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ABSTRACT: Metal−organic frameworks with emissive ligands
offer tunable photophysical properties that are sensitive to their
coordination environment and structural configuration. In this
study, we demonstrate that the fluorescence of UiO-66-NH2 can be
modulated through photo-oxidation-induced quenching and
subsequent solvent-mediated recovery. Upon visible-light irradi-
ation, reactive oxygen species induce two distinct oxidation
pathways: irreversible oxidation of the ligand and reversible
oxidation of the metal-oxo cluster. These redox events lead to
partial disruption of the coordination environment and result in
fluorescence loss. Reduction using mild alcohols selectively
removes adsorbed oxidative species from Zr6O4(OH)4, leading to
partial recovery of fluorescence and porosity. The extent of
fluorescence restoration correlates with both the reducing strength and molecular size of the alcohol, reflecting its ability to penetrate
internal pores and access to redox-active sites. Notably, some alcohol-treated samples exhibited nitrogen uptake beyond that of
pristine UiO-66-NH2, suggesting redux-induced structural reorganization and defect-assisted pore expansion. These results establish
a structure−function relationship in MOFs governed by localized redox chemistry, providing a platform for designing reconfigurable
optical materials with switchable photophysical and porous characteristics.

■ INTRODUCTION
Metal−organic frameworks (MOFs), a subclass of porous
crystalline materials, offer exceptional chemical tunability and
structural diversity, making them highly attractive for
applications in sensing, catalysis, gas storage, and drug
delivery.1−4 Beyond their high porosity and modular
construction, MOFs have recently garnered attention for
their potential in photonic and optoelectronic applications,
particularly when functionalized with emissive ligands
(Lem).5−9 In such systems, the fluorescence properties are
closely tied to the structural coordination change of the
framework, which governs nonradiative decay pathways such
as intramolecular motions and π−π stacking.10−13

A key mechanism underlying fluorescence modulation in
MOFs is restricted intramolecular motion (RIM), wherein the
rigid coordination between metal clusters and organic ligands
suppresses dynamic molecular motions and enhances radiative
recombination.14−16 However, this coordination change is not
static. Localized environmental stimuli, such as photoexcitation
or exposure to reactive oxygen species (ROS), can induce
oxidation at specific framework sites, dynamically altering
coordination interactions and reducing structural coordina-
tion.17 These redox-induced changes can trigger fluorescence

quenching and framework deformation, yet their reversibility
and structural implications remain insufficiently understood.

Herein, we present a system in which dual oxidation
pathways�irreversible oxidation of Lem and reversible
oxidation of metal-oxo clusters (Moxo)�can be selectively
controlled to modulate both the coordination and the
photoluminescence (PL) of the emissive MOF (MOFem).
Using real-time fluorescence microscopy combined with bulk
spectroscopic and structural analysis, we demonstrate that
light-induced ROS generation leads to fluorescence loss via
local oxidation.18 Subsequent treatment with alcohol-based
reductants enables partial recovery of the fluorescence and
structure by selectively reversing the oxidation of Moxo, while
the oxidized Lem remains unaltered.

This redox-mediated tuning of coordination provides a new
strategy for dynamic modulation of the MOF photophysical
behavior. Moreover, we show that the extent of fluorescence
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recovery correlates with the strength of the reductant. These
findings establish a structure−property relationship in which
local oxidation−reduction events directly influence optical
output and physical coordination change, offering a versatile
platform for designing responsive and reconfigurable MOF-
based systems.

■ EXPERIMENTAL SECTIONS
Materials. Zirconium(IV) tetrachloride (99.5%, Sigma-

Aldrich), 2-nitroterephthalic acid (BDC-NO2, 98%, Tocho
Chemical Industry), 2-aminoterephthalic acid (BDC-NH2,
98%, Tocho Chemical Industry), dimethylformamide (DMF,
99%, Sigma-Aldrich), methanol (99.8%, Sigma-Aldrich),
ethanol (99.8%, Sigma-Aldrich), propanol (99.8%, Sigma-
Aldrich), N,N-dimethylformamide (99.5%, Samchun Chem-
icals), and hydrochloric acid (Samchun Chemicals) were
obtained. All chemicals and solvents were used without further
purification.

Characterization. UV−vis spectra were recorded on a
diode array spectrophotometer (Agilent, Cary 8454). Emission
spectra were collected through photoluminescence spectros-
copy (BioTek, Synergy H1). 1H spectra were measured with
Fourier-transform nuclear magnetic resonance spectrometry
(FT-NMR, Bruker, AVANCE III 400). 1H NMR chemical
shifts are reported in ppm (δ) relative to the residual solvent
with the solvent resonance employed as an internal standard
(CD3)2SO, δ 2.50 ppm. Data are presented as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet), coupling constants (Hz), and
integration.

X-ray diffraction (XRD) data were collected by using the
Empyrean X-ray diffractometer (Panalytical) with Cu Kα1
radiation (λ = 1.541 Å, 40 kV, and 30 mA). X-ray
photoelectron spectroscopy (XPS) analyses were conducted
using a Thermo Scientific ESCALAB 250Xi instrument with a
monochromatized Al Kα line source. Fourier-transform
infrared (FTIR) analyses were conducted by FTIR spectros-
copy (Thermo Scientific, Nicolet Continuum).

Nitrogen adsorption isotherms were measured at 77 K by
using a Micromeritics ASAP 2020 analyzer with high-purity
nitrogen gas (99.999%). The fluorescence microscope was
equipped with a laser (Nikon, LU-N4 Laser Unit, 405 nm) to
UiO-66-NH2 at its respective excitation wavelength, a perfect
focus system (PFS, TI2-N-ND-P), a motorized stage, and an
electron multiplying charge-coupled device (EMCCD, Andor,
iXorn Ultra 897) at its respective excitation wavelength. All
microscopic images were observed under a 10× objective lens.

Synthesis of UiO-66-NH2. The amino-functionalized Zr-
based MOF, UiO-66-NH2, was synthesized via a solvothermal
method.19−21 2-Aminoterephthalic acid (0.27 g, 1.50 mmol)
was dissolved in 15 mL of DMF and stirred in a glass bottle.
Separately, ZrCl4 (0.25 g, 1.08 mmol) was dissolved in 15 mL
of DMF and added to the ligand solution. Then, 2.5 mL of
concentrated HCl was introduced into the mixture. The
resulting solution was transferred to a Teflon-lined stainless-
steel autoclave and heated at 120 °C for 24 h in a convection
oven. After cooling to room temperature, the precipitate was
collected by centrifugation at 6500 rpm for 10 min and washed
three times with fresh DMF. To remove DMF from the MOF
pores, the solid was soaked in methanol, with solvent
exchanged three times over 3 days. The final product was
dried at 120 °C under dynamic vacuum by using a Schlenk line
and stored in a glass vial.

Synthesis of UiO-66-NO2. The nitro-functionalized Zr-
based MOF, UiO-66-NO2, was synthesized via a solvothermal
method.22 ZrCl4 (0.125 g, 0.54 mmol) and NO2−H2BDC
(0.158 g, 0.75 mmol) were dissolved in 20 mL of DMF and 2.5
mL of concentrated HCl in a 30 mL glass bottle. The mixture
was sonicated at room temperature for 15 min to ensure
complete dissolution. The resulting clear solution was
transferred to a Teflon-lined stainless-steel autoclave and
heated at 100 °C for 24 h in a convection oven. After it was
cooled to room temperature, the suspension was centrifuged at
6500 rpm for 15 min to collect the precipitate. The solid was
washed three to four times with ethanol to remove unreacted
precursors. A further activation step was performed by soaking
the product in ethanol for 1 week, replacing the solvent daily.
Finally, the MOF was dried at 120 °C under dynamic vacuum
using a Schlenk line and stored in a glass vial.

Oxidation of UiO-66-NH2 and Reduction of ox-UiO-
66-NH2. For inducing oxidation of UiO-66-NH2, 100 mg of
UiO-66-NH2 was plated on 35 mm glass-bottom dishes
(P35G-0−10-C, MatTek, Ashland, MA, USA). The plated
UiO-66-NH2 was exposed to white light emitted from a
mercury lamp (Nikon, C-HGFIE Intensilight) for 1 h, resulting
in a visibly darker color due to photooxidation. The samples
were allowed to equilibrate to room temperature to eliminate
thermal effects resulting from light irradiation. This process
was repeated three times.

For reduction of ox-UiO66-NH2, alcohols (methanol,
ethanol, and propanol) were used as a mild reductant. ox-
UiO-66-NH2 was aged with 2 mL of alcohol for 12 h at room
temperature. After aging, red-UiO-66-NH2 was fully dried over
48 h under vacuum and stored in the dark condition.

Observation of Fluorescence Intensity Using Fluo-
rescence Microscopy. The oxidation and reduction of UiO-
66-NH2 were observed by changes in the fluorescence
intensity. 0.1 mg of UiO-66-NH2 was plated onto washed 35
mm glass-bottom dishes after the sample was washed three
times with ethanol and dried under vacuum for 48 h. The
oxidation of UiO-66-NH2 and reduction of ox-UiO-66-NH2
were monitored and imaged using fluorescence microscopy
with a 405 nm laser. Snapshots were captured with 1 and 2 min
intervals for oxidation and reduction, respectively. All imaging
data from fluorescence microscopy were processed and
analyzed by using ImageJ software.

Measurement of Fluorescence Intensity at the Bulk
Level. Bulk level fluorescence intensities were evaluated by PL
spectroscopy under excitation at λmax = 405 nm for MOFs and
λmax = 350 nm for BDC−NH2. The idealized chemical formula
of UiO-66-NH2 is Zr6O4(OH)4(BDC−NH2)6, comprising one
Zr-based secondary building unit (SBU) and six BDC−NH2
linkers. Based on the atomic weights of Zr (91.22 g/mol), O
(16.00 g/mol), H (1.008 g/mol), C (12.01 g/mol), and N
(14.01 g/mol), the molecular weight of the inorganic
Zr6O4(OH)4 cluster is 679.36 g/mol. Each BDC−NH2 ligand
has a molecular weight of 181.15 g/mol, leading to a combined
mass of 1086.90 g/mol for the six ligands. Therefore, the total
molecular weight of the defect-free UiO-66-NH2 unit is
1766.12 g/mol. On a mass basis, the theoretical BDC−NH2
content is calculated as

×1086.90
1766.26

100 61.5%

while the Zr6O4(OH)4 accounts for the remaining 28.5%.
Accordingly, we compared the fluorescence intensity of 0.1 g of

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

https://doi.org/10.1021/acsomega.5c05521
ACS Omega 2025, 10, 42882−42891

42883

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c05521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


UiO-66-NH2 with that of 0.0615 g of BDC−NH2, which
corresponds to the theoretical mass of the ligand present in the
MOF. Furthermore, to minimize π−π stacking of BDC−NH2,
we performed sonication in ethanol for 20 min prior to PL
measurement.

The red-shifted emission observed for the molecular
(noncoordinated) BDC−NH2 is likely attributed to π−π
stacking interactions in the aggregated state, which can induce
exciton delocalization and lower the energy of the emissive
state.

BET Measurements. Gas adsorption isotherms at 77 K
were recorded with a high-purity nitrogen gas (99.999%). Prior
to analysis, the samples were degassed at 130 °C under a
vacuum for 24 h. The specific surface areas were calculated by
using the Brunauer−Emmett−Teller (BET) method, imple-
mented through the Micromeritics analysis software.

Statistical Analysis. All data are represented as the mean
± s.d. of indicated replicates. Statistical analysis was performed
using GraphPad Prism 8.0 software with a two-side paired t-
test.

■ RESULTS AND DISCUSSION
Fluorescence properties of MOFs are highly sensitive to the
local coordination environment and structural coordination
changes surrounding the Lem. We employed UiO-66-NH2 as a
model system containing two different oxidizable moieties: 2-
aminoterephthalic acid (BDC−NH2) and Zr6O4(OH)4
(Zroxo), referred to as Lem and Moxo, respectively (Figure
S1).23−25 For instance, when free ligand BDC−NH2 is
incorporated into the rigid UiO-66-NH2 framework, both
intramolecular motions and π−π stacking are significantly
restricted. This confinement suppresses nonradiative decay
pathways and enhances radiative recombination, as described
by the RIM mechanism. The PL spectrum of UiO-66-NH2
displays an ∼1.5-fold increase in intensity and a notable blue
shift compared to free BDC−NH2, confirming the coordina-
tion change-induced enhancement of fluorescence (Figure S2).
These results underscore the importance of metal−ligand
coordination in stabilizing the emissive state by enforcing
structural coordination change.26,27 Conversely, disruption of

coordination between BDC−NH2 and Zroxo can restore
molecular freedom, reopen nonradiative channels, and reduce
fluorescence.28

Figure 1 conceptually illustrates how redox-induced
structural changes modulate the MOF fluorescence. Upon
visible-light irradiation, ROS can selectively oxidize either
BDC−NH2 or Zroxo. In the case of ligand oxidation, amine
groups are irreversibly converted to the nitro (−NO2) or
nitrito group (−ONO), which changes the coordination and
alters the electronic structure, effectively modifying the
bandgap.29 This chemical transformation leads to the loss of
radiative transitions and often results in complete fluorescence
quenching due to the dominance of nonradiative decay or lack
of emissive states. In contrast, oxidation of Zroxo involves
transient adsorption of ROS, which weakens metal−ligand
coordination and relaxes the rigid scaffold.30,31 This structural
softening increases vibrational degrees of freedom and
reactivates nonradiative decay pathways without fundamentally
disrupting the electronic structure of Lem. As a result, the
fluorescence intensity decreases, but residual emission may
persist.

Thus, ligand oxidation results in permanent photophysical
degradation, whereas cluster oxidation leads to a partial
fluorescence loss driven by structural change. These distinct
outcomes form the basis of our hypothesis: selective reduction
of oxidized Moxo should partially restore the original
coordination and, consequently, the fluorescence.

UiO-66-NH2 demonstrates a bandgap of approximately 2.9
eV, facilitating photoactivation under visible light (Figure 2a).
Upon irradiation, the excited electron−hole pairs recombine,
resulting in fluorescence emission. The valence band (VB) and
conduction band (CB) of UiO-66-NH2 are known to be
positioned at approximately +2.5 V and −0.3 V versus the
normal hydrogen electrode (NHE), respectively.29,32 These
band-edge potentials are adequate to reduce dissolved O2 to
superoxide radicals (O2

•−, −0.33 V vs NHE) and oxidize H2O
to hydroxyl radicals (•OH, +2.4 V vs NHE), thereby
generating ROS within UiO-66-NH2.

33

We hypothesize that these ROS species facilitate two distinct
oxidation pathways in UiO-66-NH2 to generate oxidized UiO-

Figure 1. Schematic illustration of photooxidation-induced fluorescence quenching and selective reductive recovery in UiO-66-NH2. Visible-light
irradiation generates ROS, which initiate dual-site oxidation within the MOF framework. BDC−NH2 undergoes irreversible oxidation to BDC−
NOx (NOx = −ONO or −NO2), disrupting π-conjugation and eliminating fluorescence emission. Concurrently, ROS transiently adsorb onto Zroxo,
inducing changes in metal−ligand coordination that lead to structural rearrangement and fluorescence quenching. Subsequent treatment with mild
alcohols selectively removes the adsorbed ROS from Zroxo, partially restoring coordination, structural order, and fluorescence. The ligand oxidation
remains irreversible, while cluster oxidation is reversible, enabling redox-mediated modulation of MOF fluorescence and porosity.
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66-NH2 (ox-UiO-66-NH2). •OH and O2
•− irreversibly oxidize

BDC−NH2 into BDC−ONO, while being reversibly adsorbed
onto Zroxo, thereby promoting further oxidation of Zroxo (ox-
Zroxo).

34−36 Free BDC−NH2 molecules that were not
incorporated into the MOF crystalline framework did not
undergo photoinduced oxidation, indicating that the observed
oxidative reactivity is an intrinsic property of the MOF
architecture (Figure S3). Notably, these events manifest as
photobleaching (irreversible oxidation of BDC−NH2) and

fluorescence quenching (reversible oxidation at Zroxo), both
contributing to the overall decrease in fluorescence. Real-time
fluorescence microscopy revealed significant quenching under
visible light under air conditions, consistent with ongoing
photo-oxidation processes (Figure 2b,c). This photobleaching
was observed by PL spectroscopy at the bulk level (Figure 2d).
Additionally, a discernible color change in the crystals further
underscored the chemical transformations taking place (Figure
S4).

Figure 2. Experimental verification of photooxidation-induced structural and photophysical changes in UiO-66-NH2. (a) Band energy diagram of
UiO-66-NH2, indicating that the CB and VB are sufficient to generate ROS under visible-light irradiation. (b) Schematic illustration of the
experimental setting for single-level observation. (c) Time-lapse fluorescence microscopy images (top) and fluorescence intensity (bottom)
showing photobleaching of UiO-66-NH2 particles under light exposure. Pink indicates standard deviation. While the fluorescence emission peak is
observed at ∼450 nm, corresponding to the blue region of the visible spectrum, red pseudocolor was applied in the image to enhance visual clarity
and contrast. (d) Bulk PL spectra showing significant fluorescence quenching after irradiation. (e) XRD pattern showing a slight peak shift toward
higher 2θ after photooxidation, indicating minor lattice contraction. (f) FTIR spectra revealing the disappearance of NH2 stretching peaks and the
appearance of new Zr−O and C−H related bands, consistent with oxidation of both BDC−NH2 and Zroxo. (g) XPS spectra confirming the
formation of Zroxo, adsorbed ROS, and −ONO, indicating oxidation of both structural domains.
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To confirm these oxidative modifications, we conducted X-
ray diffraction (XRD) and Fourier-transform infrared (FTIR)
spectroscopy measurements. XRD analysis revealed a shift in
the main reflection corresponding to the (1 1 1) plane between
5° and 10° in 2θ, moving toward ∼7.348°, which corresponds
to a slight contraction of the lattice constant by approximately
0.0738 Å (Figure 2e). This structural change underscores how
chemical oxidation of both domains (ligand and cluster) can
influence the overall crystalline framework.

Postirradiation FTIR spectra revealed four major changes
(Figure 2f): (1) the disappearance of a prominent band in the
500−700 cm−1 range,37,38 which may be attributed to local
metal−ligand vibrational modes, (2 and 3) the emergence of
new bands at ∼1020 and ∼2950 cm−1, possibly indicating
newly formed N−O and C−H or adsorbed oxidative species,
respectively,39 and (4) a marked decrease in the intensity of
the N−H stretching region near 3200 cm−1. These findings
strongly suggest oxidation of both BDC−NH2 and Zroxo,
consistent with dual oxidation pathways. XPS provided further
insight into changes in the oxidation states of N, O, and Zr
(Figure 2g). After photobleaching, a new peak at ∼187 eV in
the Zr 3d region suggests the presence of Zr(4+δ)+, indicative of

partial oxidation beyond the conventional Zr4+ state.36 The O
1s spectrum showed a new peak at ∼533.8 eV, corresponding
to adsorbed ROS on Zroxo.

40−42 In the N 1s spectrum, the
appearance of a peak at ∼401.8 eV is consistent with the
formation of −NO2 or −ONO from −NH2.

39,43

Together, these XPS data corroborate the FTIR observa-
tions, confirming that both Lem and Moxo are oxidized under
photoirradiation. Alternatively, as recently proposed by studies
on Zr-based MOFs, such spectral shifts may also arise from
photoexcited hole transfer from the ligand to the Zr6 node
without the formal reduction of Zr4+. These results underscore
the need for further investigation into multiple possible
mechanistic pathways in MOF redox chemistry.44 We
monitored the temperature of the sample during light
irradiation and confirmed that no significant thermal increase
occurred during the exposure period. This result indicates that
the photooxidation of UiO-66-NH2 is not thermally driven but
rather proceeds primarily through photoinduced generation of
ROS. Hence, thermal effects can be considered negligible in
the reaction mechanism (Figure S5).

To selectively reverse the two distinct oxidation pathways,
irreversible ligand oxidation and reversible cluster oxidation, a

Figure 3. Selective recovery of the fluorescence and partial structure in ox-UiO-66-NH2 via EtOH aging. (a) Schematic illustration of reduction
pathways in ox-UiO-66-NH2, showing irreversible reduction of −NOx and reversible ox-Zroxo. (b) Time-lapse fluorescence microscopy images
(top) and fluorescence intensity (bottom) showing partial fluorescence recovery of single ox-UiO-66-NH2 in EtOH. Pink indicates standard
deviation. To facilitate visual interpretation, the fluorescence originating at ∼450 nm (blue emission) was displayed in red in the imaging data. (c)
Statistical analysis of fluorescence intensity obtained from fluorescence microscopy observation. (d) Bulk PL spectra showing significant
fluorescence recovery after reduction in EtOH. (e) XRD patterns showing partial reversal of the photooxidation-induced peak shift, indicating
lattice reconstruction after EtOH treatment. (f) FTIR spectra of red-UiO-66-NH2. (g) XPS spectra of red-UiO-66-NH2 supporting the selective
reduction of ox-Zroxo. ****p < 0.0001.
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solvent-induced reduction strategy was employed, utilizing
alcohols as mild reducing agents.45 Although alcohols are not
effective in reducing −NO2 or −ONO groups back to −NH2
under mild conditions, they can facilitate the removal of
adsorbed ROS on Zroxo, thereby restoring the partially oxidized
metal domain (Figure 3a). Ethanol (EtOH) was specifically
chosen due to its relatively small molecular size (∼4.1 Å) and
mild reductive ability,46 which allows it to penetrate the 8−11
Å pores of UiO-66-NH2 and interact with internal sites.47,48

Following the aging of the ox-UiO-66-NH2 samples in
EtOH, the MOF was reexamined using fluorescence
microscopy, FTIR, XPS, and XRD analyses. We monitored
the fluorescence recovery of ox-UiO-66-NH2 during EtOH
aging at the single-particle level (Figure 3b). Statistically,
approximately 50% of the fluorescence intensity was restored,
indicating partial structural recovery following the reduction of
the oxidized domains (Figure 3c). Notably, the PL peak
position of the recovered fluorescence remained unchanged
compared to the pristine state, suggesting that the electronic
structure of the ligands was preserved and that the fluorescence
restoration primarily arose from the re-establishment of
structural coordination (Figures 3d and S6).

To investigate the role of EtOH in the fluorescence
recovery, we incubated ox-UiO-66-NH2 in mixed solvents
with varying water-to-EtOH volume ratios (Figure S7). As the
EtOH content increased, an enhancement in fluorescence
intensity was observed, reaching a maximum at 100% EtOH.
This trend suggests that EtOH functions as a chemical
reductant, facilitating the restoration of Zroxo environments
required for fluorescence emissions.

The observed dependence is consistent with a redox
mechanism in which EtOH donates electrons and protons to
ox-Zroxo species, as illustrated in the following reactions

+ +ox Zr CH CH OH Zr CH CHOoxo 3 2 oxo 3

These reactions restore the electron density and coordina-
tion state of Zroxo, thereby reactivating Lem-to-Moxo charge
transfer pathways and enabling fluorescence recovery. To
evaluate the possibility of further oxidation to carboxylic acid
beyond the alcohol-to-aldehyde transformation, we treated ox-
UiO-66-NH2 with formaldehyde (HCHO) (Figure S8).49 No
fluorescence recovery was observed, implying that the redox
activity is confined to the 2H+/2e− step under our
experimental conditions.50

These observations support the conclusion that the selective
reduction of Moxo reinstates the original coordination environ-
ment, reaffirming the tight correlation between the MOF
coordination change and photophysical performance. This
partial chemical restoration translated into a partial structural
recovery, as evidenced by the XRD patterns (Figure 3e).

After EtOH aging, the main diffraction peaks of the reduced
UiO-66-NH2 (red-UiO-66-NH2) were found to shift back
toward UiO-66-NH2 positions, although not fully coinciding
with the ox-UiO-66-NH2 positions. These data imply that
while the metal cluster domain can be selectively reduced to
some extent, the ligand domain undergoes permanent
oxidation that contributes to a locally modified crystal lattice.

The FTIR results confirmed the initial hypothesis of
selective reduction (Figure 3f). Although the previously
diminished Zr−O peak (500−700 cm−1) was recovered, the
∼3200 cm−1 peak attributed to NH2 stretching did not
reappear, indicating that the −NH2 to −NO2 or −NH2 to
−ONO transition in the organic linker could not be reversed
under these conditions. Moreover, the newly generated N−O
(∼1020 cm−1) and C−H bands (∼2900 cm−1) remained
unchanged, suggesting that any oxidative byproducts or
intermediate species in the Lem domain were not fully
eliminated by EtOH treatment.

XPS analysis corroborated the FTIR findings (Figure 3g).
The Zr(4+δ)+ peak at ∼187 eV, associated with higher oxidation
states, disappeared or was substantially reduced after EtOH
aging, while the intensity of the adsorbed O2 peak near ∼533.8
eV also decreased significantly, reflecting the removal of
surface-bound ROS on Zroxo. However, the newly formed
−NO2 peak near ∼401.8 eV (indicative of the −ONO or
−NO2 moiety) remained, confirming that Lem oxidation was
indeed irreversible under these reaction conditions. Alter-
natively, considering the proton-rich reaction environment and
the presence of redox-active linkers, the possibility of proton-
coupled electron transfer (PCET) pathways at the MOF
interface should also be considered, as discussed in recent
reports.51

Overall, these results validate the initial hypothesis that two
photooxidation pathways coexist, an irreversible one affecting
the linker and a reversible one at Zroxo, and further
demonstrate that such oxidative changes can promote
structural transformations in MOFs.

Figure 4. Dependence of fluorescence recovery on the reducing power of alcohols. (a) Schematic illustration of the reducing power of solvent. (b)
Fluorescence microscopy images of ox-UiO-66-NH2 treated with H2O, PrOH, EtOH, and MeOH. Although the intrinsic emission occurs at ∼450
nm (blue region), the fluorescence signal was visualized using red pseudocolor to ensure better visibility and distinguishability in the image. (c)
Quantitative analysis of fluorescence recovery at the single-particle level. MeOH achieves the highest recovery (∼70%), followed by EtOH (∼50%),
PrOH (∼20%), and negligible recovery with H2O. The trend is attributed to both the reducing power and molecular size of each alcohol, affecting
their accessibility to internal redox-active sites. ****p < 0.0001, ***p < 0.001, *p < 0.05.
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The extent of fluorescence restoration in ox-UiO-66-NH2
upon exposure to different alcohols was significantly influenced
by both the physicochemical properties and molecular size of
the alcohols (Figure 4a).52 Fluorescence microscopy results
demonstrated that alcohols with different reducing powers
showed different fluorescence restorations of a single MOF
(Figure 4b). Methanol (MeOH) restored approximately 70%
of the fluorescence postquenching, while EtOH achieved about
50% and propanol (PrOH) only around 20%. H2O and air
show negligible restoration of the fluorescence (Figures 4c and
S9). We attribute these variations to two primary factors: (i)
molecular size, with MeOH (∼3.4 Å) penetrating more rapidly
and deeply into the 8−11 Å pores of UiO-66-NH2, and (ii)
reducing power as MeOH is generally regarded as a stronger
mild reducing agent than EtOH or PrOH.

To assess the reducibility of the ligand component, we
subjected UiO-66-NO2 to alcohol aging and analyzed the
resulting product using FTIR spectroscopy (Figure S10). No
reduction of −NO2 was detected under these conditions,
indicating that the −NOx functionality in ox-UiO-66-NH2
remains chemically intact in alcohol media. These findings
further support the conclusion that fluorescence recovery in
the ox-UiO-66-NH2 system originates primarily from the
selective reduction of oxidized metal clusters rather than
ligand-based redox processes. These results strongly support
our model, in which reduction of ox-Zroxo governs fluorescence
restoration. Since −NO2 and −ONO on Lem were not reduced
under any condition, the fluorescence recovery is attributed
exclusively to the reversal of oxidation in Zroxo. Thus, the
extent of optical restoration is directly correlated to the
reducing capability of the solvent, reinforcing the redox-
selective nature of coordination and fluorescence modulation
in UiO-66-NH2.

To evaluate the possibility of ligand detachment during the
reduction process, ox-UiO-66-NH2 was treated with MeOD,
and the supernatant was analyzed via 1H NMR spectroscopy
(Figure S11). No distinct peaks corresponding to free BDC-
NH2 or BDC-NO2 ligands were observed in the aromatic
region (6−8 ppm), suggesting that no substantial ligand
leaching occurred. However, based on our particle size (∼640
nm), ligand density (∼1.61 nm−2 for [100] and ∼1.86 nm−2),
and estimated surface area (9.50 × 105 nm2), we suspect that
any partial detachment would yield a concentration below the
NMR detection limit (typically ∼10 μM at 400 MHz) and thus
may remain undetectable under our experimental conditions.53

This is further supported by bright-field (BF) microscopy,
which showed no significant changes in morphology or size
after the redox cycle. Nevertheless, the possibility of subtle
surface coordination changes due to minor ligand detachment
cannot be entirely excluded.

To investigate the impact of structural modifications
induced by photooxidation and a change in coordination
weakening of ligands, we conducted a series of Brunauer−
Emmett−Teller (BET) measurements following the treatment
of oxidized MOFs with various alcohols (Figure 5). During the
oxidation of UiO-66-NH2, a decrease in N2 adsorption capacity
was observed, accompanied by a sharp uptake at high relative
pressures (P/P0 > 0.9). This behavior is indicative of structural
relaxation or partial framework collapse, leading to the
formation of macropores and disordered domains. Such
features are consistent with capillary condensation occurring
within the enlarged or interconnected pore regions.

Subsequent reductive treatment with alcohols resulted in
partial recovery of N2 uptake. Notably, the extent of recovery
correlated with the reducing strength of the alcohol used�
MeOH exhibited the highest degree of restoration, followed by
EtOH and PrOH. This trend paralleled the fluorescence
recovery profile and supports the hypothesis that selective
reduction of oxidized metal clusters reinstates metal−ligand
coordination, thereby restoring both structural coordination
weakening and porosity.

Interestingly, certain alcohol-treated samples exhibited N2
adsorption capacities that exceeded that of pristine UiO-66-
NH2. This observation implies that the reductive process
involves not only framework recovery but also structural
reorganization, possibly through defect-assisted pore expan-
sion. It is likely that previously oxidized and relaxed regions
underwent redox-induced reconstruction, exposing new pore
pathways or additional surface area. Such behavior aligns with
redox-triggered framework remodeling, where partial lattice
collapse is followed by recoordination and defect reconfigura-
tion, ultimately enhancing accessible porosity beyond the
original structure.

To confirm that the observed redox responsiveness
originated from the electronic characteristics of the functional
groups on the ligand, we conducted a control experiment using
pristine UiO-66 without any substituents. Unlike UiO-66-NH2,
pristine UiO-66 does not exhibit any detectable fluorescence
under visible-light irradiation, which limits optical tracking.
Therefore, we employed N2 adsorption−desorption measure-
ments to investigate structural changes associated with redox
treatments (Figure S12). Upon photooxidation, pristine UiO-
66 exhibited a noticeable decrease in the pore volume, which is
consistent with the oxidation of Zroxo domains or associated
surface reorganization. However, subsequent exposure to
ethanol did not induce any appreciable recovery in pore
volume, in contrast to the functionalized analogues. This
suggests that the presence of electron-donating (−NH2) or
-withdrawing (−NO2) groups plays a critical role in enabling
structural reversibility through redox processes.54,55

■ CONCLUSION
In this study, we elucidate how redox-mediated structural
changes modulate the coordination and fluorescence of the
prototypical MOF, UiO-66-NH2. Upon visible-light irradi-
ation, reactive oxygen species induce dual oxidation pathways:
irreversible oxidation of Lem and reversible oxidation of Moxo.

Figure 5. N2 adsorption isotherms of UiO-66-NH2 before and after
photooxidation and alcohol-mediated reduction. Photooxidation
decreases N2 uptake and induces high-pressure uptake, suggesting
structural relaxation. Alcohol treatment partially restores porosity,
with MeOH yielding a higher uptake than UiO-66-NH2, indicating
redox-induced pore reorganization correlated with fluorescence
recovery.
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These processes result in a structural change and fluorescence
quenching.

Selective reduction using alcohols enables partial restoration
of structural coordination and fluorescence primarily through
the reversible coordination of ox-Zroxo. The extent of
fluorescence and porosity recovery strongly correlates with
the reducing power and molecular size of the alcohols,
indicating a structure−function relationship governed by
redox-driven reconfiguration.

Notably, alcohol-treated samples exhibited enhanced poros-
ity beyond that of the pristine MOF, suggesting that redox
cycling can not only recover but also expand the structural
architecture through defect reorganization and framework
remodeling. These findings highlight a new design principle for
MOFs, where reversible redox chemistry can be leveraged to
dynamically tune the optical properties and structural
accessibility. This strategy offers promising opportunities for
the development of responsive, reconfigurable, and responsive
MOF-based platforms for sensing, catalysis, and molecular
transport.
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