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ABSTRACT: Zeolitic imidazolate frameworks (ZIFs) undergo
pressure-induced phase transitions that are peculiar to each ZIF.
The phase transition is associated with the rotation of the
imidazolate, and it is accompanied by an increase of their pore
openings, affecting ZIFs performance in separation processes. This
phenomenon is known as the gate opening or the swing effect.
Here we report the metal dependence of the ambient pressure and
high pressure (HP) phases of ZIF-8(M) with M = Mg, Fe, and Zn,
determined by using periodic Kohn—Sham density functional
models. We show that the substitution of Zn with Mg or Fe has a
big influence on the gate opening energy, which significantly
decreases, an opposite trend than what was previously reported
upon functionalization of the linker. The lowest energy phase of
ZIF-8(Fe) is different than for ZIF-8(Mg) and ZIF-8(Zn), and its structure is significantly closer to the HP phase. Multireference
wave function methods have been used to study the electronic structure of ZIF-8(Fe), confirming the metal center to be high spin (S
= 2) divalent iron in antiferromagnetic coupling. The high-spin nature of the iron species coupled with a band gap in the visible light
range makes ZIF-8(Fe) an interesting material for catalysis and photocatalysis.

1. INTRODUCTION bar.® This high pressure phase (ZIF-8(Zn)-HP, see Figure 1d)
shows a decreased separation ability due to the increase of the
diameter of the 4MR and 6MR to 2.2 and 3.6 A, respectively
(“gate opening” or “swing effect” phenomenon).”'” The
understanding of the role of ZIFs building blocks (the metal

Zeolitic imidazolate frameworks (ZIFs) are a class of materials
whose structure is obtained by connecting unitary metal
centers through organic molecules containing imidazolate
rings.l_3 The bond between the metal and a nitrogen atom on

the imidazolate ring gives these materials a significant thermal, and the linker) on the framework flexibility is pivotal for
mechanical, and chemical stability.>® This, together with their directing ZIFs adsorption performances.'> Hobday et al. have
porous nature, places them among the most studied materials studied how to tune the gate opening phenomena by changing
for various applications and in particular for the separation of the substituents on the imidazolate rings.” In this study, we
both gases and liquids’~" as well as for catalysis.""'* The ZIF- employ periodic Kohn—Sham density functional methods (KS-
8 (Zn(mIm),, mIm = methylimidazolate)*”*'® material has DFT) to explore the metal substitution effect on the structural
been extensively investigated. Its porous structure is con- flexibility of ZIF-8. Among the isostructural analogues reported
stituted by spherical micropores (diameter of 11.6 A) so far for ZIF-8, we considered the magnesium'® and the iron
connected through four-membered (4MR) and six-membered analogue (also knowns as MUV-3)."? Previous magnetic
rings (6MR). In its ambient pressure phase (ZIF-8(Zn)-AP, measurements'’ indicate the divalent iron centers in ZIF-

see Figure 1b), these openings are quite small, having a
diameter of just 0.8 and 3.0 A, respectively.”® These small
openings would make in principle ZIF-8(Zn) a molecular sieve
for small gas molecules with similar radius such as H,/CH,.
However, ZIF-8 has a structural flexibility that makes
challenging its use as molecular sieve. Increasing the fluid
pressure induces a phase transition, associated with the

8(Fe) to be in high spin, a characteristic that would make this
material particularly suitable as a catalyst for C—H bond
scission. Multireference wave function-based methods have
been used to model ZIF-8(Fe) with the aim to characterize the
electronic structure of iron centers.
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Figure 1. Definition of the angle 6 is the same used in previous works:”® (a) 6 is the angle between the plane of the imidazolate (Im) ring (light
blue) and the 4MR plane (gray). Three different phases of ZIF-8 can be identified, differing on 6: (b) ZIF-8-AP (6 ~ 65°), (c) ZIF-8-IP (0 ~ 75°),
and (d) ZIF-8-HP (0 ~ 85°). View along [001]. Color code of the atoms: metal (light blue), N (blue), C (gray), and H (white). In (a), all the H

atoms are omitted for clarity.

2. COMPUTATIONAL METHODS

2.1. Periodic Models. All the calculations were performed by
using the CRYSTALL17 program.”® The crystallographic cells used in
the calculations contain 12 formula units (M;,CesH;,0N,g) and have a
cubic lattice with space group I43M. For the iron system, the
optimization was performed by considering a total spin S = 24, 12,
and 0, respectively, corresponding to a spin on each iron of § = 2, 1,
and 0, respectively.

To study the broken symmetry solution of the singlet state for ZIF-
8(Fe), corresponding to S = 2 iron centers in antiferromagnetic
coupling, the space group was reduced to P43M. Lattice parameters
and atom positions were fully optimized by keeping fixed the initial
space group. A first set of structures was optimized without imposing
any geometrical constraints and using as starting structures the
experimental structures of ZIF-8(Zn)-AP (see Figure 1b) and ZIF-
8(Zn)-HP (see Figure 1d).® The structures of the AP and HP phases
for Mg and Fe have not yet been experimentally reported (see the
discussion in sections 3.2 and 3.3 for further details). We thus started
their structure optimization from the ZIF-8(Zn)-AP and ZIF-8(Zn)-
HP structures and replaced Zn with Mg or Fe. A second set of
structures was optimized from the experimental ZIF-8(Zn)-AP,® ZIF-
8(Zn)-HP,® and ZIF-8(Fe)" cells upon metal substitution by fixing
the dihedral angles involved in the rotation of the mIm rings (mIm =
2-methylimidazole). The Becke’s three-parameter hybrid exchange
functional’' was used supplemented with the Lee, Yang, and Parr’s
gradient-corrected correlation functional®® in their unrestricted
formalism and corrected with the scheme to include the long-range
dispersion interaction proposed by Grimme™ and by Civalleri et al.
(hereafter B3LYP-D*).>* For the iron-based ZIF, the optimization
was performed also employing PBEO-D* and the Minnesota
functional MO6-L*® to verify that all functionals predict the same
electronic structure. For the Fe, Zn, and Mg atoms, the Peintinger—
Oliveira—Bredow basis set was used (pob—TZVP)26 while for the
other atoms all-electron Gaussian-type basis sets of triple- valence
quality were adopted (TZV for C, N, and H).”*®

For numerical integration of the exchange-correlation term, a (75
974) pruned grid was adopted for the B3LYP-D* and PBE0-D3
calculations, while a (99,1454) was used for M06-L.*° The threshold
conditions for convergence in the self-consistent field (SCF) iterative
procedure was set to 10~ hartree. The Pack—Monkhorst/Gilat
shrinking factors for the reciprocal space were set to 6, corresponding
to 16 points at which the Hamiltonian matrix was diagonalized. Five
truncation criteria for the two-electron integrals were set to 7, 7, 7, 7,
and 16 (the first two values referred to the Coulomb series, while the
last three values to the HF exchange series, TOLINTEG keyword).*’
To accelerate the convergence in the SCF process, a modified
Broyden’s scheme,* following the method proposed by Johnson,*!
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was adopted. The method was applied after five SCF iterations, with
30% mixing of the Fock/Kohn—Sham (KS) matrices and the
Johnson’s parameter set to 0.05. The above computational parameters
ensured full numerical convergence of all computed properties
described herein. The electronic band structure and the density of
states plots were obtained by using CRYSPLOT.>* The electrostatic
potential maps were visualized by the J-ICE online viewer.*’

2.2. Multireference Wave Function-Based Calculations.
Mono- and di-iron clusters (Fe; and Fe, clusters, respectively, see
Figure S6) were carved from the high spin structure of ZIF-8(Fe)
optimized without constraints at the B3LYP-D* level. The dangling
bonds were saturated with H atoms whose position was optimized by
using the Gaussian 16 program,34 the B3LYP-D3 functional,”' ~** and
all-electron Gaussian-type basis sets of triple-{ valence quality
(TZVP).27,28

Single-point multireference wave function-based calculations on the
mono-iron (Fe,) and di-iron (Fe,) clusters were performed by using
the complete active space self-consistent field (CASSCF)** method
followed by perturbation theory to second order (CASPT2)* as
implemented in the Molcas 8.2 program.’” Relativistic all-electron
ANO-RCC basis sets were used for all the atoms.***° For the Fe,
cluster, the calculations were performed adopting triple-{ quality basis
sets for N and Fe atoms and double-{ quality for C and H. Because
for Fe, such a basis set was not affordable, a smaller basis set was used,
composed of triple-{ quality for Fe, double-{ quality for N, and a
minimal basis set for C and H. This basis was also used for Fe, to
assess the dependence of spin state stability on the basis set.

The resolution of identity combined with the Cholesky
decomposition was used to reduce the cost associated with the
calculation of the two-electron integrals.* No symmetric constraints
were imposed in the calculation. The active space includes all the
molecular orbitals having the main contribution from the 3d orbitals
of the Fe centers and their valence electrons. For Fe,, the active space
included 4 electrons and S orbitals (4,5), while for Fe, it included 8
electrons in 10 orbitals (8,10). The convergence with the active space
size was explored considering (4,10) and (8,20) as active spaces for
Fe, and Fe,, respectively. The CASPT2 relative stability of the
quintet, triplet, and singlet states for Fe; does not vary significantly
with the basis set (see Tables S1 and S2 as well as section S2 in the
Supporting Information for the discussion). This trend validates the
use of a smaller basis set for Fe,.

3. RESULTS

3.1. ZIF-8(Zn). The optimization without geometrical
constraints of the ZIF-8(Zn) structures resulted in the AP
phase, independently of the phase used as guess structure. This
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Table 1. Geometry and Energy Relevant Parameters for All the Optimized ZIF-8(M) Structures (M = Mg, Zn, Fe; Cell
Formula: M;,Cy¢H;,0N,s) at the BALYP-D*/TZVp Level Using Different Geometrical Constraints®

M 28+ 1  phase method” o° a v d(M-N) $(4MR)? H(6MR)? AE  band gap AV (%)

Mg 1 AP B3LYP, free 66.9 17.272 5152.9 2.053 0.7 3.0 0.0 6.29 0.0
1 1P B3LYP, fix 74.4 17.212 5098.8 2.054 1.0 3.1 11.4 6.26 -1.1
1 IP-A B3LYP, fix 75.6 17.330 520S.1 2.056 1.9 3.3 28.0 6.20 1.0
1 HP B3LYP, fix 89.3 17.339 5212.8 2.059 1.8 3.7 93.4 6.46 1.1
1 expt, RT'® 17.28(5)  5159.8

Zn 1 AP B3LYP, free 64.4 17.003 4915.6 1.998 0.6 3.0 0.0 6.34 0.0
1 1P B3LYP, fix 74.4 16.937 4858.2 1.999 0.9 3.0 24.7 6.30 -1.2
1 IP-A B3LYP, fix 75.0 17.038 4946.0 2.001 1.7 32 44.0 6.29 0.6
1 HP B3LYP, fix 89.6 17.030 4938.9 2.003 1.7 3.6 138.4 6.46 0.5
1 AP XRD, 77—-112 K® 65.9 17.013 4924.5 1.992 0.8 3.0
1 HP XRD, 112 K, 7000 bar, CH48 89.2 17.172 5063.8 2.006 2.3 3.7 2.8

Fe 49 AP B3LYP, fix 66.0 17.293 S5171.2 2.043 0.7 3.1 35.7 3.39 0.8
49 1P B3LYP, free 79.9 17.249 5131.7 2.044 1.3 34 8.1 3.47 0.0
49 IP-A B3LYP, free 73.9 17.317 5193.1 2.044 1.8 33 17.6 3.46 1.2
49 1P B3LYP, fix 74.4 17.269 5150.0 2.043 1.0 33 112 3.46 0.4
49 IP-A B3LYP, fix 74.8 17.308 5182.4 2.04S5 1.8 33 20.1 3.47 1.0
49 HP B3LYP, fix 89.5 17.277 5156.9 2.047 1.7 3.7 64.9 3.46 0.5
1 (BS) 1P B3LYP, free 81.6 17.240 5124.2 2.044 1.3 3.5 0.0 3.73 -0.1
1 (BS) IP-A B3LYP, free 74.9 17.306 5182.8 2.044 1.8 3.4 9.4 3.69 1.0
1 (BS) IP-A XRD, RT" 74.4 17.165 5058.0 2.048 1.6 3.0

“Angle between the imidazolate ring and 4MR window as defined in Figure la (6, deg), cell size (4, A), unit cell volume (V, A%), the metal—
nitrogen bond length (d(M—N)), A), 4MR window diameter (¢)(4MR), A), 6MR window diameter (¢(6MR), A), difference in energy with
respect to the ground state per crystallographic cell (AE, kJ mol™"), band gap (eV), percent change in unit cell volume (AV, %). AP and HP
correspond to the ambient pressure and high pressure phase of ZIF-8(Zn), respectively. IP and IP-A are structures showing intermediate values of 6
compared to those typical of the AP and HP phases. IP-A corresponds to the ambient pressure phase reported for ZIF-8(Fe)."? IP and IP-A differ
in the orientation of the methyl groups (see Figure 2 and section 3.3). BS = broken symmetry solution. bFree = no geometrical constraints, fix =
fixed dihedral angles to the experimental values of ZIF-8(Zn)-HP for HP structures, of ZIF-8(Zn)-AP for AP structures, and of ZIF-8(Fe)-IP-A for
IP structures. “Determined by using Mercury 2020.2.0.* “Diameters of 4MR and 6MR calculated by usin§ the void analysis routine in Mercury
2020.2.0 (solvent accessible surface, grid spacing of 0.2 A). Following the procedure used in the literature,”” the probe size was increased until the
4MR (or the 6MR) windows were no longer accessible to solvent.

Figure 2. Electrostatic potential maps on (a) ZIF-8(Zn)-AP, (b) ZIF-8(Zn)-HP, (c) ZIF-8(Mg)-AP, and (d) ZIF-8(Fe)-IP calculated at the
B3LYP-D* level and mapped on an electron charge density isosurface (0.003 e). Top view: 6MR openings. Bottom view: 4MR openings. Blue:
positive values of the potential (+0.028 e bohr™>). Red: negative values (—0.028 e bohr™). Green: neutral values. Color code of the atoms: metal
(light blue), N (blue), C (gray), and H (white).

observation agrees with what reported by Hobday et al.® that bond distance (d(M—N), see Table 1). The computed cell

the AP phase is the most stable one. The optimization of ZIF- parameters match the experimental values for ZIF-8(Zn)-AP
8(Zn) in its HP phase was obtained by fixing the dihedral (see Table 1). For ZIF-8(Zn)-HP, it is not possible to make a
angles responsible for the rotation of the imidazolates to the comparison with the experimental values, because the single
HP experimental values® to avoid its minimization to the AP crystal structures were obtained only in the presence of
structure. The AP and HP phases present a similar cell volume, adsorbates.”® Hobday et al. monitored the change in the ZIF-
with the HP cell slightly expanded than the AP cell. This 8(Zn) unit cell volume at increasing pressures of N,, O,, Ar,
change is associated with a slight increase of the metal-N and CH,. Their data show an increase of the cell volume upon
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the AP — HP phase transition. Moreover, the volume cell
behavior of ZIF-8 upon pressure observed by Moggach et al."*
would suggest a larger cell volume for the HP phase.

The HP phase is predicted to be less stable than the AP
phase for Zn (see Table 1), in agreement with experiments,
showing that our models are a good representation of the
experimental systems. Their energy difference (AExp_yp) is
computed to be 138.4 kJ mol™" per unit cell, which is 5.8 k]
mol™" linker™. This value is similar to the one reported
previously (5.3 kJ mol™" linker™).”

Both phases are predicted to be insulating materials (see
Table 1 and parts a and b of Figure S1), with the top of the
valence band and the bottom of the conduction band
dominated by the electronic levels of the linker, as typical of
closed-shell metal—organic frameworks (see Figures S1-83).*!

The electrostatic potential maps of the AP and HP phases
are reported in Figures 2a and 2b, respectively. The two maps
are very similar, with positive values of the potential mainly
located around Zn, while the negative values associated not
only with the nitrogen atoms but also with the C—C bond of
the imidazolate ring. These maps show the increased
accessibility of the 6MR (top) and 4MR openings (bottom)
because of the AP — HP phase transition. The 4MR diameter
in AP and HP phases is reported in Table 1.

3.2. ZIF-8(Mg). The available diffraction data for ZIF-
8(Mg) include the cell parameters but they do not include the
atom coordinates.'® From the experimental data it is then not
possible to know if the ambient pressure phase of the ZIF-
8(Mg) is AP or HP. Moreover, the change in the volume cell
upon pressure has not been studied for ZIF-8(Mg). The
present calculations indicate AP as the most stable ZIF-8(Mg)
phase, like for ZIF-8(Zn). The optimization without geometry
constraints resulted in the AP phase (6 ~ 65°), independently
of the starting geometry. The AP to HP transition involves a
cell expansion larger than that obtained for the Zn analogous
(see Table 1). Unlike ZIF-8(Zn), here the AP — HP transition
would require only 93.4 kJ mol™ (3.9 kJ mol™" linker™"). This
smaller value of the energy required for the gate opening than
ZIF-8(Zn) can be associated with the larger d(M—N) for Mg
than for Zn (2.053 vs 1.998 A).

The electrostatic potential map of ZIF-8(Mg) indicates a
more polar material than its zinc analogue (compare parts a
and c of Figure 2). This is similar to what reported for other
metal—organic framework series.”’ Experimentally, Horike et
al." reported a larger CO, capacity in ZIF-8(Mg) than in ZIF-
8(Zn) per formula unit, which can be attributed to a larger
affinity of CO, for magnesium-based ZIF: a more polar surface
can explain the larger CO, uptake by ZIF-8(Mg).

Band gap calculations indicate that ZIF-8(Mg) is an
insulator (see Figure S1 and Table 1). This is not surprising
for a closed-shell material, in which the electronic levels
determining the band gap are mainly associated with the
molecular orbitals of the linker (see Figure S4).

3.3. ZIF-8(Fe). A close examination of the experimental
structure of ZIF-8(Fe) at ambient pressure'” shows that it
differs from both the AP and HP phases of ZIF-8(Zn). The
angle 0 between the imidazole ring and the 4MR window (see
Figure 1a) lies between the typical AP (6 ~ 65°) and HP (6 ~
85°) values. We indicate this intermediate phase as IP (see
Figure 1c). Another difference between the ZIF-8(Zn) and
ZIF-8(Fe) experimental structures is the position of the H
atoms of the methyl groups. In ZIF-8(Zn), only one H per
methyl is pointing toward the 4MR openings (see Figure 4a).
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Figure 3. Electronic band structure and density of states (DOS) of
(a) ZIF-8(Zn)-AP and (b) ZIF-8(Fe)-IP (2S + 1 = 49) obtained at
the B3LYP-D*/TZVp level. In (b), blue and pink areas correspond to
alpha and beta electrons, respectively.

Figure 4. 4MR and 6MR openings in (a, b) ZIF-8-IP and (a’, b')
ZIF-8-IP-A, respectively. Color code of the atoms: metal (light blue),
N (blue), C (gray), and H (white).

In ZIF-8(Fe), two hydrogens on each methyl are pointing
toward the 4MR windows (Figure 4a’). We will indicate this
structure as IP-A (compare also the 6MR windows of IP and
IP-A in Figures 4b and 4b’, respectively). ZIF-8 pores are so
small that any change in the structure has a big impact on the
pore dimension and thus on its separation properties. The
different orientation of the methyl in IP and IP-A modifies the
diameter of both 4MR and 6MR windows (see data in Table 1
as well as Figures 2d and 5). Because the position of the H
atoms is not detected by XRD, we investigated the relative
stability of the IP and IP-A conformers to try to understand
which of these phases is more likely.

The phase of the fully optimized ZIF-8(Fe) structure is
different for different spin states of the iron centers. For high-
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-0.028 0.

Figure 5. Electrostatic potential maps on ZIF-8(Fe)-IP-A computed
at the B3LYP-D*/TZVp level as mapped on an electron charge
density isosurface (0.003 e). (a) 6MR openings. (b) 4MR openings.
Blue: positive values of the potential (+0.028 e bohr™). Red: negative
values (—0.028 e bohr™3). Green: neutral values. Color code of the
atoms: metal (light blue), N (blue), C (gray), and H (white).

spin Fe centers (corresponding to 2§ + 1= 49 and the broken
symmetry solution for 2§ + 1= 0), the most stable phase is the
IP phase, while it is AP for lower-spin values (2S + 1 = 12 and
0) (see Tables 1 and 2). The data in Table 2 point to a direct

Table 2. Geometry and Energy Relevant Parameters for
Periodic ZIF-8(Fe) Models (Cell Formula: Fe,,CosH;,0N,s)
Optimized without Geometrical Constraints Using Different
DFT Methods and Considering Different Spin Multiplicities
28 + 1)°

DFT-D* 2S + 1 phase 0 a v AE
B3LYP-D* 49 1P 79.9 17.249 S131.7 8.1
25 AP 65.6 17.010 4921.4 2408.6
1 (LS) AP 65.5 16.843 4777.9 31513
1 (BS) 0 81.6 17.240 51242 0.0
PBEO-D* 49 1P 80.4 17.186 5076.1 6.6
25 AP 67.2 16.942 4862.9 2912.7
1(LS) AP 660 16776 47215 36512
1 (BS) 1P 81.1 17.187 5077.2 0.0
MO06-L 49 1P 754 17.203 5091.0 6.9
1 (LS)? AP 657 16744 46947 34174
1 (BS) 1P 76.3 17.183 5073.6 0.0

“Angle between the imidazolate ring and 4MR window as defined in
Figure la (6, deg), cell size (a, A), unit cell volume (V, A%), and
difference in energy with respect to the ground state per crystallo-
graphic cell (AE, kJ mol™"). BS = broken symmetry solution. LS = low
spin. “Restricted formalism.

dependence of € on the spin of the iron centers, with the IP-A
conformer calculated to be less stable than the IP conformer
(see Table 1). This is verified not only for iron but also for Zn-
and Mg-based materials. Nevertheless, the calculated ZIF-
8(Fe)-IP-A structure is the closest to the experimental
structure reported by Lopez-Cabrelles et al.'” in terms of 6.
All the density functional results indicate that the iron
centers are high spin in ZIF-8(Fe) (spin state S = 2 for each
iron center), while the lowest spin states are significantly
higher in energy (see Table 2): S = 1 (AE ~ 200 kJ mol™’
higher per iron center) and S = 0 (AE ~ 500 k] mol ™" higher
per iron center). We have performed multireference
calculations for ZIF-8(Fe) using mono- and di-iron clusters
to benchmark the relative stability of the different spin states
obtained by all the DFT methods adopted in this work
(B3LYP, M06-L, and PBEO). The mono-iron cluster allows us
to estimate the relative stability of each spin state for a single
iron center. The multireference calculations (see Tables S1 and
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S2) agree with the spin order predicted by the DFT methods:
S =2 <1 < 0. The di-iron cluster is a model of how the
electronic configuration of each iron center is influenced by the
presence of a vicinal iron. The results obtained with the di-iron
cluster indicate that all the spin states (25 + 1 =9, 7, 5, 3, and
1) correspond to eight unpaired electrons in the 3d Fe orbitals
(see Figure 6 and Table S3; for more details on multireference

1.01°

1.00°

Figure 6. Qualitative molecular orbital diagram showing the natural
orbitals for the di-iron cluster Fe, obtained at the CASSCF(8,20) level
for S = 0. For each orbital, it is indicated the occupancy. Color code of
the atoms: iron (orange), N (blue), C (gray), and H (white). Positive
values of the orbitals are in red negative values in green.

calculations see section S2). The spin states lower than 4 show
a substantial multireference character, each of them resulting
from the linear combination of several electronic config-
urations having similar configuration interaction (CI) co-
efficients. All the computed spin states differ by 1.0 k] mol™
per iron center at most, according to both CASSCF and
CASPT2 (see Table S3). CASPT2 calculations using a (8,20)
active space predict the high spin state and the open-shell
singlet to be degenerate and to be the most stable ones (see
Table S3). Again, multireference results agree with the DFT
calculations: for the periodic model of ZIF-8, all the DFT
methods considered predict the highest-spin state (25 + 1 =
49) and the broken-symmetry solution (BS) for the singlet (2
+ 1 =1) as the most stable electronic configurations (see Table
2). At the DFT level, the antiferromagnetic coupling of the
unpaired electrons on the iron centers is favored by 7—8 kJ
mol ™" with respect to the ferromagnetic coupling. This result is
similar to what previously reported for other open-shell metal-
based systems**~*® and agrees with the antiferromagnetic
nature of ZIE-8(Fe) verified in the experiments."”

For ZIF-8(Fe), the transition from the ambient pressure
phase (IP) to HP would require only 56.8 k] mol™, that is,
only 2.4 kJ mol™" linker™", half that in the magnesium-based
ZIF and one-fourth that in the zinc-based ZIF.

The electrostatic potential maps of IP and IP-A conformers
of ZIF-8(Fe) presented in Figures 2d and Sa, respectively,
show values between those of Zn and Mg,

The position of ZIF-8(Zn) and ZIF-8(Mg) conduction and
valence bands is determined by the orbitals of the mIm linker
(see sections 3.1 and 3.2). For ZIF-8(Fe), it is mainly
associated with the Fe d-orbitals (see Figure SS), as observed
for other MOFs based on open-shell metals.*' For this reason,
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the ZIF-8(Fe) band gap is about half the value of those of ZIF-
8(Zn) and ZIF-8(Mg) (see Figure 3): ~3.4 eV (see Table 1).
An absorption in the near-UV (3.4 eV 2 364 nm), would be
responsible for the observed yellow color of this material.'” A
band gap of 3.4 eV makes ZIF-8(Fe) a wide-band-gap
semiconductor. Moreover, it is a direct band-gap material,
which would make ZIF-8(Fe) an interesting candidate not
only for photocatalysis but also for solar cells and photonics, to
produce blue lasers and light-emitting diodes (LEDs).

4. DISCUSSION

The energy dependence on 6 of ZIF-8(Mg) (blue circles),
ZIF-8(Zn) (gray squares), and ZIF-8(Fe) (magenta dia-
monds) is shown in Figure 7a. Hobday et al. have previously
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Figure 7. Energy dependence on 6. (a) Data for ZIF-8(Mg) (blue
circles), ZIF-8(Zn) (gray squares), and ZIF-8(Fe) (orange diamonds,
25 + 1 = 49) as calculated at the B3LYP-D*/TZV level. ZIF-8 (empty
gray squares) data as in ref 7 are also reported for comparison. (b)
Literature data on ZIF-8 (empty gray squares), ZIF-90 (black
squares), and ZIF-6S (violet squares) obtained by using a plane wave
basis set in combination with the Perdew—Burke—Ernzerhof
exchange-correlation functional augmented with the Tkatchenko—
Scheffler dispersion correction.” The zero of the energy is set to the
energy of the ground state for each system.

studied the influence of the linker functional groups on the
gate opening energy in ZIF-8 materials’ using periodic DFT
calculations, Grand Canonical Monte Carlo (GCMC), and
high-pressure XRD. For the XRD measurements, they have
used a 4:1 mixture of methanol:ethanol as pressure-trans-
mitting medium (hydrostatic medium). They used the DFT
methods to study the energy required in vacuum to modify 6
in ZIF-8(Zn), ZIF-65(Zn) (Zn(nlm), nIm 2-nitro-
imidazolate), and ZIF-90(Zn) (Zn(ICA)),, ICA = imidazo-
late-2-carboxyaldehyde): these data are included in Figure 7b.
Both the DFT and the XRD data pointed out that the
functional group has a large influence on the value of @ in the
ground state structure of the ZIFs: 64.3° for ZIF-8, 66.54° for
ZIF-90, and 46.3° for ZIF-65. The DFT calculations indicate
that in the absence of adsorbates the functionalization of the
linker does not influence the cost of a +20° rotation of the
imidazolate ring, being the same for the three ZIFs (about +6
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k] mol™" per linker, see Figure 7b). The scenario changes
completely in the presence of guests in the pores, as revealed
by the XRD and GCMC data. If methanol is adsorbed in the
ZIF pores, it interacts with the functional groups on the linker,
changing the sign and the extent of the @ variation upon
pressure: for ZIF-8, 6 increases from its ambient pressure value
to 89.7° at 14700 bar, for ZIF-90 to 84.06° at 19500 bar, and
for ZIE-65 @ decreases to 30.87° at 47700 bar.” The energy
required for such rotations is computed to be 7.2, 26.0, and
19.2 kJ mol™ per linker for ZIF-8, ZIF-90, and ZIF-65,
respectively.” These changes in @ correspond to an AP to HP
phase transition for ZIF-8 and ZIF-90, while for ZIF-65 a
phase transition is not observed. The different behavior of ZIF-
6S is associated with strong interlinkers interactions due to the
—NO, groups on mIm and to their interaction with methanol
molecules.

In this study, we have used the metal substitution as an
alternative strategy to modify the gate opening energy of the
ZIFs. The metal substitution presents a significant difference
than the linker substitution: it does not introduce the extra
interlinker interactions evidenced in ref 7, and then the
dependence of  on the pressure is expected to be qualitatively
the same as in ZIF-8(Zn). We verify that the substitution of Zn
with Mg would cause the drop of the energy fee for the AP —
HP transition from 5.8 to 3.9 kJ mol™" per linker. For the iron-
based material, the ambient pressure phase is an intermediate
phase IP. For ZIF-8(Fe), both AP — HP and IP — HP
transition would cost only ~2.5 k] mol™" per linker, the lowest
value reported for a ZIF-8 material.

As mentioned above, the performance of ZIF-8 materials
toward separations is mainly determined by the diameter of the
6MR windows that increases upon AP — HP and IP — HP
transitions. Such increase is small in absolute terms, but it is
enough to affect the separation performance of a material for
certain mixtures of small molecules.**” Considering the kinetic
diameter of molecular species present in natural gas,*’” we can
predict ZIF-8(Zn)-AP as a suitable sieve for H,0, H,, or He
and any of their mixtures (diameter <3.0 A, 6MR opening)
from CH,, N,, CO,, CO, and H,S (diameter >3.0 A). Among
the possible gas mixtures, the most relevant are H,/CO, and
H,/CO for hydrogen production from petrochemicals and in
steel plants. In ZIF-8(Zn)-HP, the 6MR opening is larger than
in the AP phase (3.6 vs 3.0 A, see Table 1): this phase is a
good separator for CH,, N,, and CO from CO,, H,0, H,S,
He, and H,. The ZIF-8(Zn)-HP phase is more promising for
gas separation than the AP phase because it could be used for
the industrially relevant separations: CH,/CO,, CO/CO,,
CO,/N,, and H,/CO. Nevertheless, the low flexibility of ZIF-
8(Zn) does not make accessible HP phase at pressures typical
for these separation processes.

The larger d(Mg—N) also causes a larger dimension of the
6MR windows in ZIF-8(Mg) than in ZIF-8(Zn) (see Table 1).
Again, the gases that could be separated by the HP phase are
more relevant on the applicative side than those that can be
separated by using the AP phase: in fact, ZIF-8(Mg)-HP is a
good separator for CH, and CO (diameter >3.7 A) from CO,,
N,, H,O, H,S, He, and H,. ZIF-8(Mg)-HP could be then a
material suitable for purifying methane from most common
contaminants in natural gas in just one separation step. ZIF-
8(Mg)-HP would be accessible at lower pressures than ZIF-
8(Zn)-HP: its gate opening requires only half of the energy
(3.9 vs 5.8 kJ mol™" per linker). Future experiment should be
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directed to measure the onset pressure for the AP-to-HP phase
transition.

ZIF-8(Fe)-HP has similar pore opening dimensions to those
of ZIF-8(Mg)-HP, and it can be employed for the same
purposes. Interestingly, for iron, the transition from the
ambient pressure phase, IP, to HP would happen at even
lower pressures than Mg: here the gate opening requires only
2.4 kJ mol™" per linker, likely making the HP phase accessible
at pressures of practical interest. Actually, NO adsorption in
ZIF-8(Fe) shows a sharp increase in adsorption at 0.2 bar,
which can be associated with the IP — HP transition, while
this is not observed for ZIF-8(Zn) even at 1 bar."”

ZIF-8(Zn) application in gas storage and catalysis is often
limited by its low ionicity.'” Electrostatic potential maps in
Figure 2 show how the polarity of the structure increases by
substituting Zn with Fe or Mg. ZIF-8(Mg) shows a large
enhancement of the ionicity of the whole structure: in Figure
2c there are almost no regions with a value close to zero of the
electrostatic potential (green color), unlike ZIF-8(Zn) and
ZIF-8(Fe). Besides gas storage, ZIF-8(Mg) is then expected to
be a better catalyst candidate for all the reactions catalyzed by
ZIF-8(Zn).'»**™! These reactions (e.g, organic carbonate
syntheses) do not require the direct involvement of the metal
catalyst, but the catalytic sites are likely the imidazole rings."
Otherwise, ZIF-8(Fe) would allow ZIF-8 materials to catalyze
those reactions that require the direct involvement of the metal
and that have not been explored so far for ZIF-8 materials.
Moreover, its band gap of only 3.4 eV makes it a potentially
promising material for photocatalysis (in analogy to other iron
based systems)*~>° and for photonic applications.

Unfortunately, a larger structure polarity corresponds often
to a lower air stability, mainly associated with an increased
reactivity toward water.**® For both ZIF-8(Mg) and ZIF-
8(Fe), in fact, the only two studies existing report about a large
air instability of these materials, mainly associated with
moisture.'®"? For ZIF-8(Mg), this is likely a direct
consequence of the material properties, restricting its
application to dry conditions. The synthesis reported for
ZIF-8(Fe) is instead far to be optimized, and the material
reported contains a large concentration of defects'” that could
be the reason for its instability, catalyzing the reaction with
water.”® New efforts directed to the synthesis of a defect-free
ZIF-8(Fe) would be beneficial not only to improve the
properties of the material itself but also to enlarge the range of
conditions in which ZIF-8(Fe) could be applied.

5. CONCLUSIONS

We have shown by using computations that metal substitution
is a very effective way to tune the flexibility of ZIF-8 materials.
For both the magnesium- and iron-based systems the gate
opening phenomenon requires half and a fourth of the energy
for the zinc material, respectively.” Because of the importance
of ZIF-8 among porous materials and because the AP-to-HP
phase transition is its most studied property, our results
strongly call for future diffraction studies in pressure aimed at
the experimental verification of the present findings.
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