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A B S T R A C T

Metal organic frameworks (MOFs) provide customisable structures for gas separation, catalysis, and glass pro
duction. Among them, zeolitic imidazolate frameworks (ZIFs) stand out for their thermal stability and ability to 
yield melt-quenched glasses. ZIF-62, a well-studied glass-forming MOF, exhibits limited compositional flexibility, 
particularly when attempts are made to introduce transition metals. This study explores copper incorporation 
into ZIF-62 via mechanochemical and solvothermal synthesis. X-ray diffraction indicated ZIF-62 framework 
formation when acetate was used as a copper source by mechanochemical synthesis; however, complementary 
spectroscopic techniques (XAS, solid-state NMR, FTIR, Raman, DR UV-VIS, ICP-OES) showed that copper was not 
integrated into the framework. Instead, Cu species preferentially adopted coordination environments incom
patible with the Zn-imidazolate framework structure and were more likely associated with surface or pore en
vironments. Thermal analysis revealed reduced melting and glass transition temperatures in Cu-containing 
samples, demonstrating that even non-framework Cu species can influence the thermal behaviour of ZIF-62. 
Additional solvothermal synthesis attempts involving several Cu-containing precursors yielded crystalline or 
amorphous phases distinct from ZIF-62, further highlighting the strong influence of Cu coordination chemistry 
on framework formation. These findings demonstrate that Cu incorporation into ZIF-62 is strongly limited under 
the mechanochemical and solvothermal conditions explored in this work, emphasizing the importance of pre
cursor selection and metal–ligand coordination preferences in the design of mixed-metal MOFs.

1. Introduction

Metal-organic frameworks (MOFs) are a type of hybrid material 
made up of inorganic nodes or clusters that are linked together by 
organic ligands. [1] Their one-of-a-kind designs, which mix adjustable 
porosity with tunable functionality, make them useful for many appli
cations, including drug delivery, gas storage and separation, catalysis, 
and energy storage. [2–10] Zeolitic imidazolate frameworks (ZIFs), a 
sub-group of MOFs and topologically comparable to zeolites, exhibit 
stability at high temperatures and in different chemicals, which makes 
them very attractive for large scale use as adsorbents [11–15] or cata
lysts [16–18]. Two ZIFs in particular, ZIF-4 (Zn(Im)2) and ZIF-62 (Zn 
(Im)1.75(bIm)0.25), featuring zinc-based nodes and imidazolate-derived 
linkers are widely studied. What sets these materials apart is their 
ability to melt and form glassy, amorphous phases upon quenching, a 
rare property among MOFs. [19–21] Their thermal behaviour is highly 
sensitive to both metal and ligand types, making them ideal platforms 

for studying compositional effects on framework properties. [22–25]
One particularly effective strategy for tuning their behaviour, without 
altering the underlying topology, is mixed-metal approach. Incorpora
tion of transition metals such as Co2+, Ni2+, Fe2+, Cd2+, and Mn2+ has 
been shown to impact gas sorption, optical properties, and structural or 
thermal stability. [23,26–30]

Copper is well-known for its function in redox chemistry and catal
ysis. [31–34] However, its incorporation into glass-forming ZIFs such as 
ZIF-4 and ZIF-62 has received relatively little attention. Although there 
have been reports of numerous copper-imidazolate frameworks, they 
usually create different topologies than those forming MOF glasses. The 
first example, Cu(Im)2 with a pts topology, was synthesized by Jarvis and 
Wells in 1960 [35], laying the foundation for copper MOF chemistry. 
Later, Henke et al. [36] built on this work by looking at how cop
per–imidazolate systems melt and create glass. Recent work [17] has 
shown that Cu2+ doping into ZIF-8 works well, with Zn1-xCux-ZIF-8 
compositions ranging from x = 0.1 to 0.25, and amorphous products 
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observed at higher copper loadings (x = 0.5). Increased copper content 
was found to reduce nucleation rates, leading to larger particle sizes.

Importantly, because Cu2+ and Zn2+ have comparable ionic radii 
(0.71 Å and 0.74 Å, respectively), copper incorporation did not signifi
cantly distort the framework, suggesting that copper may be introduced 
as a second metal node without disrupting the structure. [17] Never
theless, Cu2+ (d9) complexes are much more adaptable, taking on 4-, 5-, 
or 6-coordinate geometries based on the ligand environment [37], 
whereas Zn2+ in ZIFs is usually limited to tetrahedral coordination. This 
broader coordination flexibility, often driven by the Jahn–Teller effect 
and ligand field stabilization energy [38], is an important factor when 
interpreting how Cu distributes within the mixed-metal ZIF-62 frame
work. ZIFs are most commonly synthesized through solvothermal 
methods, where metal salts and imidazolate-based linkers react in sol
vents such as N,N-dimethylformamide (DMF). Although effective, these 
reactions typically require long durations, high temperatures, and large 
excesses of linker, resulting in considerable waste and limited scalabil
ity. [3,39,40] By contrast, mechanochemical synthesis, including 
solvent-free or liquid-assisted grinding, offers a faster and more envi
ronmentally friendly alternative. It enables improved stoichiometric 
control, fewer side products, and has been widely adopted for ZIF for
mation. [41,42] Notably, it has been used to prepare ZIF-62 and its 
mixed-metal analogues (Co/Zn) at gram scale, allowing tight control 
over metal and linker composition. [23]

In this study, we investigate the structural incorporation of Cu2+ into 
the ZIF-62 framework, with particular interest in how copper affects the 
local environment and the overall integrity of the structure. We explored 
both solvothermal and mechanochemical synthesis routes; however, 
only mechanochemistry led to the formation of ZIF-62-type materials in 
the presence of copper, prompting a more detailed structural analysis. 
To determine the extent and nature of copper incorporation, we 
employed a suite of techniques including X-ray absorption spectroscopy 
(XAS), solid-state NMR, FTIR, Raman spectroscopy, and ICP-OES. The 
influence of structural changes introduced through Cu2+ on ZIF-62's 
thermal behaviour and possible glass fabrication is also briefly 
discussed.

2. Experimental

2.1. Materials

Imidazole (99%), benzimidazole (98%) and ZnO (<100 nm) were 
purchased from Aldrich, Cu(OAc)2⋅H2O (98%), Cu(NO3)2⋅3H2O (99%), 
gamma-valerolactone (GVL) (99%) and 1-Butanol were purchased from 
Sigma Aldrich. CuSO4⋅5H2O (99.5%) was purchased from Carlo Erba. 
Ethanol was purchased from Stella TECH. Methanol was purchased from 
Honeywell Riedel-de Haen. All materials were used without further 
purification.

2.2. Mechanochemical synthesis

All of the reagents, corresponding to a molar composition of Me (Zn/ 
Cu): Im: bIm ≈ 4: 7: 1, with GVL and H2O in a 1:1 (v/v) ratio, were added 
to a 10 ml stainless steel grinding jar, together with two 10 mm stainless 
steel grinding balls (Table S1). The grinding jar was sealed and shaken at 
30 Hz for 30 min on a Retsch MM400 mixer mill. After grinding, the jars 
were opened and the powder extracted. Centrifugation was used to 
isolate the products, which were then washed with ethanol and dried 
overnight at 60 ◦C. The so prepared samples used for further analyses 
were named ZIF-62 and n% Cu-62, where n = 5, 10, 15, or 20 mol%, 
corresponding to substitution of 0.05, 0.10, 0.15, or 0.20 mmol of Cu for 
Zn in the synthesis mixture (with the total metal content fixed at 1.00 
mmol). Additional synthesis information can be found in the supporting 
information.

To further explore how robust Cu2+ incorporation is under varying 
conditions, we carried out several additional syntheses using different 

copper sources and solvents. The details of these experiments are sum
marized in supporting information.

2.3. Test of glass fabrication

About 20 mg of the samples were pressed into pellets using a 
stainless-steel mould (0.8 cm in diameter) pressed in a hydraulic press 
for 1 min with a pressure of 1 t. Pelletized samples were placed in a 
ceramic crucible and then into an argon-purged muffle furnace before 
being heated at 10 ◦C/min to 350 ◦C. Once the temperature was reached, 
the furnace was turned off and the samples were allowed to cool natu
rally (under argon) to room temperature. The so prepared samples used 
for further analyses were named ag ZIF-62 and ag Cu-62.

2.4. Materials characterization

Powder X-ray diffraction data were acquired with a PANanalytical 
X'Pert PRO high-resolution diffractometer using CuKα1 radiation 
(1.5406 Å) in the 2θ range from 5 to 50◦ (100 s per step of 0.033◦) with a 
fully open X'Celerator detector. The diffractograms were analysed by 
X'Pert HighScore Plus 4.9 Program with built in Rietveld refinement 
option.

Thermogravimetric analysis was performed using a TA Instruments 
Q5000. Measurements were performed in a continuous air stream (25 
ml/min air, 10 ml/min Ar), with samples heated from 25 ◦C to 750 ◦C at 
a rate of 10 ◦C/min. DSC analysis of all samples was performed using a 
TA Instruments Q2000 MDSC. The samples were placed in an aluminium 
crucible on a DSC sample holder at room temperature. The samples were 
heated at 10 ◦C/min to 450 ◦C. After cooling to room temperature at 
10 ◦C/min, the second upscan was performed using the same procedure 
as the first. Data analysis was performed using TA Instruments' TRIOS 
software.

Morphology and size of the crystals were determined by scanning 
electron microscopy using a Zeiss Supra 35 VP microscope with an 
electron high tension voltage of 1.00 kV and an aperture size of 30.00 
μm. An energy-dispersive X-ray microanalyzer (EDX) connected to a 
scanning electron microscope was used to determine the presence of 
copper in gold-coated samples.

Proton NMR was recorded using an AVANCE NEO Bruker 400 MHz 
spectrometer at room temperature. Approximately 1.5 mg of each 
sample was digested in a mixture of DCl (35%)/D2O (0.1 ml) and DMSO 
(0.5 ml). Data analysis was performed using TopSpin software package.

Solid-state NMR experiments were performed on a 600 MHz Varian 
spectrometer equipped with a 1.6 mm HXY FastMAS probe, operating at 
a MAS frequency of 20 kHz. The Larmor frequencies were 599.31 MHz 
(1H), 150.81 MHz (13C), and 40.50 MHz (15N). Chemical shifts were 
referenced to tetramethylsilane (TMS) for 1H and 13C, and to nitro
methane for 15N. 1H and 13C spectra were collected using a Hahn-echo 
pulse sequence, with the interpulse delay set to one rotor period. For 
1H MAS experiments, the excitation pulse duration was 1.5 μs, with 64 
scans accumulated and a 1 s recycle delay. 1H–13C and 1H–15N CP-MAS 
spectra were acquired with 100,000 scans, a recycle delay of 0.5 s, and a 
4 ms ramped-amplitude contact pulse. Protons were excited with a 90◦

pulse of 1.5 μs.
Direct-excitation 13C MAS experiments were carried out with 1.7 μs 

excitation pulses, 32 scans, and variable recycle delays (1–500 s). Single- 
pulse 1H MAS experiments were performed with 1.5 μs excitation pulses, 
8 scans, and variable recycle delays (0.1–10 s).

Elemental composition was determined by inductively coupled 
plasma optical emission spectroscopy (ICP-OES) using a Varian 715-ES 
instrument (GMP certified). Approximately 10 mg of sample was 
digested in concentrated HNO3 and diluted with deionized water prior 
to analysis. The concentrations of Zn and Cu were determined against 
multi-element calibration standards and are reported as weight per
centages relative to total sample mass.

CO2 sorption data were collected using an Anton Paar IQ3 adsorption 
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analyser. For each measurement, a fresh sample batch was used and 
outgassed prior to analysis at 150 ◦C for 10 h with a heating rate 10 ◦C/ 
min. The specific surface area was determined using BET theory from 
CO2 isotherms measured at 273 K in the relative pressure range 
0.017–0.027, showing a linear correlation (Fig. S9).

Diffuse reflectance UV–Vis (DR UV–Vis) spectra were recorded on a 
PerkinElmer Lambda 650 UV–Vis spectrophotometer equipped with an 
RSA-PE-19 Praying Mantis accessory for powdered samples. Spectra 
were collected in the range of 200–900 nm at room temperature, using 
BaSO4 as a white reflectance standard for background correction.

Fourier transform infrared (FT-IR) spectra were collected on a Bruker 
ALPHA II spectrometer equipped with a diamond ATR module. Mea
surements were performed in the range 4000–400 cm− 1 at room tem
perature, with a spectral resolution of 4 cm− 1 and 32 scans averaged per 
spectrum.

Raman spectra were collected using a WITec Alpha 300RA confocal 
Raman/AFM microscope equipped with a 532 nm excitation laser. The 
laser power at the sample surface was maintained between 10 and 15 
mW and focused through a 50× objective (NA = 0.8). The spectral 
integration time was set to 1 s per acquisition.

Cu and Zn K-edge X-ray absorption spectra (XAS) of ZIF-62, 10% Cu- 
62, and 20% Cu-62 samples, as well as their reference compounds, were 
recorded in transmission detection mode on the P65 beamline at PETRA 
III (DESY, Hamburg). A Si(111) double crystal monochromator was 
used, providing an energy resolution of approximately 1 eV at 9 keV. 
Higher-order harmonics were effectively eliminated by a flat mirror. 
Three repetitions of XAS spectra were measured in continuous detection 
mode in a short 3 min scans. The intensity of the monochromatic X-ray 
beam was measured with ionization detectors filled with 1020 mbar of 
suitable absorption gas mixtures to absorb a total of 16% (10% Ar, 90% 
N2), 54% (15% Ar, 85% N2), and 90% (Kr), respectively.

The absorption spectra were measured in the energy region from 
− 150 eV to +1000 eV relative to the Cu and Zn K-edges (8978 eV and 
9695 eV, respectively). Exact energy calibration was established using 
absorption measurements on 5 μm thick Cu and Zn metal foils placed 
between the second and third ionization detectors. The absolute energy 
reproducibility of the measured spectra was ±0.05 eV. The sample 
powders and reference compounds (Cu acetate, Cu2O, CuO, and ZnO) 
were homogeneously mixed with approximately 50 mg of boron nitride 
and prepared as homogeneous pellets with an optimal total absorption 
thickness of about 1.5 above the Cu or Zn K-edge. The pellets were 
placed in the monochromatic beam after the first ionization detector. 
The analysis of X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) spectra was per
formed with the DEMETER (IFEFFIT) program package [43] in combi
nation with the FEFF8 program code [44] for ab initio calculation of 
photoelectron scattering paths.

3. Results and discussion

In the attempt to incorporate copper into the ZIF-62 structure, Zn 
(OAc)2⋅2H2O was partly replaced with Cu(OAc)2⋅H2O during mecha
nochemical synthesis (5–20 wt% of Cu(OAc)2⋅H2O). The XRD patterns of 
the products exhibited general agreement with the calculated [45] and 
synthesized pure ZIF-62 patterns, with some observable differences in 
peak intensities and shifts in peak positions. This suggests that the 
samples retained the long-range structural features of ZIF-62 (Fig. 1). 
The analysis of XRD patterns further showed that the samples retained 
the long-range symmetry of ZIF-62 (Fig. S1), while the observed dif
ferences in unit cell parameters (Table S2) could be assigned to the 
expansion of the unit cell after copper loading. The comparison of the 
Full Width at Half Maximum (FWHM) of the initial peaks indicated a 
significant degree of crystallinity also in the mixed-metal samples. 
Additionally, XRD revealed the presence of minute amounts of ZnO 
impurities in samples. Based on these promising structural similarities, 
further analysis was attempted to determine whether Cu2+ was suc
cessfully incorporated into the framework rather than existing as surface 
species or even forming additional phases.

On the other hand, to evaluate the robustness of Cu2+ incorporation, 
additional synthesis approaches were explored (Fig. S2). Mechano
chemical synthesis using CuO and/or Cu(OAc)2⋅H2O as a precursor 
failed to yield Cu-loaded ZIF-62. When Cu(OAc)2 and the linkers were 
dissolved in butanol, the resulting phase was consistent with Cu(Im)2 
(ZIF-Cu-1), aligning with the reported literature structure [36]. How
ever, when attempting to reproduce the literature synthesis of this ma
terial using CuSO4, either with imidazole alone or a combination of 
imidazole and benzimidazole, the reaction yielded a completely 
different crystalline phase, distinct from both ZIF-Cu-1 and ZIF-62 
(Fig. S2).

A similar structural deviation was observed for several other sol
vothermal synthesis approaches. When CuSO4 was dissolved in GVL, 
where the resulting material exhibited the same crystalline structure 
regardless of whether imidazole or a mixture of imidazole and benz
imidazole was used, yet remained distinct from all previously obtained 
phases. Meanwhile, when Cu(OAc)2 was dissolved in GVL, the material 
was amorphous, regardless of the linker composition, suggesting that 

Fig. 1. PXRD of calculated, ZIF-62 and shown alongside with the XRD patterns of unmodified ZIF-62 and Cu-modified ZIF-62 (n% Cu-62) obtained by mechano
chemical synthesis.
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metal source choice strongly influences the final structure. Additionally, 
when Cu(NO3)2 was used in butanol without benzimidazole, yet another 
distinct crystalline phase was obtained, differing from all other syn
thesized materials (Fig. S2). These results suggest that Cu2+ does not 
simply substitute Zn2+ in the ZIF-62 framework but instead directs 
crystallization into alternative structures depending on the synthesis 
conditions. The variability in products obtained from different Cu pre
cursors and solvents highlights that Cu2+ behaves differently from Zn2+

during framework assembly.
The results of various synthesis protocols are consistent with the 

coordination chemistry of Cu(II), which, unlike Zn2+ fixed in tetrahedral 
ZnN4 nodes, can adopt 4-, 5-, or 6-coordinate geometries [37,46], often 
stabilized in square-planar or Jahn–Teller-distorted octahedral envi
ronments [47]. Because of this mismatch, direct substitution is expected 
to be challenging, and careful structural analysis was required. For this 
reason, most of the characterization was focused exclusively on the 
mechanochemically synthesized Cu-62 samples, which reproducibly 
retained the structural features of ZIF-62 and provided phase-pure ma
terial for comprehensive study. All subsequent analyses, including solid- 
state NMR, FT-IR, Raman, DR UV-Vis, ICP-OES, and XAS, were therefore 
performed on the n% Cu-62 (n = 5 to 20) series to determine the nature 
and extent of Cu2+ incorporation.

To verify the linker ratio in the mechanochemically produced pure 
and copper-loaded ZIF-62, solution proton NMR was conducted. All 
crystalline samples and resultant glasses from the mixed metal series, 
produced through mechanochemical synthesis, exhibited a consistent 
linker ratio of Im:bIm = 6:1 (Fig. S3). This ratio is slightly lower than the 
nominal 7:1 ratio typically reported [48] for ZIF-62, but its persistence 
across all samples indicates that mechanochemical synthesis reproduc
ibly yields this composition. The sustained linker ratio in the ZIF-62 (Zn/ 
Cu) series of crystalline samples allowed for meaningful correlations 
between their melting temperatures and the glass transitions of the 
quenched glasses.

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (DSC) were conducted to examine the melting behaviour of 
mechanochemically synthesized pure ZIF-62 and copper loaded ZIF-62 
(Fig. S4). Interestingly, the melting temperature (Tm) of mecha
nochemically produced pure ZIF-62 was found to be lower (380 ◦C) than 
that of previously reported [48] solvothermally produced samples with 
the same chemical composition (440 ◦C). The glass transition tempera
ture (Tg) of pure ZIF-62 aligned with prior reports [48] of solvothermally 
produced ZIF-62, registering a midpoint at 330 ◦C. The addition of 
copper resulted in a decrease in Tm to 350 ◦C and Tg to 310 ◦C. Although 
spectroscopic analysis later indicates that Cu is not incorporated directly 
into the tetrahedral framework nodes of ZIF-62, the Cu-loaded samples 
consistently exhibit reduced melting and glass transition temperatures 
compared to pristine ZIF-62. In mixed-metal Zn/Co ZIF-62 systems, 
similar reductions in Tm and Tg have previously been attributed to 
framework substitution and altered node–linker interactions arising 
from structural mismatch between metal ions. [49] In the present sys
tem, however, the exact origin of the thermal behaviour remains un
certain, as the spectroscopic results do not support direct Cu substitution 
into the framework nodes. Nevertheless, non-framework Cu species may 
still influence thermal behaviour through increased local disorder, 
modified interparticle interactions, perturbation of linker dynamics, or 
interactions within surface and pore environments. Additionally, the 
substantially smaller crystallite sizes observed for mechanochemically 
synthesized samples likely contribute to the reduced melting tempera
tures relative to previously reported solvothermal ZIF-62 materials. The 
observed thermal shifts therefore likely arise from a combination of 
particle-size effects and interactions associated with non-framework Cu 
species.

Importantly, after melt-quenching, all Cu-containing samples were 
X-ray amorphous, and no ZnO reflections were detected (Fig. S5), in 
contrast to previous reports [40,50] where ZIF-62 glasses exhibited ZnO 
contamination upon melting.

TGA under air revealed that mechanochemically produced pure ZIF- 
62 is stable up to ~400 ◦C, while Cu-62 samples retain stability up to 
~450 ◦C. By 750 ◦C, the total mass losses were 53% for pure ZIF-62 and 
56% for the Cu-loaded samples, indicating higher metal-to-linker ration 
in copper-loaded samples. All samples exhibited an additional ~5% 
weight loss around 200 ◦C, attributed to the removal of adsorbed water 
or residual linker rather than framework decomposition.

SEM imaging of the mechanochemically produced pure and copper- 
loaded ZIF-62 unveiled particle sizes ranging from 1 μm to sub-100 nm 
(Fig. S6) significantly smaller than ZIF-62 particles produced via sol
vothermal methods, which typically exhibit sizes on the 10 μm scale. 
Consequently, the reduced melting temperature of mechanochemically 
produced ZIF-62 is attributed to the smaller particle size compared to 
solvothermally produced ZIF-62. Energy-dispersive X-ray spectroscopy 
(EDS) was employed to examine the spatial distribution of Zn and Cu 
within the samples. All Cu-loaded samples exhibited a relatively ho
mogeneous Cu distribution throughout the material, without evidence 
of large Cu-rich segregated regions (Fig. S6). However, due to the spatial 
resolution limits of SEM-EDS, the measurements cannot distinguish 
whether Cu species are framework-incorporated, surface-associated, or 
pore-confined. Furthermore, ICP-OES was employed to assess the copper 
content in 10% Cu-62 and 20% Cu-62 after digestion in an HNO3 solu
tion (Table S3).

Based on ICP-OES results, the Cu content in the samples prepared 
with nominal 10 mol% and 20 mol% Cu loadings was determined to be 
1.00 wt% (~3.3 mol%) and 1.99 wt% (~6.7 mol%), respectively. This 
suggest that majority of Cu does not actually substitute Zn in the ZIF-62 
framework, but rather remains on the particle surface or inside the pores 
as loosely bound Cu species. These are easily removed during washing, 
so only a small, more strongly attached fraction remains in the final 
product, which explains the lower Cu content measured by ICP 
compared to the nominal loading. Porosity of the ZIF-62-based materials 
was assessed by CO2 sorption isotherms collected at 273 K (Fig. S8), a 
probe particularly suitable for evaluating ultramicroporous regions in 
ZIFs and related MOFs due to the diffusion limitations commonly 
encountered for N2 adsorption at 77 K. CO2 sorption is employed pri
marily to compare relative uptake and trends in accessible micropo
rosity between samples rather than to extract absolute textural 
parameters, since specific CO2–framework interactions can lead to 
overestimation of surface area and pore volume values. [50,51] All 
samples exhibited characteristic Type I isotherms, confirming the pres
ence of microporosity. A progressive decrease in CO2 uptake and 
calculated surface area was observed with increasing nominal Cu 
loading, decreasing from 446 m2/g for pristine ZIF-62 to 216 m2/g for 
20% Cu-62 (Fig. S9, Table S4). This reduction in pore accessibility is 
consistent with Cu-containing species affecting surface and/or pore 
environments rather than direct substitution within the tetrahedral 
framework nodes.

The electronic environment of the metals was further investigated by 
diffuse reflectance ultraviolet–visible spectroscopy (DR UV–Vis), as 
depicted in Fig. 2. In pure Zn ZIF-62 sample, a prominent absorption 
peak at 220 nm was observed, indicative of intra-ligand charge transfer. 
[52] The presence of an absorption band around 370 nm signalled the 
aggregation leading to the formation of ZnO particles. The pure Zn- 
based ZIF-62 sample exhibited also a weak absorption at 300 nm, 
attributed to ligand-to-metal charge transfer [53] (LMCT), with no 
absorbance in the visible region, consistent with its white colour.

In contrast, all Cu-62 samples exhibited additional broad absorption 
bands extending across the visible spectral region compared to pristine 
ZIF-62. These bands are consistent with ligand-field d–d transitions 
associated with Cu(II) ions reported in the literature. [17,52] The in
tensity of the visible-region absorption generally increased with 
increasing nominal Cu loading, consistent with a higher concentration of 
Cu-containing species in the samples.

In the 1H–13C CPMAS NMR spectra of copper-loaded samples 
(Fig. 3), the peaks within the 144–142 ppm and 126–123 ppm ranges are 
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attributed to the NCN and NCC carbons of imidazole, respectively. Peaks 
resonating at 149.2 ppm, 121.8 ppm, and 117–115 ppm are assigned to 
the NCN, CHCHCN, and CHCHCN carbons of benzimidazole.

The 15N spectra (Fig. S10) also exhibit characteristic peaks for both 
linkers. Because Cu(II) is paramagnetic, framework incorporation of Cu 
into metal nodes would be expected to influence nearby linker nuclei 

Fig. 2. DR UV–Vis spectra of pure ZIF-62 and n% Cu-62 sample.

Fig. 3. 1H–13C CPMAS NMR spectra of pure ZIF-62 and n% Cu-62 samples.

Fig. 4. FT-IR spectra of pure ZIF-62 and 20% Cu-62 sample.
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through paramagnetic shifts, line broadening, and/or enhanced relax
ation effects. In the present spectra, no significant chemical shift changes 
are observed relative to pristine ZIF-62, indicating that Cu does not 
substantially change the average linker coordination environment. The 
main difference is instead observed in the relaxation behaviour 
(Fig. S11.), with shorter recycle delays in the Cu-loaded samples, 
consistent with the presence of paramagnetic Cu species located near, 
but not necessarily incorporated into, the framework. [54]

The Fourier transform infrared (FT-IR) spectra of pure ZIF-62 and 
20% Cu-62 sample are displayed in Fig. 4, while the corresponding band 
assignments are summarized in Table S5 in the SI. The peak at 423 cm− 1 

corresponds to the Zn–N stretching mode, indicating that zinc atoms 
are coordinated with nitrogen atoms in the linkers to form the ZIF 
framework structure [55]. The absorption bands observed in the range 
of 1100–1300 cm− 1 are assigned to C–H vibrations, while the peak 
around 1320 cm− 1 is attributed to C–N bonding. Peaks at 1556 and 
1618 cm− 1 are associated with C––C stretching vibrations, and the peak 
at 1246 cm− 1 confirm the C–C vibrations within the imidazole and 
benzimidazole ring. [56,57] Importantly, upon analysis, no significant 
differences or additional peaks were observed in the spectra of the Cu-62 
samples compared to the pure ZIF-62. The absence of significant spectral 
changes indicates that copper does not substantially perturb the vibra
tional environment of the ZIF-62 framework. However, FTIR results 
alone cannot fully exclude low levels of framework substitution, and 
therefore these observations were interpreted together with comple
mentary techniques.

The Raman spectra of ZIF-62 and 20% Cu-62 are presented in Fig. 5, 
and they agree well with the literature [29,58]. The peak at 1278 cm− 1 

is the result of symmetric stretching in the organic linker. In the low 
wavenumber range of 100–400 cm− 1, rocking δ(Zn–N), asymmetric 
(Zn–N), and symmetric (Zn–N) stretching vibrations can be observed. 
There is no discernible difference between the copper-loaded samples 
spectra, and the formation of a Cu–N bond is not visible from the 
spectra, suggesting that Cu presence does not significantly alter the 
framework structure. Raman measurements were not possible for the 
glassy copper-loaded material, which merely gave fluorescence.

Cu and Zn K-edge XAS analysis was used to determine the valence 
state and local symmetry, as well as the local structure around metal 
cations in the pure and Cu-modified ZIF-62. Different local environ
ments of metal cations lead to different K-edge profiles in the XANES (X- 
ray absorption near edge structure) region, and the energy position of 
the corresponding metal K-edges correlate with the valence state of the 
metal cations in the sample. [59] The normalized Cu and Zn K-edge 
XANES spectra of the samples are shown together with reference copper 

and zinc compounds (for copper: Cu metal foil, Cu2O as a reference for 
Cu1+, and CuO and Cu acetate (Cu(OAc)2) as references for Cu2+; for 
zinc: Zn metal foil and ZnO as a reference for Zn2+) with different 
valence states and local coordination in Fig. S12 and Fig. S13 in Sup
plementary information. The Cu K-edge edge positions in case of 10% 
Cu-62 and 20% Cu-62 samples are similar to that in the spectra of the Cu 
acetate and CuO which shows that they contain predominantly Cu2+

cations. For the ZIF-62, 10% Cu-62 and 20% Cu-62 samples, the Zn K- 
edge is at the position of ZnO, so Zn cations in the samples are in the 2+
oxidation state.

Cu and Zn K-edge EXAFS (extended X-ray absorption fine structure) 
analysis is used to directly probe the local structure around Cu and Zn 
cations in the ZIF-62 and Cu-modified ZIF-62 samples. Structural pa
rameters of the average local cation neighbourhood (the type and 
average number of neighbours, the radii and Debye–Waller factor of 
neighbour shells) are quantitatively resolved from the EXAFS spectra by 
comparing the measured EXAFS signal with the model signal, con
structed ab initio with the IFEFFIT program code. [44] The type of 
atomic species of the neighbours is identified in the fit by their specific 
scattering factor and their phase shift.

Cu K-edge XANES results showed that the local coordination in the 
samples is different to the Cu precursor used in the synthesis, Cu acetate. 
Differences in average local structures around Cu cations in the samples 
are visible by qualitative comparison of Fourier transform magnitude of 
k3-weighted Cu K-edge EXAFS spectra (Fig. 6, black solid lines).

For the quantitative Cu K-edge EXAFS analysis of the samples, two 
models were constructed. For the reference Cu acetate, the model was 
based on Cu acetate monohydrate with a P21/m space group and a 
paddle-wheel-like structure. The model included five single scattering 
paths up to 3.2 Å. Cu is coordinated to four (2 + 2) O atoms at a distance 
of 1.9 Å and one O atom at 2.4 Å in the first coordination shell, one Cu 
atom at 2.5 Å and four C atoms at 2.9 Å in the second shell, and another 
Cu atom at 3.2 Å in the third shell (Table S6). Ten variable parameters 
were used: the shift of the energy origin of the photoelectron (ΔEo), the 
distances (R) of each scattering path and the Debye–Waller (σ2) factors 
for each path. The amplitude reduction factor (S0

2 = 0.84) was retained 
from the fit of the first shell, presuming Cu is coordinated to 4 + 2 ox
ygen atoms. The coordination numbers were kept fixed at the crystal
lographic values. A good fit was obtained for the reference in the R- 
range of 1.2–3.2 Å and in the k-range of 3–10 Å− 1 (Fig. 6, red dashed 
line). The best-fit parameters are listed in the Supplementary Informa
tion file (Table S6). Although the refined Debye–Waller (DW) factors do 
not strictly exhibit a monotonic increase with interatomic distance, this 
behaviour is attributed primarily to the strong parameter correlations 

Fig. 5. Raman spectra of pure ZIF-62 and 20% Cu-62 sample.
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inherent in EXAFS fitting rather than indicating an unphysical structural 
model.

For the 10% Cu-62 and 20% Cu-62 samples, a modified Cu-imidazole 
structure was first adopted where the first shell is composed of four C or 
N or O atoms at about 2.0 Å. In XAS, carbon, nitrogen and oxygen atoms 
cannot be distinguished due to their similar scattering factors. In the 
second shell, eight carbon atoms are at about 3.0 Å. In the third shell, 
another eight carbon atoms are at 4.2 Å. The model included three 
scattering paths with 10 variable parameters: the coordination numbers 
(N), the distances to neighbour atoms (R) and the Debye–Waller (σ2) 
factors for each scattering path were varied.

The shift of the energy origin of the photoelectron (ΔEo) was common 
to each path. The amplitude reduction factor (S0

2 = 0.84) was taken from 
the fit of the reference Cu acetate. A good fit was obtained for the 
samples in the R-range of 1.2–4.2 Å and in the k-range of 3–10 Å− 1 

(Fig. 6, red dashed line). The best-fit parameters are listed in the Sup
plementary Information file (Table S7).

Cu K-edge XAS analysis shows that the environment around Cu 
atoms changes during mechanochemical synthesis. During synthesis, the 
initial precursor, Cu acetate with a paddle-wheel-like structure, is 
broken, and Cu most probably becomes surrounded by C or N atoms 
from imidazolate-based linkers. Cu is coordinated to 5 ± 1 atoms with 
high disorder (high Debye-Waller factor), which are further bound to C 
or N atoms. Because Cu adopts coordination environments distinct from 
the tetrahedral Zn sites of ZIF-62, the Cu species are more likely asso
ciated with surface and/or pore environments interacting with 
imidazolate-based linkers, in agreement with the combined spectro
scopic and sorption results.

Zn K-edge EXAFS analysis is used to directly probe the local structure 
around Zn cations in the pure ZIF-62 sample and in Cu-modified ZIF-62 
with 10% and 20% Cu. Comparison of the Fourier transform magnitude 
of k3-weighted Zn K-edge EXAFS spectra (Fig. 7, black solid lines) shows 
that, qualitatively, there are no differences between the ZIF-62 and Cu- 

modified ZIF-62 samples.
For the quantitative Zn K-edge EXAFS analysis, the FEFF model was 

constructed based on the modified ZIF-62 crystal structure with Pbca 
space group, which included three single scattering paths up to 4.3 Å 
with nine variable parameters: the shift of the energy origin of the 
photoelectron (ΔEo), the coordination number of the second and third 
coordination shells, the coordination shell distance (R), and the 
Debye–Waller (σ2) factors for all paths. The amplitude reduction factor 
(S0

2 = 0.90) is retained from the fit of the first shell in the pure ZIF-62 
sample, presuming Zn is coordinated to four nitrogen atoms. Zn is co
ordinated to four N atoms at a distance of 2.0 Å in the first coordination 
sphere, eight C atoms in the range from 3.0 Å to 3.4 Å in the second shell, 
and four C atoms at about 4.0 Å and four N atoms at 4.2 Å in the third 
coordination sphere. Good fits are obtained for the pure and Cu- 
modified ZIF-62 samples in the same in the R-range of 1.2–4.3 Å and 
in the k-range of 3–13 Å− 1 (Fig. 7, red dashed line). The best-fit pa
rameters are listed in the Supplementary Information file (Table S7).

XAS results show that the average coordination number (N), bond 
distances (R) and Debye− Waller factor (σ2) around Zn cations remain 
unchanged throughout the Cu modification of the ZIF-62 sample. This 
indicates that the mechanosynthetic approach does not affect the first- 
nearest neighbour tetrahedral coordination of Zn atoms in ZIF-62 and 
retained the long-range structural features of ZIF-62. This is in agree
ment with the XRD results.

The XAS results, in conjunction with the structural deviations 
observed in solvothermal synthesis attempts, emphasize the strong in
fluence of metal-ligand coordination preferences on MOF formation. 
Unlike Zn2+, which readily forms tetrahedral Zn–N bonds within ZIF- 
62, Cu2+ frequently stabilises in five or higher coordinate geometries, 
such as the paddlewheel unit of the HKUST-1 [60]. Furthermore, DFT 
studies [61] show that Cu–N bonds are more rigid than Zn–N bonds, 
making it challenging for Cu2+ to adapt to ZIF-62's flexible tetrahedral 
coordination. As a result, Cu2+ does not entirely integrate into the 
framework, instead, it remains a surface-adsorbed species, influencing 

Fig. 6. Fourier transform magnitude of k3-weighted Cu K-edge EXAFS spectra 
for 10% Cu-62 and 20% Cu-62 samples together with reference Cu acetate, 
calculated in the k-range of 3.5–10 Å− 1. The R-range used was 1.2–3.2 Å for Cu- 
acetate and 1.2–4.2 Å for the 10% Cu-62 and 20% Cu-62 samples. The solid 
black line represents the experimental data, and the dashed red line represents 
the best-fit EXAFS model. The spectra are displaced vertically for clarity. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 7. Fourier transform magnitude of k3-weighted Zn K-edge EXAFS spectra 
of ZIF-62, 10% Cu-62 and 20% Cu-62 sample, calculated in the k- and R- range 
of 3–12 Å− 1 and 1.2–4.3 Å, respectively. The solid line represents the experi
ment, and the dashed line represents the best-fit EXAFS model. The spectra are 
displaced vertically for clarity.
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the material's thermal properties.

4. Conclusion

This study examined the incorporation of Cu2+ into ZIF-62 using 
mechanochemical and solvothermal synthesis approaches. Mechano
chemical synthesis yielded crystalline materials retaining the ZIF-62 
topology; however, combined spectroscopic, sorption, and structural 
analyses consistently indicated that Cu does not substitute Zn within the 
tetrahedral framework nodes under the investigated conditions. Instead, 
Cu adopts alternative coordination environments and is more likely 
associated with surface and/or pore environments within the mecha
nochemically synthesized Cu-62 materials. Despite the absence of direct 
framework substitution, Cu addition progressively reduced the acces
sible microporosity, melting temperature, and glass transition temper
ature of the mechanochemically synthesized Cu-62 series, 
demonstrating that non-framework copper can still measurably influ
ence the bulk properties of ZIF-derived materials. In contrast, additional 
solvothermal synthesis attempts produced alternative crystalline or 
amorphous phases rather than Cu-modified ZIF-62, highlighting the 
strong influence of Cu coordination chemistry, precursor selection, and 
synthesis conditions on framework formation. Overall, these findings 
demonstrate that Cu incorporation into ZIF-62 is strongly limited under 
the mechanochemical and solvothermal conditions explored in this 
work and highlight the importance of precursor selection and metal- 
ligand coordination preferences in the design of mixed-metal MOFs 
and MOF glasses.
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[41] J.L. Do, T. Frǐsčić, Mechanochemistry: a force of synthesis, ACS Cent. Sci. 3 (2017) 
13–19, https://doi.org/10.1021/acscentsci.6b00277.

[42] S. Tanaka, Mechanochemical synthesis of MOFs, in: Metal-organic frameworks for 
biomedical applications, Elsevier, 2020, pp. 197–222, https://doi.org/10.1016/ 
B978-0-12-816984-1.00012-3.

[43] B. Ravel, M. Newville, ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray 
absorption spectroscopy using IFEFFIT, J. Synchrotron Radiat. (2005) 537–541, 
https://doi.org/10.1107/S0909049505012719.

[44] J.J. Rehr, R.C. Albers, S.L. Zabinsky, High-order multiple-scattering calculations of 
X-ray-absorption fine structure, Phys. Rev. Lett. 69 (1992).

[45] R. Banerjee, A. Phan, B. Wang, C. Knobler, H. Furukawa, M. O’Keeffe, O.M. Yaghi, 
High-throughput synthesis of zeolitic imidazolate frameworks and application to 
CO2 capture, Science (1979) 319 (2008) 939–943, https://doi.org/10.1126/ 
science.1152516.

[46] S. Tetteh, Coordination behavior of Ni2+, Cu2+, and Zn2+ in tetrahedral 1- 
methylimidazole complexes: a DFT/CSD study, Bioinorg. Chem. Appl. 2018 
(2018), https://doi.org/10.1155/2018/3157969.

[47] I. Persson, P. Persson, M. Sandström, A.S. Ullström, Structure of Jahn-teller 
distorted solvated copper(II) ions in solution, and in solids with apparently regular 
octahedral coordination geometry, J. Chem. Soc. Dalton Trans. (2002) 1256–1265, 
https://doi.org/10.1039/b200698g.

[48] A. Qiao, T.D. Bennett, H. Tao, A. Krajnc, G. Mali, C.M. Doherty, A.W. Thornton, J. 
C. Mauro, G.N. Greaves, Y. Yue, A metal-organic framework with ultrahigh glass- 
forming ability, Sci. Adv. 4 (2018), https://doi.org/10.1126/sciadv.aao6827.

[49] R.S.K. Madsen, M. Stepniewska, Y. Yang, A. Qiao, W.M.W. Winters, C. Zhou, 
J. König, J.C. Mauro, Y. Yue, Mixed metal node effect in zeolitic imidazolate 
frameworks, RSC Adv. 12 (2022) 10815–10824, https://doi.org/10.1039/ 
d2ra00744d.

[50] L. Frentzel-Beyme, P. Kolodzeiski, J.B. Weiß, A. Schneemann, S. Henke, 
Quantification of gas-accessible microporosity in metal-organic framework glasses, 
Nat. Commun. 13 (2022), https://doi.org/10.1038/s41467-022-35372-5.

[51] K.C. Kim, T.U. Yoon, Y.S. Bae, Applicability of using CO2 adsorption isotherms to 
determine BET surface areas of microporous materials, Microporous Mesoporous 
Mater. 224 (2016) 294–301, https://doi.org/10.1016/j.micromeso.2016.01.003.

[52] Y. Yang, S. Kanchanakungwankul, S. Bhaumik, Q. Ma, S. Ahn, D.G. Truhlar, J. 
T. Hupp, Bioinspired Cu(II) defect sites in ZIF-8 for selective methane oxidation, 
J. Am. Chem. Soc. 145 (2023) 22019–22030, https://doi.org/10.1021/ 
jacs.3c06981.

[53] T. Wang, Y. Wang, M. Sun, A. Hanif, H. Wu, Q. Gu, Y.S. Ok, D.C.W. Tsang, J. Li, 
J. Yu, J. Shang, Thermally treated zeolitic imidazolate framework-8 (ZIF-8) for 
visible light photocatalytic degradation of gaseous formaldehyde, Chem. Sci. 11 
(2020) 6670–6681, https://doi.org/10.1039/d0sc01397h.

[54] J. Koppe, A.J. Pell, Structure determination and refinement of paramagnetic 
materials by solid-state NMR, ACS Phys. Chem. Au 3 (2023) 419–433, https://doi. 
org/10.1021/acsphyschemau.3c00019.

[55] Y. Du, R.Z. Chen, J.F. Yao, H.T. Wang, Facile fabrication of porous ZnO by thermal 
treatment of zeolitic imidazolate framework-8 and its photocatalytic activity, 
J. Alloys Compd. 551 (2013) 125–130, https://doi.org/10.1016/j. 
jallcom.2012.10.045.

[56] Q. Liu, Z.X. Low, L. Li, A. Razmjou, K. Wang, J. Yao, H. Wang, ZIF-8/Zn2GeO4 
nanorods with an enhanced CO 2 adsorption property in an aqueous medium for 
photocatalytic synthesis of liquid fuel, J. Mater. Chem. A Mater. 1 (2013) 
11563–11569, https://doi.org/10.1039/c3ta12433a.

[57] J. Mor, R.B. Nelliyil, R. Kumar, A. Verma, S.K. Sharma, Compression-induced 
amorphization of ZIF-62 leading to formation of porous glass: overcoming the 
limitations of current methods, Chemistry-Methods 5 (2025), https://doi.org/ 
10.1002/cmtd.202500045.

[58] J. Mor, R.B. Nelliyil, R. Kumar, A. Verma, S.K. Sharma, Compression-induced 
amorphization of ZIF-62 leading to formation of porous glass: overcoming the 
limitations of current methods, Chemistry-Methods (2025), https://doi.org/ 
10.1002/cmtd.202500045.

[59] A. Manceau, A. Matynia, The nature of Cu bonding to natural organic matter, 
Geochim. Cosmochim. Acta 74 (2010) 2556–2580, https://doi.org/10.1016/j. 
gca.2010.01.027.

[60] S.S.-Y. Chui, S.M.-F. Lo, J.P.H. Charmant, A. Guy Orpen, I.D. Williams, 
A chemically functionalizable nanoporous material [Cu3(TMA)2(H2O)3]n, Science 
(1979) 283 (5405) (1999) 1148–1150. https://www.science.org.

[61] A.A.O. Younes, A.M.A. Adam, M.S. Refat, A.S. Al-Wasidi, A.A. Almehizia, M.A. Al- 
Omar, A.M. Naglah, A.M. Al-Obaid, H.M. Alkahtani, A.J. Obaidullah, M.Y. El- 
Sayed, K.A. Asla, Synthesis of bivalent Ni(II), Cu(II) and Zn(II) complexes of 
azodicarbonamide in mixture of methanol and aqueous solvents: spectral 
characterizations and anti-microbial studies, Crystals (Basel). 13 (2023), https:// 
doi.org/10.3390/cryst13030367.
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