/1, v/v) solvent mixture and injected into the
charged MnBr-253 system in the dark.[27] The green color of
MnBr-253 faded immediately, and gas chromatography
headspace analysis revealed rapid catalytic H2 production
(Figure 4b and Table S12), with 70% of the charges
accounted for after 1 min, representing a conservative rate
of discharging (RDC) of 4.53×10� 6 mole � ·g

� 1
MOF · s

� 1. Total
turnover number (TON) per Co levelled around 11.5 after
10 minutes accounting for a 90% electron conversion
efficiency. The unaccounted 10% are potentially due to the
Co(III)-to-Co(II) reduction required before the catalytic
cycle occurs and to Mn complex degradation. Alternatively
to adding the Co catalyst, methyl orange (MO) was
employed, as a representative waterborne dye pollutant.[28]

Injecting a non-degassed MO solution into a charged MnBr-
253 solution promptly reduced MO absorption at ~420 nm
(Figure 4c). Control experiments performed without the
main reactants (e.g., O2 or Co catalyst) or light confirmed
the electron cascade from MnBr-253 to H2 or degraded MO,
mediated by the catalyst or O2, respectively (Tables S13–15).

In summary, the development of MnBr-253 particles
represents a significant advance in circuitry-free energy
materials, mimicking the light-dark decoupled reactivity of
photosynthesis. Computational and experimental ap-
proaches elucidated the mechanism of charge storage as
bipyridyl radical anions. The system achieves benchmarking
AQY of ~9% while delivering state-of-the-art charge
accumulation after 1 min of visible light irradiation. Swift

charge in-take and on demand release open avenues for off-
grid applications, exemplified here with catalytic H2 evolu-
tion, as well as potential for implementation in photo-
electrochemical devices (e.g., battery and capacitor).[29]

Despite stability issues, MnBr-253 demonstrates remarkable
resilience and reactivity compared to its molecular counter-
parts suggesting opportunities to stabilize reactive coordina-
tion complexes in MOFs.
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