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Engineering a Meltable MOF to Tune Liquid Transition and Promote
Coenzyme Regeneration

Wengang Huang, Wen-Long Xue, Peng Chen, Zhiliang Wang, Rijia Lin, Shuke Zhao,
Shuwen Yu, Yuelei Chen, Xiangyi Zha, Dominique Appadoo, Tian Tian, Vicki Chen,
Sebastian Henke, Anthony K. Cheetham, Lianzhou Wang, and Jingwei Hou*

Abstract: Modulating the liquid phase of metal–organic frameworks (MOFs) presents new opportunities for functionalizing
glassy MOFs, expanding the fundamental science and practical application for this emerging family of materials. Herein,
we report the fabrication of a bimetallic glassy MOF via a liquid–liquid transition process. This is achieved by introducing
a robust Schiff base–cobalt functional group into Zn-ZIF-62, which attracts negatively charged imidazolate ligands,
facilitating low-temperature melting. This ultimately leads to the formation of a bimetallic glassy MOF (Co/Zn-agZIF-
62-ipy) upon melt-quenching. The material features an exceptionally high glass-forming capability, uniformly distributed
bimetallic ions, and a markedly enhanced visible light photogeneration efficiency of enzymatically active nicotinamide
adenine dinucleotide (NADH) when compared with Co-doped ZIF-62 glass. These findings offer novel insights into
modulating the liquid phase of an MOF to develop functional glassy MOF photocatalysts for coenzyme NADH
regeneration and other advanced applications.

Introduction

The natural photosystem I (PS I) harnesses solar energy
to drive the reduction of coenzyme nicotinamide adenine
dinucleotide (NAD(P)+) into its reduced form NAD(P)H (H
for hydrogen), representing a critical step in the conversion of
light energy into chemical forms.[1] The NAD(P)H can then
be applied in several subsequent biological reactions, such
as oxidative phosphorylation in the electron transport chain,
fermentation processes, fatty acid biosynthesis, and various
enzymatic reactions requiring reducing power. In recent
decades, various approaches have been explored to mimic PS
I and regenerate NADH, including biological, electrochem-

ical, and photocatalytic pathways.[2–4] Photocatalytic NADH
regeneration, distinguished by its ecological, economic,
and sustainable features, has recently garnered significant
attention.[5] Currently, photocatalytic NADH regeneration
typically necessitates the presence of semiconductor photo-
catalysts and, in particular, the addition of a homogeneous
mediator, e.g. [Cp*Rh(bpy)H2O]2+, which acts as a redox
mediator for transferring electrons and protons.[6] However,
simultaneously involving a semiconductor photocatalyst and
a metal-complex mediator in the photocatalytic regeneration
of NADH often escalates the cost and complexity of the
reaction.[7] To date, numerous endeavors have been under-
taken to integrate photocatalysts with Rh-complex mediators
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aiming for a higher NADH yield, e.g., the covalent binding
of polymeric carbon nitride with grafted mediators,[8] the
conjunction of covalent organic frameworks and mediators,[7]

and the immobilization of mediators within porous crystalline
structures.[9] Despite these advances, current endeavors still
mostly focus on immobilizing costly noble metal-based Rh
complexes, and the reported activity of the photocatalysts
remains far from satisfactory. Consequently, the construction
of an integrated structure that directly channels the photogen-
erated carriers to a non-noble metal mediator offers a highly
desirable strategy for photocatalytic NADH regeneration,
particularly if it is driven by visible light.[10]

The regeneration of NADH facilitated by the earth-
abundant 3d metal site is of significant interest but remains
relatively uncommon in the literature. Cobalt-based com-
pounds have been recognized for their efficacy in proton
reduction and hydrogen production.[11,12] Building on this
foundation, systems incorporating a cobalt catalyst have
demonstrated considerable potential for the photogeneration
of enzymatically active NADH.[13] The incorporation of
cobalt atoms into metal–organic frameworks (MOFs) can be
highly desirable for acting as redox mediators, given that
the MOF matrix exhibits numerous chemical and electrical
properties that resemble those of metalloenzymes and metal-
complex catalysts.[14–16] However, cobalt atoms, serving as
the primary metal centers in MOF structure may exhibit
insufficient stability; for instance, ZIF-67, a Co-based MOF
consisting of Co2+ ions and imidazolate ligands, features weak
Co-imidazolate coordination bonds and has limited stability
under catalytic conditions.[17,18] Additionally, incorporating
cobalt ions through adsorption may result in the formation
of undesirable cobalt-based oxides or phase segregation,
further compromising catalytic performance or structure com-
patibility. By contrast, Schiff base–cobalt complexes provide
well-defined coordination environments that stabilize cobalt
in catalytically active oxidation states, improving its electron
transfer kinetics and redox cycling efficiency.[19] The strong
chelating ability of Schiff bases helps regulate the electronic
properties of the cobalt center, which can fine-tune its photo-
catalytic activity for NADH regeneration.[20,21] MOFs are dis-
tinguished by the spatial isolation of metal centers through lig-
ands and a highly tunable surface area.[22] They demonstrate
flexibility in the modification of metal nodes and organic lig-
ands. In addition, it can also serve as a scaffold to immobilize
secondary metal centers, e.g., 3d metals, via de novo linker
functionalization or postsynthetic modification methods.[23]

Therefore, the integration of Schiff base–cobalt units within
Zn-based MOF architectures via postsynthetic modification
enables access to the different properties of the constituent
elements and, potentially, may give rise to new and intriguing
properties as a result of the synergetic effect.[24,25]

The discovery and recent development of meltable MOFs
and MOF glasses have further broadened the scope of
MOF functionalization.[26–28] This is due to the inherent
nature of melting and vitrification processes, which involve
the transient cleavage and reformation of chemical bonds
during melting, as well as the liquid–liquid transition process.
These provide an ideal platform for bulk-phase MOF func-
tionalization through the incorporation of secondary metal

centers or additional ligands. High-density amorphous liquid
MOFs and their low-density counterparts exhibit very similar
short-range order to the parental MOFs while retaining a
microporous structure capable of efficiently harnessing light
through multiple scattering.[29–31] This liquid–liquid transition
process can offer a new avenue for biomimetic photocat-
alyst development, enabling metalation and recoordination
of ligand bearing metal ions to effectively replicate the
secondary coordination environment of metalloenzymes.[32]

Thus, we are inspired to engineer meltable MOFs and explore
the benefits of their non-noble secondary metal center for
artificial photocatalysis.

Herein, we describe a method to precisely tune the
coordination structure of a bimetallic MOF glass to emulate
the structure and function of metalloenzymes. This is achieved
by incorporating Schiff base–Co units into a meltable
Zn-MOF through linker functionalization. Upon heating,
a liquid–liquid phase transformation enables the uniform
and consistent metalation of a secondary metal within the
framework, allowing precise control over the coordination
environment of both metal ions. The resulting MOF glass
stabilizes this tailored structure, replicating the synergistic
function of natural bimetallic enzymes—one metal enhances
catalytic performance, whereas the other provides structural
stability.[33] The liquid modification strategy imparts meltable
MOFs with unique properties, granting them exceptionally
high glass forming capability and enhanced photocatalytic
activity for NADH regeneration.

Results and Discussion

Materials Structural Characterization

Crystalline Zn-ZIF-62-NH2 with an overall composition
of [Zn(imidazole)1.9(5-aminobenzimdazole)0.1] was fabricated
by a solvothermal method. It is subsequently referred to
as ZIF-62-NH2 for simplicity; 1H NMR analysis confirmed
the ligand ratio, as shown in Figure S1. Then, ipy (where
ipy denotes the iminopyridine functional group) and cobalt
ions were introduced by postsynthetic modification (see
Supporting Information).[32,34] In order to achieve this, the
aldehyde groups of 2-pyridinecarboxaldehyde were reacted
with the amino groups of ZIF-62-NH2 through the Schiff-base
condensation reaction, thereby incorporating the iminopy-
ridine moieties into the framework (ZIF-62-ipy). Then, the
iminopyridine moiety could be employed to anchor the
secondary metallic atoms, e.g., Co atoms in this case, to form
Schiff base–cobalt units via mixing with Co(OAc)2·4H2O
in methanol. Scheme 1 depicts the detailed changes in the
chemical structure during the modification process and the
subsequent melt-quenching, whereas Figure S2 shows a photo
of the modified samples. The resultant sample was denoted
as Co/Zn-ZIF-62-ipy. The successful incorporation of the
iminopyridine functional group was confirmed by employing
electrospray ionization mass spectrometry (ESIMS) on the
fully digested Co/Zn-ZIF-62-ipy. The result revealed an
ion peak at m/z 223.2 ([M+H]+) corresponding to the
functionalized linker fragments containing the iminopyridine
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Scheme 1. Postsynthetic functionalization pathway of ZIF-62-NH2.

unit (Figure 1a). Liquid chromatography–mass spectrometry
(LCMS) further substantiates the presence of modified link-
ers incorporating the iminopyridine unit (Figure S3). 1H NMR
analysis of digested samples further confirmed that more than
half of the amino groups are functionalized by iminopyri-
dine (Figure S4), indicating that the linker functionalization
extends beyond the surface layer.[27,32,35] Furthermore, CHN
elemental analysis (Table S1) verifies a reduced N/C ratio
for ZIF-62-ipy and Co/Zn-ZIF-62-ipy (about 0.680) compared
to pristine ZIF-62-NH2 (approximately 0.700), indicating
the successful incorporation of 2-pyridinecarboxaldehyde.
Bimetallic glass can then be prepared by subjecting Co/Zn-
ZIF-62-ipy to melt-quenching treatment.

The introduction of iminopyridine moiety did not lead
to significant changes in the crystal structure according to
the powder X-ray diffraction (PXRD) patterns (Figure 1b).
However, the postsynthetic modification process, coupled
with continuous magnetic stirring, may induce fragmentation
of MOF particles and generate surface defects, thereby
promoting the exposure of specific crystal facets and con-
tributing to particle size reduction. This is consistent with the
scanning electron microscopy observations (Figure 1c–e) and
high-resolution transmission electron microscopy (HRTEM)
image (Figure 1f), which show a notable decrease in particle

size following the modification procedure. Both amino-
and imine-functionalized MOFs generally exhibit preferable
CO2 adsorption behaviors due to their increased polarity
and the ability of nitrogen-containing groups to engage
in dipole–quadrupole interactions with CO2 molecules.[36–39]

Accordingly, as shown in Figure 1g, the CO2 isotherm of
Co/Zn-ZIF-62-ipy that features imine functionalities intro-
duced via Schiff base displays only a slight reduction in
uptake compared to ZIF-62-NH2, despite the bulkier nature
of the ipy ligand. This is likely due to the limited extent of
functionalization, which only partially occupies pore volume.
This interpretation is further supported by the pore size
distribution data (Figure 1h), which shows no significant
change, indicating retention of the overall framework and
porosity. Additionally, the inset of Figure 1g indicates that the
initial slope of Co/Zn-ZIF-62-ipy isotherm is less steep than
that of the pristine crystal, which aligns with the 1H NMR
analysis (Figure S4), showing that linker functionalization
is not restricted to the limited number of amino groups
present on the surface but also occurs within the internal
micropores. The Pawley refinement of ZIF-62-NH2, ZIF-
62-ipy, and Co/Zn-ZIF-62-ipy further substantiate the unit
cell change of ZIF-62-ipy and Co/Zn-ZIF-62-ipy due to
the introduction of iminopyridine and Schiff base–cobalt
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Figure 1. a) ESI-mass spectrum of modified linkers fragment from Co/Zn-ZIF-62-ipy. b) PXRD patterns of ZIF-62-NH2 and its derivative ZIF-62-ipy
and Co/Zn-ZIF-ipy. c) SEM image of ZIF-62-NH2, d) SEM image of ZIF-62-ipy, and e) SEM image of Co/Zn-ZIF-ipy. F) HRTEM image of
Co/Zn-ZIF-62-ipy particle and Co element mapping. g) CO2 adsorption–desorption isotherms of ZIF-62-NH2 and Co/Zn-ZIF-62-ipy at 273.15 K. h)
Pore size distribution of ZIF-62-NH2 and Co/Zn-ZIF-62-ipy.

complex. As shown in Figure S5, the ZIF-62-ipy, Co/Zn-
ZIF-62-ipy, and ZIF-62-NH2 are of the same space group
Pbca, whereas the modified ZIF-62-ipy and Co/Zn-ZIF-62-
ipy exhibit an expanded unit cell relative to unmodified
ZIF-62-NH2. Furthermore, HRTEM energy-dispersive X-ray
(EDX) mapping of Co/Zn-ZIF-62-ipy (Figures 1F and S6)
demonstrates that the distribution of cobalt is correlated with
the crystal thickness, further substantiating the formation of
Schiff base–cobalt moieties beyond the surface.

The Fourier transform infrared (FTIR) spectroscopy was
implemented to further confirm the variation of functional
groups (Figures 2a and S7). Figure S7 confirms that ZIF-
62-NH2 exhibits two amino stretching modes at 3363 and
3105 cm−1 for the asymmetric and symmetric stretching
vibrations, respectively. The intensity of these two peaks
drops after modification, substantiating the functionalization
of the amino group.[40] The FTIR spectra (Figure 2a) of

modified samples, ZIF-62-ipy and Co/Zn-ZIF-62-ipy, were
very similar, with the peak at ca. 740 cm−1 being assigned
to the vibrations of C─H from pyridine rings, whereas
the in-plane ring deformation band of pyridine was found
at 705 cm−1. In comparison, these two features were not
observed from the pristine ZIF-62-NH2. The peak at around
1580–1590 cm−1 is attributable to the stretching vibration
of the azomethine group ν(C═N) as the modified samples
demonstrated enhanced absorption in this region due to the
incorporation of C═N from Schiff base condensation.[41,42]

The Schiff base–cobalt complex from Co/Zn-ZIF-62-ipy also
displayed a peak at 465 cm−1 due to Co─N bonds, confirming
the coordination of the Co to the Schiff base via azomethine
and pyridyl nitrogen atoms.[40]

ZIF-62-NH2 and Co/Zn-ZIF-62-ipy were subsequently
thermally treated to 400 °C and then quenched back to
room temperature under an argon atmosphere for the
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Figure 2. a) FTIR patterns of ZIF-62-NH2 and its derivative ZIF-62-ipy and Co/Zn-ZIF-ipy. b) PXRD patterns of agZIF-62-NH2 and Co/Zn-agZIF-62-ipy.
c) DSC curves of (i) ZIF-62-NH2 and (ii) Co/Zn-ZIF-ipy, the first upscan recorded the LLT and the second upscan exhibited Tg. d) THz/Far-IR
spectrums for agZIF-62-NH2 and Co/Zn-agZIF-62-ipy. e) SEM image of (i) agZIF-62-NH2 and (ii) Co/Zn-agZIF-62-ipy.

melting and subsequent glass formation. PXRD patterns
confirm that the materials are amorphous after the thermal
treatment, with no evidence of metal oxide (i.e., CoO or
Co2O3) or metal nanoparticle formation (Figure 2b). The
amorphous structures of the thermal treated samples were
further observed using high-resolution transmission electron
microscopy (HRTEM). Additionally, energy-dispersive X-ray
spectroscopy (EDS) mapping analysis confirmed the uniform
distribution of Co atoms within the treated sample, as shown
in Figure S8.

To probe the influence of the modified linkers upon
heating, differential scanning calorimetry (DSC) thermal
analyses of the ZIF-62-NH2 and Co/Zn-ZIF-62-ipy were
performed under a continuous flowing Ar atmosphere. The
DSC trace for ZIF-62-NH2 exhibited a simple endothermic
peak attributed to crystal melting at ca. 340 °C (offset,
Figure 2c(i)), a melting temperature in good agreement with
ZIF-62 containing secondary 5-aminobenzimidazole linkers
reported in the literature.[27] In comparison, the Co atoms

anchored sample Co/Zn-ZIF-62-ipy displayed consecutively
exothermic and endothermic features within the temperature
range of 275–350 °C in the first upscan and also displayed a
glass transition in the second scan (Figure 2c(ii)).

The thermal behavior of the modified sample here is
distinctive, yet it is comparable to the reported behavior of
ZIF-4.[30] The initial exothermic signal can be attributed to
the collapse of the crystalline frameworks into a low-density
liquid (LDL) or amorphous phase, whereas the endothermic
peak that follows indicates the liquid–liquid transition (LLT),
which is the transition from the LDL to the high-density liquid
(HDL).[31] The low-density liquid transition behavior below
300 °C is also validated by in situ XRD pattern, as shown in
Figure S9. Upon heating to temperatures exceeding 250 °C, all
the XRD peaks of Co/Zn-ZIF-62-ipy undergo a positive shift
to a higher angle, indicating a transition to a more compact
state. Upon heating to 350 °C, the modified material com-
pleted the melting process. The thermogravimetric analysis
(Figure S10) indicates that, apart from desolvation, neither
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ZIF-62-NH2 nor Co/Zn-ZIF-62-ipy exhibited any significant
weight loss during the melting process.

To further investigate this unique thermal behavior, DSC
measurements were done on samples with different amounts
of cobalt-anchored iminopyridine linkers (Figure S11A shows
the DSC result, and Table S2 shows the different Co/Zn
ratio). With more cobalt-anchored iminopyridine linkers
(Co/Zn ratio ca. 0.035), the materials gradually exhibit
a reduction in initial exothermic enthalpy, as shown in
Figure S11B. The enthalpy release changed from −4.15 J g−1

to −2.92 J g−1, primarily due to the enhanced steric effects
contributed by modified linkers. These steric effects may
hinder framework mobility and flexibility, thereby restricting
the crystal’s ability to reorganize into a low-density liquid
or amorphous phase. In contrast, with more functionalized
linkers, the endothermic peak intensified. Based on DSC
calculation, with more cobalt-anchored iminopyridine linkers,
higher thermal energy is required to achieve the melting
process. This suggests the functionalized linkers have been
effectively incorporated within the MOF matrix, leading to
higher bonding energy between metal nodes and ligands,
thereby more thermal energy is required for the phase
transition. Consequently, as shown in Figure 2c(ii), the onset
temperature of the exothermic framework could be regarded
as the onset temperature for Co/Zn-ZIF-62-ipy melting. The
melting of the Co/Zn-ZIF-62-ipy is completed at the offset
temperature of the endothermic LDL-to-HDL transition. The
offset melting point is ca. 350 °C, slightly higher than Tg (mid,
ca. 300 °C) obtained from the second upscan, indicating a very
strong resistance to recrystallisation and high glass forming
capability. The amorphous materials are named agZIF-62
and Co/Zn-agZIF-62-ipy, respectively, where ag represents
amorphization through melting.

To probe the coordinative environment variations upon
heating and provide evidence for the interaction between
secondary metal nodes and imidazolate ligands, synchrotron
THz/Far-IR spectroscopy characterization was performed
with agZIF-62-NH2 and Co/Zn-agZIF-62-ipy (Figure 2d). The
glassy Co/Zn-agZIF-62-ipy exhibits a broader peak at ca.
290 cm−1 in comparison to the unmodified agZIF-62-NH2,
which confirms anchored Co atoms can alter the oscillation
or stretching movements between Zn and imidazole.[28,43,44]

SEM also distinguishes glass features of agZIF-62-NH2 and
Co/Zn-agZIF-62-ipy, as shown in Figures 2e(i) and (ii)
and S12; instead of merging together, the Co/Zn-agZIF-
62-ipy samples form separate glassy beads, which can be
mainly attributed to the lower surface energy caused by
functionalized ligands.

Probing Co Coordination Environment Before and After the
Vitrification Process

To elucidate the electronic environment of the low concentra-
tion of cobalt in Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy,
multiple X-ray photoelectron spectroscopy (XPS) scans were
conducted on Co 2p to ensure detection and analysis. Despite
the relatively low signal due to the low cobalt loading,
the spectra provided features for XPS fitting, as shown in

Figure S13. The Co 2p3/2 and 2p2/1 peaks, along with the
corresponding satellite features, are indicative of Co (II)
state. To further reveal the local structure of Co atoms
prior to and after the vitrification process and provide
evidence for the formation of secondary metal centers,
the electronic structures and coordination environments of
Co sites in Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy were
investigated by highly sensitive synchrotron X-ray absorption
spectroscopy (XAS) in fluorescence mode. In comparison to
Co foil and Co(OAc)2·4H2O, an intense pre-edge peak ca.
7710 eV can be observed in the near-edge region of both
Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy. This pre-edge
peak is indicative of the 1s→3d electronic transition, which
is forbidden in centrosymmetric compounds having an octa-
hedral environment surrounding Co atoms. Consequently,
the existence of the pre-edge feature demonstrates that the
local environment of Co atoms lacks a center of symmetry
and corroborates the anticipated tetrahedral coordination
geometry (Figure 3a).[45] The formation of a slightly higher
pre-edge peak in glassy Co/Zn-agZIF-62-ipy distinguishes
the enhanced tetrahedral geometry of the Co coordination
environment from that of the Co/Zn-ZIF-62-ipy crystal.
Moreover, the anchored Co atoms from Co/Zn-agZIF-62-ipy
exhibited higher electron density than that from Co/Zn-ZIF-
62-ipy and Co(OAc)2·4H2O as the pre-edge negatively shifted
to lower energy. Glassy Co/Zn-agZIF-62-ipy demonstrates
reduced white line peak intensity relative to Co/Zn-ZIF-62-
ipy crystals, which can be attributed to diminished 1s→4p
and increased 1s→3d electronic transitions, hence further
corroborating the more tetrahedral geometry of Co in the
glassy sample.[46,47]

The k2-weighted Fourier transform spectra of extended X-
ray absorption fine structure (EXAFS) for Co atoms from
Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy show a dominant
peak at 1.5 Å (no phase-correction, Figure 3b). The peaks
from Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy at ca. 1.5 Å
can be attributed to the Co─N/O bond and the Co─N bond,
respectively. The absence of a discernible peak at ca. 2.4 Å (no
phase-correction) confirms that there is no Co─Co scattering,
therefore suggesting the atomic dispersion of Co in the crystal
and glass ZIF materials.[48]

To obtain precise quantitative information for the Co
coordination environment, EXAFS patterns of Co/Zn-ZIF-
62-ipy and Co/Zn-agZIF-62-ipy were fitted and are shown
in Figure S14. The metrical fitting parameters are listed in
Tables S3 and S4. At the starting model, the EXAFS fitting
was performed with the first two shells in both samples. The
value of σ for the higher-order shells was constrained to vary
between ±0.04 relative to the previous shell, and other param-
eters were kept free to vary. In Co/Zn-ZIF-62-ipy, Co atoms
are tetrahedrally coordinated with N/O atoms. The bond
length for the Co─N bond was found to be about 2.046 Å and
for the Co─O bond it was about 2.267 Å. For the second and
third coordination shells, which are mainly filled with C, the
bond lengths are 3.000 and 3.576 Å. In contrast, the fitting
result shows the Co atoms from Co/Zn-agZIF-62-ipy were
surrounded by N in the first shell with a slightly shrunk bond
length of ca. 2.006 Å, which is attributed to the collapse on
the formation of a dense glassy structure. Moreover, it is note-
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Figure 3. a) Co K-edge XANES spectra. The inset is an enlargement of the Co pre-edge peak. b) EXAFS for Co foil, Co(OAc)2·4H2O, Co/Zn-ZIF-62-ipy,
and Co/Zn-agZIF-62-ipy, respectively. c) WT plot for Co from Co/Zn-ZIF-62-ipy. d) WT plot for Co from Co/Zn-agZIF-62-ipy. e) Cobalt local
coordination environment changed upon anchoring and vitrification. Co, O, C, H, and N atoms are represented as pink, red, grey, white, and blue
spheres, respectively.

worthy to point out that the coordination number for the first
Co─N shell is 3.76, which is slightly lower than that of an ideal
tetrahedral geometry. The modest decrease from the typical 4
coordination number tetrahedral geometry can be attributed
to the formation of ligand vacancies. These vacancies also
illustrate the potential of electron-withdrawing ability upon
light irradiation after the melt-quenching, when a rearrange-
ment of the Co coordination environment occurs. The Co-C1
bond length remains unchanged in the second shell, whereas
the Co-C2 bond shrank from 3.576 to 3.499 Å after vitrifica-
tion, which means the C atoms are more closely packed due
to the formation of shorter interatomic Co-C2 distance.

In addition, the wavelet-transfer (WT) plot visualizes
the detailed Co coordination environment both before and
after the vitrification process (Figure 3c,d). The carbon
atoms formed the second and third shell of the anchored
Co atoms in an ordered manner within the crystalline
Co/Zn-ZIF-62-ipy, predominantly situated within the range
of 2.5–3.0 Å (no phase-correction). In contrast, the carbon
atoms surrounding Co atoms in Co/Zn-agZIF-62-ipy exhibit
a significantly disordered configuration as the carbon atoms
are distributed over a broader range of 2.5–4.0 Å (no phase-
correction) with a heightened intensity as shown in Figure 3d.
This further confirms that the C atoms around the Co

Angew. Chem. Int. Ed. 2025, 64, e202506570 (7 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) PDFs of ZIF-62-NH2, agZIF-62-NH2, Co/Zn-ZIF-62-ipy, and Co/Zn-agZIF-62-ipy between 0 and 30 Å, highlighting the absence of
long-range order in glassy samples. b) PDFs between 1.5 and 10 Å, exhibiting similarities in short-range order. The red arrows show a slight shift in
the atom pair distance, aligning with simulated observation that Co–N pairs resulted in a slightly longer average distance. c) Selected peak
assignments are highlighted in the diagram of the hypothetic local Schiff base structure of Co/Zn-agZIF-62-ipy. Zn, Co, C, H, and N atoms are
represented as purple, pink, grey, white, and blue spheres, respectively.

atoms are less ordered and more closely packed in glassy
materials.

Additionally, in situ synchrotron THz/Far-IR spec-
troscopy characterization was performed for Co/Zn-ZIF-62-
ipy (Figure S15). Figure S15(A) shows the peak at ca. 305
cm−1 associated with the Zn-imidazolate stretching gradually
shifts to ca. 290 cm−1 upon heating from room temperature to
300 °C. The primary cause of this phenomenon is ascribed to
the distortion of the Zn-imidazolate bond and the oscillations
occurring between the Co atoms and disturbed imidazolate
ligands, leading to the gradual formation of Co-imidazolate
bonds.[43–44] This occurs as the electron-withdrawing Co-
imipyridine groups attract negatively charged imidazolate
ligands and form a tetrahedral coordination environment
around Co, resulting in Co atoms with increased electron
density, as confirmed by XAS characterization (Figure 3e).[44]

Furthermore, the second derivative of the in situ THz/Far-
IR spectra showed the emergence of peak shifting in the
temperature range 250–300 °C (Figure S15(B)), which aligns
with the LLT behavior and Co XAS analysis.

Local Structure of Co/Zn-ZIF-62-ipy and Co/Zn-agZIF-62-ipy

The synchrotron X-ray total scattering technique was utilized
to investigate the local structures of crystalline Co/Zn-ZIF-62-

ipy and the corresponding melt-quenched glass Co/Zn-agZIF-
62-ipy (raw data as shown in Figure S16). Pair distribution
functions (PDFs) of crystalline and glassy materials were
obtained from the Fourier transformation of the corrected
total scattering data (Figure 4).

The crystalline ZIF-62-NH2 and Co/Zn-ZIF-62-ipy exhibit
long-range oscillations in the G(r) on scales ranging from
10–30 Å, as anticipated. In contrast, the PDF patterns of
amorphous samples are essentially featureless in this region
(Figure 4a). The amorphous phase of the glass is confirmed
by the absence of identifiable correlations over 10 Å.[49]

The PDF profiles for crystal and glass are similar below
8 Å (Figure 4b). The peak at 2.00 Å of agZIF-62-NH2 is
assigned to Zn–N pairs. In contrast, the peak labeled 1 in
Figure 4b,c, which corresponds to the nearest Zn–N and Co–
N distance of Co/Zn-agZIF-62-ipy, was situated at 2.03 Å.
This suggests that the introduction of a low quantity of Co–
N pairs resulted in a slightly longer average distance between
the metal and nitrogen than the distance of Zn–N pairs from
agZIF-62-NH2. This is consistent with the trend of simulated
patterns, which indicates that the distance of Co–N is longer
than that of Zn–N (simulated Zn–N and Zn–C curves are
based on the reported ZIF-62-NH2 CIF file (CSD deposition
2115059), simulated Co–N and Co–C curves are based on
the ZIF-62(Co) CIF file (CCDC deposition 1849807)). The
peak at 3.1 Å (labeled 2 in Figure 4b,c) corresponds to the

Angew. Chem. Int. Ed. 2025, 64, e202506570 (8 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. a) UV–vis DRS spectra of glassy samples; the red arrows denote the decrease and increase in light absorption. b) PL spectroscopy at
ambient temperature; the red arrows indicate the change in PL due to modification. c) TRPL spectroscopy. d) UPS spectra of the (i) cut-off region and
(ii) valence band edge region for Co/Zn-agZIF-62-ipy. e) Electronic band edges for Co/Zn-agZIF-62-ipy and photocatalytic reaction pathway. f)
Transient photocurrent response obtained under visible light irradiation at a bias of 1.21 V. g) Time course of photocatalytic regeneration of NADH. h)
Comparison of NADH yields between this work and the literature summarized in Table S5.

nearest Zn–C and Co–C. Correlations 3 and 4 are dominated
by interactions between metal sites and light atoms from
four neighboring ligands. These characteristics indicate that
the crystal-glass phase transition of Co/Zn-ZIF-62-ipy did not
alter the overall short-range order. The peak assignment was
carried out based on the proposed hypothetic structure, as
shown in Figure 4c.

Optical, Electrical Properties, and Photocatalysis Performance

The band edges (conduction band, CB, and valence band, VB)
of MOF glasses can have a significant impact on their opto-
electronic and photocatalytic performance. UV–vis diffuse
reflectance spectroscopy (DRS), photoluminescence (PL),

and UV photoelectron spectrometry (UPS) were utilized to
investigate the band positions in the original and modified
glasses. The glassy samples agZIF-62-NH2 and agZIF-62-
ipy exhibited similar behaviors in light absorption, with the
exception of agZIF-62-ipy displaying a decreasing absorption
shoulder range from 500–600 nm due to the modification
of the amino functional group (Figure 5a). In contrast, the
Co/Zn-agZIF-62-ipy exhibited enhanced light absorption in
this range as a result of the incorporation of Schiff base–Co
moieties (Figure 5a). It is well known that a semiconductor
such as TiO2 can be modified by transition metal doping,
resulting in an additional electron donor level contributed
by doped ions and enhanced light adsorption at certain
wavelengths.[50–52] The function of doped ions is similar to
a photosensitizer. Such a scenario was observed from the

Angew. Chem. Int. Ed. 2025, 64, e202506570 (9 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Co/Zn-agZIF-62-ipy, where the enhanced light adsorption at
ca. 600 nm is attributed to the local structure of tetrahedrally
coordinated Co ions.[53] PL measurements further support
these findings. The PL intensity at ca. 475 nm exhibited
a significant decrease upon the functionalization process
involving iminopyridine and subsequent metalation with Co
(Figure 5b). This indicates possible prohibited electron-
hole recombination and the enhanced transfer behavior of
carriers. Moreover, the PL intensity at approximately 600 nm
decreased following the functionalization of the amino group,
which was consistent with the decrease in light absorption at
approximately 500–600 nm. Conversely, the Co/Zn-agZIF-62-
ipy exhibits an increased PL at approximately 620 nm, con-
sistent with its enhanced light absorption at around 600 nm.
The electron-withdrawing effect can be further confirmed
by the time-resolved photoluminescence (TRPL) spectra, as
shown in Figure 5c. The carriers’ lifetime of agZIF-62-ipy
was shorter than that of agZIF-62-NH2, and it was further
reduced for the Co/Zn-agZIF-62-ipy. This observation once
again supports the electron-withdrawing properties of the Co
atoms in Co/Zn-agZIF-62-ipy as the shortest carrier lifetime
indicates an efficient and rapid form of carrier transfer and
electron capture via Co ion functionalized ligands.

The optical bandgap (Eg) of Co/Zn-agZIF-62-ipy obtained
from the Tauc plot (Figure S17) is ca. 2.65 eV. To determine
the precise band positions, UV photoelectron spectroscopy
(UPS) was conducted on Co/Zn-agZIF-62-ipy and the VB
was estimated to be ∼−6.1 eV, whereas the CB was estimated
to be ∼−3.45 eV (vacuum level, Figures 5d and S18).
Based on the above characterizations, Figure 5e shows the
electronic band structure and the photocatalytic pathway
of Co/Zn-agZIF-62-ipy. The electronic band structure is
also consistent with the bandgap energy calculated from
steady-state PL spectra (Eg = 1240/λmax, ca. 2.61 eV in
this case, Figure 5b). Moreover, the photoelectrochemical
properties were elucidated by photocurrent response.
As shown in Figure 5f, agZIF-62-NH2 and agZIF-62-ipy
exhibited a photocurrent density of ∼0.5 and ∼0.38 µA
cm−2, respectively. This drop in photocurrent density is due
to the partial modification of ligands. In contrast, the Co
metalation sample Co/Zn-agZIF-62-ipy exhibited the highest
photocurrent density of ∼0.60 µA cm−2. This improved
photocurrent response indicates that the Co center can
extract a greater number of available charge carriers for
photocatalytic applications than the unmodified material.

Based on the above findings, Co/Zn-agZIF-62-ipy was
proposed as a novel and effective glassy photocatalyst due
to its unique structural and optical properties. To evaluate
its catalytic performance, experiments were conducted on the
photocatalytic regeneration of NADH, an essential coenzyme
in biological redox reactions. As shown in Figure 5g, Co/Zn-
agZIF-62-ipy exhibited exceptional photocatalytic activity,
achieving the highest NADH productivity of 211.5 µmol·g−1·
h−1, which is nearly 5 times higher than that of the unmodified
samples (agZIF-62-NH2, 43.4 µmol·g−1· h−1), despite both
glassy materials showing similar gas sorption behavior and
pore size distribution (Figure S19). To further distinguish
the properties of anchored Co atoms and modified linkers
from Co/Zn-agZIF-62-ipy, the photocatalytic performance of

Co/Zn-agZIF-62-ipy was compared to the Co-based MOF
glass agZIF-62(Co) (detailed synthesis procedure available in
Supporting Information) and a Co-doped bimetallic Zn-MOF
glass with a Co/Zn ratio of 1:4 (Co/Zn-agZIF-62, detailed
synthesis procedure available in Supporting Information).
The agZIF-62(Co) was not stable during the photocatalytic
test and all the solid-state agZIF-62(Co) disintegrated after
1 h of light irradiation (as shown in Figure S20, the reaction
system turned to purple due to the dissolution of agZIF-
62(Co)). In contrast, Co/Zn-agZIF-62-ipy maintained its
stability throughout the photocatalytic test, with a superior
NADH regeneration performance in comparison to Co/Zn-
agZIF-62, making it one of the best performing catalysts
compared with previously reported photocatalysts (Figure 5h
and Table S5). Moreover, the catalyst Co/Zn-agZIF-62-ipy
after photocatalysis reaction was recycled for XPS analysis.
The Co 2p XPS spectra (Figure S21) prior to and after photo-
catalysis reaction showed no significant changes, which further
substantiated the stability of Co atoms within glassy matrix.
This significant improvement in stability and photocatalytic
performance again underscores the synergistic effect of the
incorporated Co atoms and functionalized ligands within
the glassy structure, which is expected to facilitate electron
transfer and light absorption.

Furthermore, the luminance of the photocatalytic product
was analyzed and the results unequivocally verified that
the regenerated product was biologically active NADH
(Figure S22). This finding underscores the potential of
Co/Zn-agZIF-62-ipy as a highly efficient photocatalyst for
applications in biocatalytic processes and other light-driven
biochemical transformations.

Conclusion

In summary, we demonstrated a new and effective approach
to generating functionalized MOF glass through postsynthetic
modification followed by thermal treatment. Vitrification of
the Co-anchored meltable MOF (Co/Zn-ZIF-62-ipy) pro-
duced uniform and stable bimetallic framework glasses. The
resultant bimetallic MOF glass exhibited enhanced pho-
tocurrent density compared to the Co-doped ZIF-62 glasses.
Notably, the bimetallic glass achieved stable photocatalytic
NADH regeneration, with an efficiency nearly five times that
of the unmodified glass. This liquid modulation strategy offers
an effective method for preparing MOF glass with evenly dis-
tributed dual-metal centers and Schiff base-metal complexes,
enabling tailored optical properties for photocatalysis and the
emulation of bimetallic enzyme functions.
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