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ABSTRACT: Bond breaking has emerged as a new tool

to

postsynthetically modify the pore structure in metal—organic
frameworks since it allows us to obtain pore environments in
structures that are inaccessible by other techniques. Here, we
extend the concept of clip-off chemistry to archetypical ZIF-8,
taking advantage of the different stabilities of the bonds between
imidazolate and Zn and Fe metal atoms in heterometallic Fe-Zn-
ZIF-8. We demonstrate that Fe centers can be removed selectively
without affecting the backbone of the structure that is supported
by the Zn atoms. This allows us to create mesopores within the
highly stable ZIF-8 structure. The strategy presented, combined
with control of the amount of iron centers incorporated into the structure, permits porosity engineering of ZIF materials and opens a
new avenue for designing novel hierarchical porous frameworks.

B INTRODUCTION

Bond breaking in metal—organic frameworks (MOFs) is a
pioneering manner to tune the physical properties of these
porous materials." This reticular design can be used to create
open metal sites,”™" defect engineering,s_10 and new
morphologies,11 or to carry out pore structure engineering.n’m
The latter usage is especially interesting due to the possibility
of creating hierarchical structures'“"> by removing metal ions
or linkers. This is achieved by randomly breaking some of the
metal—ligand coordination bonds due to their low chemical or
thermal stability,'™"® as exemplified by water'” or acid®
etching, or by thermolysis.”' Using this approach, however, it is
difficult to precisely tune the pore sizes because of the absence
of selectivity toward the chemical bonds that are targeted. An
alternative manner to achieve discriminative cleavage has
recently emerged, namely clip-off chemistry.”” Clip-off
chemistry is an innovative strategy to modify the connectivity
in MOFs and is based on the use of a selective bond-breaking
reaction to remove a controlled portion of the reticular
network.”” One of the overwhelming advantages of the clip-off
approach is the meticulous control of the formation of
mesoporous cavities, which can be achieved with different
stimuli. Typically, this pore engineering approach is based on
the different reactivity of the ligands to a specific process.”* ™
For example, Zhou and co-workers demonstrated the selective
removal of ligands by exposing to ultraviolet laser a MOF
containing both photolabile and robust ligands, thus creating a
hierarchical structure upon elimination of the former.”® A

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

23249

Activation ~

Hydrolysis
) {

vy

Fe-Zn-ZIF-8 HP-Zn-ZIF-8

controlled linker thermolysis or hydrolysis of a labile ligand can
also be used to fuse micropores into mesopores.”””® On the
other hand, Maspoch and co-workers reported ozonolysis as a
successful way to cleave olefin bonds, " thus allowing the
fusion of micropores to create mesopores. However, one
limitation of these approaches is the necessity to incorporate
specific reactive ligands or modulators in the structure of the
MOF, which can become challenging to achieve in some
archetypical families, such as zeolitic imidazolate frameworks
(ZIFs).”!

ZIFs are an important subclass of MOFs formed by
tetrahedral metal centers (typically Zn®>* or Co®") linked by
imidazolate ligands.”*~>* The archetypical member of this
family is Zn(mim), (mim = 2-methylimidazolate), commonly
known as ZIF-8, which possesses a sodalite-type structure. We
have recently reported the solvent-free preparation of the Fe*
analogue of ZIF-8, namely MUV-3,”” which is highly unstable
toward exposure to water. Thus, we reasoned that the
combination of stable Zn** centers with unstable Fe*" centers
in the same structure could yield a bimetallic Fe-Zn-ZIF-8
with M—mim—M coordination bonds of different reactivity
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toward water molecules due to their different chemical
behavior.®® The application of clip-off chemistry on the
coordination bond between the metal and the ligand is
relatively unusual in MOF systems®” and is applied here for the
first time in ZIFs.

B RESULTS AND DISCUSSION

The solvent-free reaction of a 1:1:4 mixture of ferrocene, zinc
oxide, and 2-methylimidazole at 150 °C under vacuum results,
after 96 h, in the formation of a yellow crystalline material of
formula FeysZnys(mim),, denoted Fegy-Zngy-ZIF-8. Single-
crystal X-ray diffraction analysis of the as-synthesized Feg-
Zng,-ZIF-8 material reveals that the crystals are isostructural
with ZIF-8 and MUV-3 (see Figure la), crystallizing in the
X
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Figure 1. (a) Crystal structure of Fegy-Zng,-ZIF-8. Note that the

distribution of the Fe (orange tetrahedra) and Zn (gray tetrahedra)

N
centers in the figure has been assigned arbitrarily to indicate a 50:50

random distribution. In the single-crystal X-ray data, however, the
metal centers cannot be distinguished and have been refined in the

v A vl A vl
same crystallographic position. (b) SEM image of the Fegy-Zngo-ZIF-

A v A Y, &
8 truncated rhombic dodecahedron and its corresponding elemental
mapping of zinc and iron (scale bars = S ym).

I 43m cubic space group with intermediate unit cell parameters
(a=17.058 A, vs a = 16.991 A in ZIF-8 and a = 17.165 A in
MUV-3).>"** The typical morphology of ZIF-8 crystals, i.e.
truncated rhombic dodecahedron, is observed by scanning
electron microscopy (SEM), as shown in Figure 1b and
Figures S1—SS. The crystal structure is refined with a 50:50
Fe:Zn occupancy in the metal positions. Each metal center is
connected to four nitrogen atoms from four imidazolate
ligands, with bond distances between the pure counterparts
(M—N distance of 2.033 A and M---M distance of 6.031 A in
Fegy-Zngy-ZIF-8 vs 1.987 and 6.007 A in ZIF-8 and 2.048 and
6.069 A in MUV-3). The composition and the homogeneous
distribution of metal centers are studied by energy dispersive
X-ray spectroscopy (EDX) (see Table S1). These composi-
tions are confirmed by inductively coupled plasma (ICP), and
the presence of tetrahedrally coordinated Fe(II) was
demonstrated by Mossbauer spectroscopy (see Table S2 and
Figure S11). To confirm that all of the organic part of the
heterometallic material corresponds to imidazolates, 'H
nuclear magnetic resonance ("H NMR) was carried out,
unequivocally identifying the protons of the mim ligands (see
Figure S12).

The Fe:Zn ratio in Fe-Zn-ZIF-8 can be modified by tuning
the starting composition, as exemplified by five different
isostructural samples, namely Zn-ZIF-8 (i.e., ZIF-8 with 100%
Zn?*), Feys-Zn,s-ZIF-8, Feyy-Zng)-ZIF-8, Fe,s-Zn,s-ZIF-8,
and Fe,q,-ZIF-8 (i.e, MUV-3 with 100% Fe’*). The powder
X-ray diffraction (PXRD) patterns of the samples of Fe-Zn-
ZIF-8 in different proportions reveal the same powder
diffractogram that was used in the case of the pure
counterparts (Figure 2a). However, the peaks are slightly
shifted to lower 26 values as the amount of Fe? increases,
indicative of an increase in the size of the unit cell axis of the
framework (see Figure 2b and Table S4).

N, sorption isotherms of the different bimetallic materials
(Figure 2c) show a reduction of the accessible surface area
calculated using the Brunauer—Emmett—Teller (BET) model
in comparison with the pure homometallic ZIFs. Thus, values
of 785, 620, and 515 m* g~" are calculated for Fe,s-Zn,s-ZIF-
8, Fesy-Zny,-ZIF-8, and Fe,s-Zn,;-ZIF-8, respectively, where-
as Zny-ZIF-8 and Fe,y,-ZIF-8 have BET values of 1455 and
960 m® g~!, respectively. The pore size distribution was
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Figure 2. (a) PXRD diffractogram of Fe-Zn-ZIF-8 with different ratios of Fe:Zn. (b) Zoom into the peak between 260 = 12.2 and 13.2° to study the
shifting caused by the incorporation of two different metal ions in the same structure. The shifting is compared to the pristine counterparts (bottom
and top curves). The thin black line at 26 = 12.7° is included to facilitate the comparison of the position of the peaks. (c) N, sorption isotherms at
77 K (solid circles for sorption and open circles for desorption) of Fe-Zn-ZIF-8 with different ratios of Fe:Zn. (d) Pore size distribution estimated
by BJH of the same materials. (e) Images of the progressive change of color in the different Fe-Zn-ZIF-8 materials.
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calculated from Barrett—Joyner—Halenda (BJH) analysis a)

(Figure 2d), indicating the absence of mesoporous cavity 1.2 ' ' '

formation in all cases. The presence of two different types of N S

ions forming the pore window might affect the breathing and T 1.0F .
flexibility of the net, making it much more rigid or causing a N

suppression of the gate opening, which would lead to a E 0.8 4
decrease in the adsorption capacity of the material. However, E

theoretical calculations under the density functional theory > 06k

(DFT) framework (HSEO6 level of theory; see computational o

details in the Supporting Information) estimate a gate opening =

energy penalty of 6.54 and 2.89 kJ mol™" per linker for Zn,o,- § 0.4}

ZIF-8 and Fe o -ZIF-8, respectively, in line with recently 2

reported data,”® whereas intermediate values are predicted for 0.2} — Feqpo-ZIF-8

Fegy-Zng,-ZIF-8 (2.8—4.4 kJ mol™" per linker). Note also the Fegy-Zng,-ZIF-8

limitations that have been raised recently in BET theory when 0.0 L L ! ]
applied to heterogeneous surfaces.”” The N, quadrupole 3.5 3.0 2.5 2.0 1.5

moment may cause an orienting effect on highly polar
frameworks, and indeed we predict strong electrostatic
polarization (and therefore different N, affinity) in going
from Zn,yy-ZIF-8 to Feyo-ZIF-8 and to Fegy-Zng,-ZIF-8
(especially in the secondary building unit environment; Figure
$26).

The increase in the amount of iron in the structure is also
accompanied by a change in the color of the bimetallic
material, from the characteristic white of ZIF-8 to the orange
of MUV-3, with different tones of yellow-orange (see Figure
2e). As both reference compounds (ZIF-8 and MUV-3) have
been reported to be direct bandgap semiconductors,”® the
color change observed in the bulk solid might indicate a
narrowing of the bandgap when substituting Zn>" by Fe*'. In
order to shed light on the color change, we measured the
optical reflectance of the pure iron compound (Fe,,-ZIF-8, or
MUV-3) and of the bimetallic material with equimolar
amounts of Zn®>* and Fe?* (Feyy-Zng,-ZIF-8). We did not
characterize the Zn,-ZIF-8 material, as its bandgap, reported
to be ca. 5 eV,* is too high to be accessible with our UV—Vis
lamp and spectrometer. As can be seen from Figure 3a, Fe; gy
ZIF-8 is strongly absorbing in the UV-blue part of the
electromagnetic spectrum (2.6—3.5 eV, corresponding to
approximately 350—475 nm) and shows a steep reduction of
the optical absorption in the 2.2—2.6 eV region, likely due to
bandgap transitions. A very similar absorption profile is found
for the bimetallic Fegy-Zngy-ZIF-8 compound, which shows,
however, a depletion of the optical absorption at approximately
3.2 eV. At lower photon energies, both materials exhibit low
absorption and become gradually transparent in the red-NIR
region. These simple measurements suggest an optical bandgap
of approximately 2.4 eV for both Fe,;,-ZIF-8 and Fesy-Zng,-
ZIF-8, as estimated by the first derivative of the spectra. Note
that a precise determination of the bandgap is hindered by the
fact that the absorption profiles are not very steep. This
observation might indicate a (partially) indirect character of
the band-to-band transition in this class of compounds or the
presence of local defects/impurities. Noteworthy, the reflec-
tance data contrast with previous calculations, which placed
the bandgap of the Fe;p)-ZIF-8 compound at ca. 3.4 eV,
significantly shifted to higher energies compared to our optical
experiments.

First-principles calculations in periodic boundary conditions
were performed under the DFT approach to understand the
optical properties of Zn,y-ZIF-8, Fe,y-ZIF-8, and Fegy-Zng,-
ZIF-8 (see the Supporting Information for full computational
details). First, the minimum-energy crystal structure of the ZIF

Photon energy (eV)

Figure 3. (a) Optical absorbance spectra estimated by reflectance
measurements of Fe,o,-ZIF-8 and Fegy-Zns(-ZIF-8. The spectra were
normalized at 2.7 eV to make their comparison. (b) Species-projected
density of states (spin-up and spin-down channels) calculated at the
HSE06 level of theory for Fegy-Zng,-ZIF-8 (alternating Zn/Fe
configuration and ferromagnetic alignment). The electronic bandgap
is calculated at 3.30 eV. (c) Crystal orbital topology of the valence
band maximum (VBM) and conduction band minimum (CBM)
(spin-down channel).

materials was obtained upon full ionic and lattice relaxation at
the PBEsol level without symmetry constraints. The optimized
lattice parameters (Table S6) are in good accordance with
those previously reported for Zn,,-ZIF-8 and Fe,q,-ZIF-8,*
and suggest a slightly larger pore size in the Fe(II)-based
material. Fegy-Zng-ZIF-8 was modeled in up to S config-
urations taking into account the metal (Fe/Zn) spatial
distribution of the secondary building unit (SBU) in the
framework (see Figure S21). A small energy difference was
predicted between them (<0.04 €V), and the unit cell size was
calculated to be intermediate between those of the pure
materials (Table S6), in agreement with the experimental
single-crystal data. Band structure calculations at the HSE06
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Figure 4. (a) PXRD diffractogram of HP-Zn-ZIF-8 with different ratios of Fe:Zn. (b) Zoom into the peak between 26 = 12.2 and 13.2 to study the
shift caused by removing the tetrahedral iron centers from the ZIF-8 backbone. The shift is compared with that of the counterparts after the
hydrolysis process. The thin black line at 26 = 12.7° is included to facilitate the comparison of the position of the peaks. (c) N, sorption isotherms
at 77K (solid circles for sorption and open circles for desorption) of HP-Zn-ZIF-8 with different ratios of Fe:Zn. (d) Pore size distribution
estimated by BJH of the same materials. (e) Images of the progressive change of color in the different HP-Zn-ZIF-8 materials.

level indicate that the bandgap nature of Zn ;-ZIF-8 is
described by a valence band maximum (VBM) and a
conduction band minimum (CBM) localized on the imidazole
organic ligand (Figures S22 and S23), with a direct bandgap
(E,) estimation of 5.44 eV. This value is in good accord with
that reported by Walsh et al. (5.3 eV).*” In contrast, the
bandgap of Fe,oy-ZIF-8 is governed by Fe(II) d — d electronic
transitions (Figures S22 and S23). In a first approach, it is
calculated to have a value of 3.36 eV, in line with the work of
Vitillo et al. (3.4 €V),*® but in sharp contrast to our optical
measurements (2.4 eV, Figure 3a). Similarly, the bandgap of
the bimetallic framework is predicted to originate at the Fe(II)
SBU (Figure 3b and c), with an E, ranging 3.30—3.53 eV for
the different configurations modeled for Fegy-Zngy-ZIF-8
(Figure S25).

Theoretical bandgap estimations based on the energy
difference between the VBM and the CBM (i.e., the
fundamental bandgap) usually compares well with the optical
bandgap when the exciton is delocalized over a relatively
medium-to-large entity (small exciton binding energy, Ey;.q),
such as the imidazole ligand in Zny,-ZIF-8. However, strong
Eying values of the order of 1 eV are expected in electronic
transitions involving highly confined excitons, as is the case of
Fe(II)-centered d — d excitations in Fe;yp-ZIF-8 and Fe-Zn-
ZIF-8. To take into account the electronic stabilization due to
the hole and electron pairing upon excitation, we computed
the exciton binding energy of the imidazole-centered excitation
and compared it with that calculated for the Fe(1l)-based SBU
transition, using a Frenkel exciton approach (see the
Supporting Information for details). Theoretical calculations
predict a Ey; 4 of 0.29 eV for imidazole, which results in an
optical E; of 5.15 eV for Zn,,-ZIF-8 in good correlation with
experimentally reported bandgap of 4.9 eV.*” In contrast, a
larger exciton binding energy of 0.76 eV is predicted for the
Fe(Il)-centered excitation, which upon subtraction from the
fundamental bandgap results in an optical E, of 2.60 eV for
Fe oo-ZIF-8 and 2.54—2.84 eV for Feyy-Zngy-ZIF-8. These
results nicely correlate with the steep increase in the
absorption signal recorded in the optical experiments for
Fe,oo-ZIF-8 and Feyy-Zngy-ZIF-8 at ca. 2.4 eV, and with the
absorption maximum recorded at 2.7 eV for the latter (Figure
3a).

Importantly, the different composition of bimetallic Fe-Zn-
ZIF-8 has a direct effect on the stability of the structure in air.
Thus, upon exposing Zn-ZIF-8, Fe,s-Zn,s-ZIF-8, and Fegy-
Zng,-ZIF-8 to air, no significant structural change is observed
in the PXRD. On the contrary, a significant loss of crystallinity
is observed after exposure of Fe,s-Zn,;-ZIF-8 and Fe(,-ZIF-8
to air, as seen in the PXRD data (Figure S27). The origin of
this structural collapse is the instability of the Fe(I) ion in the
presence of atmospheric water molecules. To assess the
different metal-imidazole bond stability, first-principles calcu-
lations were performed by means of topological analysis of the
HSEO06 electron density on relevant bond strength indexes,
such as the Wiberg bond index (WBI), the natural atomic
orbital (NAO) bond order, and the intrinsic bond strength
index (IBSI) (see the Supporting Information for details).
Theoretical calculations predict smaller WBI, NAO, and IBSI
values for the Fe—N bond (Table S7), as well as half bond
breaking energy (Figure S28), confirming its weaker strength
and therefore its more unstable nature, compared to the Zn—N
bond. The higher polarity predicted in the electrostatic maps
of Fe(II)-containing ZIFs (Figure S26) further supports the
lower air stability toward water or moisture.”** Moreover, we
have recently reported a new Fe-ZIF material (MUV-24) that
has a reduced melting temperature compared with the Zn
analogue.*’

These results prompted us to explore a controlled way to
eliminate the iron centers while retaining the structural
integrity through the zinc centers, ie., by applying the
concepts of clip-off chemistry to the metal centers. Specifically,
the more labile Fe(II) ions are removed through hydrolysis.

The controlled hydrolysis process was carried out by two
different procedures: (i) by leaving the heterometallic Fe-Zn-
ZIF-8 exposed to the air for several days, and (i) by
introducing the heterometallic Fe-Zn-ZIF-8 in water and
stirring for 1 h. Both procedures were followed by heating the
material at 90 °C for 4 h, washing with fresh acetonitrile
several times, and drying under vacuum. Hydrolysis causes no
changes in the backbone of the material, which is easily
corroborated by PXRD (Figure 4). Close inspection of the
PXRD reveals that not only is the sodalite structure maintained
upon the clip-off protocol but also the peaks are displaced to
higher 20 values (compare Figure 4a and b with Figure 2a and
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b and Table S4), consistent with the unit cell of pure Zn,q,-
ZIF-8. This results from the elimination of the iron centers
from the structure, which now contains exclusively zinc
centers, forming a new subclass of hierarchical porous materials
named HP-Zn-ZIF-8. In addition, upon increasing the content
of iron in the parent material, a significant decrease in the
intensity of the peaks is also observed: ie., a decrease in the
crystallinity caused by the lack of enough Zn centers that can
support the sodalite structure. This loss of crystallinity is
complete in the case of Fe,y-ZIF-8 (i.e., MUV-3), leading to a
total collapse of the crystalline structure (Figure 4a).

SEM measurements confirm the preservation of the crystal
morphology upon the clip-off of the iron centers (Figure Sa, b
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Figure 5. (a) SEM image of as-synthesized Fegy-Zn,-ZIF-8. (b) SEM
image of HP-Zng,-ZIF-8. (c) Mdssbauer spectra of as-synthesized
Feg)-Zng,-ZIF-8 (top) and HP-Zng,-ZIF-8 (bottom).

and Figure S10). However, EDX shows a homogeneous
distribution of both ions along the solid (Figure S9), which
demonstrates that the extruded iron centers are not completely
removed from the solid but displaced to the pores of the
structure.

The Mossbauer spectrum of the as-synthesized Fegy-Zngy-
ZIF-8 (Figure Sc-top) shows a quadrupole doublet with
isomer shift and quadrupole splitting, typical of tetracoordi-
nated Fe?*, spin S = 4 (see Table S2)," which is consistent
with Fe** occupying the Zn*" sites of the sodalite structure.
Two very low intensity doublets assigned to Fe®* are also
observed.”® After the hydrolysis of Fegy-Zngo-ZIF-8 to
generate HP-Zngy-ZIF-8, the Mossbauer spectrum (Figure
5c-bottom) shows that the Fe** doublet with the lowest
splitting has grown at the expense of the relative area of the
Fe®* doublet. Furthermore, a sextet typical of Fe>* (S = 5/2) in
Fe oxides can also be observed, corresponding to super-
paramagnetic Fe oxides.”” This assignment is confirmed by the
spectra taken at 4 K (Figure Sllc), below the blocking
temperature, thus revealing a distribution of sizes of the oxide
nanoparticles, the largest ones showing a blocking temperature
similar to or higher than 80 K. The Mossbauer data therefore
indicate that a first oxidation step of the Fe ion initially
occurs, with the generated Fe®* being part of the sodalite
structure on a very distorted site, giving rise to the Fe** doublet

with high quadrupole splitting. As the material is further
oxidized, this unstable Fe®* species forms nanosized super-
paramagnetic oxides that remain in the pores generated by the
removal of the Fe?* centers. Their presence is consistent with
the fact that the samples can be moved by a magnet after a
while in air at room temperature. It should be noted that the
two processes, metal—ligand bond cleavage and oxidation of
the iron centers, are combined in the global process of
mesopore formation. However, previous results on MUV-3
have shown that the material exhibits notable stability under a
dry O, atmosphere but quickly degrades under the presence of
water.”

After the hydrolysis process, the formation of hierarchical
pore structures is straightforwardly characterized by N,
adsorption. Figure 4c shows the N, adsorption of the different
HP-Zn-ZIF-8 materials. A decrease in the microporous
adsorption is observed as the amount of iron increases, likely
due to a larger content of iron oxide within the pores (Table
SS). Importantly, a hysteresis is observed at relatively high
pressures (P/P, > 0.4), which is more evident with an
increased amount of structural iron in the parent compound,
confirming the presence of mesopores. This is further
supported by BJH pore size analysis, which illustrates
mesopore formation in the pore size distribution upon
hydrolysis of the materials (Figure 4d). Initially all of the
porosity belongs to microporosity, whereas macroporosity
partially replaces the microporosity upon the etching process
of the labile Fe?* centers.

B CONCLUSIONS

In conclusion, clip-off chemistry is used to create mesopores in
sodalite structures by taking advantage of the different
stabilities of the metal ions that make up the structure in
bimetallic zeolitic imidazole frameworks. In particular, we
report the synthesis of bimetallic Fe-Zn-ZIF-8 materials, where
Fe—N bonds are much more susceptible to hydrolysis than
Zn—N bonds. In this way, the imidazolates coordinated to the
iron atoms can be selectively removed, maintaining the
crystalline structure of the material that is supported by the
Zn atoms, thus producing a hierarchical porous ZIF-8, denoted
as HP-Zn,-ZIF-8, with both micro- and mesopores. Meso-
porosity depends directly on the proportions of each ion in the
structure, so the resulting HP-Zn,ZIF-8 can be rationally
tuned by the relative content of Fe(Il). The clip-off approach
reported herein is expected to be applicable to other materials
in which ions showing different bond strengths can be
incorporated, thus allowing precise control toward defect
engineering.

B EXPERIMENTAL SECTION

Synthesis of MUV-3 (Fe;4-ZIF-8). Ferrocene (30 mg, 0.16
mmol), 2-methylimidazole (25 mg, 0.32 mmol), and 4,4’-bipyridine
as a template (50 mg, 0.32 mmol) were combined and sealed under
vacuum in a layering tube (4 mm diameter). The mixture was heated
to 150 °C for 4 days. The product was cooled to room temperature,
and the layering tube was then opened. The unreacted precursors
were extracted with acetonitrile and benzene, and MUV-3 was
isolated as yellow crystals. Phase purity was established by powder X-
ray powder diffraction.

Synthesis of Fe-Zn-ZIF-8. A mixture of ferrocene, ZnO, and 2-
methylimidazole (25 mg, 0.32 mmol) was combined and sealed under
vacuum in a layering tube (4 mm diameter). The mixture was heated
at 150 °C for 4 days. The product was allowed to cool to room
temperature, and the layering tube was then opened. The unreacted
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precursors were extracted with acetonitrile and benzene, and Fe gy_,-
Zn,-ZIF-8 was isolated with different shades of yellow crystals
(depending of the proportion of each metal). Phase purity was
established by X-ray powder diffraction.

Single Crystal Diffraction. A single crystal of Fesy-Zng,-ZIF-8
was mounted on a glass fiber by using a viscous hydrocarbon oil to
coat the crystal and then transferred directly to the cold nitrogen
stream for data collection. X-ray data were collected on a Supernova
diffractometer equipped with a graphite-monochromated enhanced
(Mo) X-ray source (4 = 0.71073 A). Data were measured using the
CrysAlisPro suite of programs. The program CrysAlisPro, Rigaku, was
used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm, based
upon symmetry-equivalent reflections combined with measurements
at different azimuthal angles. The crystal structures were solved and
refined against all F* values using the SHELXL and Olex2 suite of
programs.***’ Atomic displacement parameters of all non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed in
calculated positions, refined using idealized geometries (riding
model), and assigned fixed isotropic atomic displacement parameters.

Powder X-ray Diffraction. Polycrystalline samples of pure and
mixed-metal Feo_,-Zn,-ZIF-8 ZIFs (prepared by solvent-free
synthesis) were lightly ground in an agate mortar and pestle and
used to fill 0.7 mm borosilicate capillaries that were mounted and
aligned on an Empyrean PANalytical powder diffractometer, using Cu
Ka radiation (4 = 1.54056 A). Three repeated measurements were
collected at room temperature (20 = 5—40°) and merged in a single
diffractogram for each sample, with sharp and intense peaks denoting
the high crystallinity of the material. Pawley refinements were
performed using TOPAS 6.0.>°

N, Gas Sorption. Single-gas N, volumetric isotherms were carried
out in a Tristar II Plus (Micromeritics) at 77 K. S0 mg of the
thoroughly washed with acetonitrile Fe,oy_,-Zn,-ZIF-8 and HP-Zn-
ZIF-8 were activated at 200 °C for 2 h under vacuum. The BET
surface area was calculated by using the BET equation, and the
micropore volume was calculated by the desorption BJH analysis.

M@ossbauer Spectroscopy. Mossbauer spectra were collected at
80 and at 4 K in transmission mode using a conventional constant-
acceleration spectrometer and a 25 mCi 'Co source in a Rh matrix.
The velocity scale was calibrated by using a-Fe foil. Isomer shifts (IS)
are given relative to these standards at room temperature. The
absorbers were obtained by packing the powdered samples in a
perspex holder. The absorber thickness was calculated on the basis of
the corresponding electronic mass-absorption coefficients for the 14.4
keV radiation.”" The low temperature spectra were collected in a bath
cryostat with the sample immersed in liquid He at 4 K or in He
exchange gas at 80 K. The spectra were fitted to Lorentzian lines using
a nonlinear least-squares method.

Optical Absorption. UV—visible absorption spectra of the
materials in powder form were collected with an Avantes setup
integrated in a nitrogen-filled glovebox. The setup consists of a
reflection integrating sphere (AvaSphere-50) coupled to a fiber-optics
Avaspec-2048 spectrometer and a deuterium/halogen lamp (Ava-
Light-DH-S). The powders were gently pressed between two quartz
substrates and placed below the aperture of the integrating sphere.

Theoretical Calculations. First-principles calculations were
performed under the DFT framework by means of the FHI-aims
software package using periodic boundary conditions.’> The
minimum-energy crystal structures were obtained upon full ionic
and lattice relaxation at the PBEsol level of theory without symmetry
constraints.” High-level single-point calculations on the electronic
structure were performed by means of the hybrid HSE06 functional™*
and the “really tight” numerical-centered atomic orbital (NAO) basis
set. Up to five Fego-Zng,-ZIF-8 materials were modeled with different
Zn/Fe SBU distribution (see the Supporting Information). Exciton
binding energies were estimated in a cluster approach through a
Frenkel exciton framework.>>*® Gate opening energy penalties were
obtained by simulating the open-gate phase by tilting the imidazolate
dihedral angles along the N—N vector in a parallel fashion. Bond

strength indexes were calculated in a cluster approximation of the
SBU by using the Gaussian 16.A03 suite of programs®” and
IGMPlot.”®
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