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ABSTRACT: Due to their favorable properties and high porosity, o 28 zF-8H 28 2iF-8.5r
zeolitic imidazolate frameworks (ZIFs) have recently received . G AN R N > > >
much limelight for key technologies such as energy storage, Ty g4 x}“ x}u n-c ):} w
optoelectronics, sensorics, and catalysis. Despite widespread Poiied 42 ® ® ® ®
interest in these materials, fundamental questions regarding the AR, N 2746 a8 276

. . X X R Length in A Length in A Length in A Length in A
zinc coordination environment remain poorly understood. By

focusing on zinc(II)2-methylimidazolate (ZIF-8) and its tetrahe-  p—_—>p—,

drally coordinated analogues with Br-, Cl-, and H-substitution in EASMEF TR
the 2-ring position, we aim to clarify how variations in the local
environment of Zn impact the charge distribution and the
electronic properties of these materials. Our results from density-
functional theory confirm the presence of a Zn coordinative bond
with a large polarization that is quantitatively affected by different substituents on the organic ligand. Moreover, our findings suggest
that the variations in the Zn coordination induced by the functionalization have a negligible effect on the electronic structure of the
considered compounds. On the other hand, halogen terminations of the ligands lead to distinct electronic contributions in the
vicinity of the frontier region which ultimately reduce the band gap size by a few hundred millielectron volts. Experimental results
obtained from X-ray absorption spectroscopy (Zn K-edge) confirm the trends predicted by theory and, together with them,
contribute to a better understanding of the structure—property relationships that are needed to tailor ZIFs for target applications.
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B INTRODUCTION ties”> and by the vibrational activity of ZIFs.”*** Experimental
evidence of the (partial) covalent character of Zn—N
coordination is, to date, only indirect. Observations of
chemical bond stability of ZIF-8 and related compounds
especially in acidic environments point to their susceptibility to
hydrolytic cleavage, which is only known for covalent bonds.*®
Likewise, the photocatalytic activity of ZIFs is sensitive to
structural and chemical changes within the framework,”” while
the polarizability of metallic ions should be hindered in a
structure with purely ionic coordination. In order to clarify the

Zeolitic imidazolate frameworks (ZIFs) are a popular family of
metal—organic frameworks (MOFs) and ZIF-8, a polymorph
of zinc(Il)2-methylimidazolate,"* is their most prominent
member. Although transition-metal imidazolates have been
known for decades,” these materials have entered the spotlight
after the discovery of their high porosity™ and exceptional
thermal and chemical stability.”” Thanks to their straightfor-
ward synthesis®” and characterization® as well as their

. . 9-11 12-17 .
intriguing properties even under pressure and in

guing prop . 118 P nature of Zn—N coordination in ZIF-8, a dedicated study
response to external stimuli, © ZIFs have become relevant for a

number of technological areas ranging from gas storage to combining both theoretical and experimental analyses is

photocatalysis, and from biomedicine to optoelectronics.'”~*° urg};ntly needed. t a oint investicati £ 71E-8 and related
From a fundamental perspective, these characteristics are ere, we present a jomt nvestgation o “© and rewate

ruled by the electronic charge distribution in the material and colmp. ounds with .hgand substitution carried out Wlth ﬁrs.t—
the nature of the chemical bonds therein. Despite the general principles calculations and X-ray spectroscopy. In this analysis,

consensus regarding the ionic nature of the Zn—N bond in we consider halogen ligands terminations such as Cl and Br

ZIFs,”” Y the actual strength of this bond and the influence

exerted on it by the chemical environment are still a matter of Received:  September 8, 2023
debate.”*"*> In particular, recent studies have unraveled Revised:  October 6, 2023
nontrivial characteristics in the electronic structure of ZIF- Accepted:  October 6, 2023

8,373 which point to the existence of some degree of Published: October 25, 2023

covalence in the bond between Zn and N. This hypothesis is
supported by ab initio calculations on the transport proper-
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[zinc(IT)2-chloroimidazole and zinc(II)2-bromoimidazole, ab-
breviated hereafter as ZIF-8-Cl and ZIF-8-Br], which are more
electronegative than the CH, group in zinc(II)2-methylimida-
zolate (ZIF-8); additionally, we include H termination in
zinc(IT)imidazolate (ZIF-8-H), which is expected to be slightly
more electropositive than ZIF-8. By means of density
functional theory (DFT), we investigate the charge distribu-
tion of these compounds both in their (simplified) crystal
structure as well as in the isolated metal—organic complex
building up the framework and in the isolated imidazole unit.
This way, we assess the role of the local chemical environment
of Zn coordination in determining the charge distribution in
these systems. Furthermore, through analysis of the density of
states, we clarify the influence of the functional groups on the
character and composition of the electronic states close to the
frontier. We complement this study with the analysis of the
near-edge X-ray absorption spectrum of ZIF-8 and its Br-
terminated analogue measured from the Zn K-edge.

B METHODS

Modeling ZIF-8 and Its Functionalized Analogues. In
this study, we focus on ZIF-8, an established MOF structure
with methyl-functionalized linker molecules. To investigate the
effects induced in the Zn coordination by different
terminations of the organic ligands, we consider the ZIF-8
analogues with H-, Cl-, and Br-substituents of the methyl
groups in the 2-ring position (see Figure 1). While the H-
passivated ZIF-8 has been only predicted computationally,*®
the halogen-functionalized systems have been synthesized by
several groups (see, among others, refs 39—42) and adogted in
theoretical studies as representative ZIF-8 variants.*”*>** To

a)

Figure 1. Ball-and-stick representation of the ZIF-8 compounds
considered in this work including the (a) crystal structure with R3
space-group symmetry, (b) isolated metal—organic complex repli-
cated in the crystal, and (c) imidazole ligand. Carbon atoms are
depicted in black, hydrogen atoms in white, nitrogen atoms in blue,
zinc atoms in gray, and the terminating group in green (CHj; in ZIF-8,
H, Cl, and Br in the substituted siblings). The atoms in the ligand are
marked in panel c: identical labels indicate equivalent atoms; H, is the
proton added to the imidazole unit and to the complex to passivate
one of the two N atoms.

model ZIF-8-H, we have adopted the predicted crystal
structure published in ref 38. On the other hand, we have
taken the structural information on ZIF-8 and its halogenated
counterparts directly from the experimental references.

For ZIE-8, we have considered the system with the R3 space
group.” With a script developed in-house, we have adjusted
the structure provided in ref 45 by removing redundant H
atoms. The adopted procedure includes finding the nearest
hydrogen for each substituted C atom of the methyl group and
the next H atoms with angles comprised between 100 and
130° to obtain the CHj functional group. For both ZIF-8-Cl
and ZIF-8-Br, we took the structural data from ref 41. In these
cases, the linker molecule assumes two different orientations in
the scaffold. In our bulk models, we took the molecular
orientation giving rise to a bulk with T43m symmetry. All of
these crystals have the same network topology (SOD).** The
rhombohedral unit cell adopted in the calculations of all the
considered ZIF-8-X (with X = CHj, H, Br, Cl), see Figure 1a,
is retrieved from the initial cubic cell using the code seek-
path.*’ To preserve the symmetry of the initial structures, the
input lattice parameters of all of the considered ZIF-8 variants
(see Table S1 of the Supporting Information) are kept
constant during optimization, which thus entails only the
minimization of the interatomic forces.

To model the isolated complexes (Figure 1b), the atomic
positions are extracted from the ZIF-8-H crystal.** Based on
this structure, the other functional groups are placed to
substitute for the terminating hydrogen. The same procedure is
adopted for the imidazole molecule (Figure 1c). In these
calculations, the nonperiodic structures are embedded in a
supercell including 7.5 A of vacuum in each direction to
prevent spurious interactions among periodic replicas.

Computational Details. All calculations presented in this
work are performed in the framework of DFT** solving the
Kohn—Sham equations*” with the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional.”® The code Quantum
ESPRESSO”’ is adopted with the projector augmented wave
method®” and pseudopotentials from the ps-library.”® A 2 x 2
X 2 k-mesh is used to sample the Brillouin zone of all of the
considered periodic structures. The plane-wave and electron
density cutoffs are set to 150 and 1000 Ry, respectively.
Structure optimization is performed by minimizing interatomic
forces until the convergence threshold of 10™* Ry/bohr in the
crystal and of 107 Ry/bohr is achieved in the metal—organic
complexes and in the imidazole units, respectively. The Bader
partial charges®* and the planar deformation density plots are
calculated using the postprocessing software package critic2.%
The method derived by Yu-Trinkle®® is used to integrate the
partial charges.

Experimental Methods. X-ray absorption near-edge
structure spectroscopy (XANES) measurements were per-
formed at the BAMline (BESSY-II, Helmholtz Centre Berlin
for Materials and Energy, Berlin, Germany).”” The beam was
monochromatized using a double-crystal monochromator
(DCM) with a Si crystal with [111] orientation. The size of
the beam was 3 mm (h) X 1 mm (v). The measurements were
performed at Zn K-edge (9659 V) in transmission, with two
ionization chambers as detectors. For the pre-edge region, the
energy was varied in 10 eV steps; for the region around the
edge, the energy was tuned first in 0.5 eV steps and from then
on in 1 eV steps. For the measurement, the samples were
mixed with boron nitride, placed in polycarbonate hole plates
with a thickness of 1 mm, and sealed with polyimide tape
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Table 1. Average Zn—N Bond Lengths of the Initial Structures and of the Optimized Crystals and Complexes”

ZIF-8 (A) ZIF-8-H (A) ZIF-8-Cl (A) ZIF-8-Br (A)
initial 1.965 2.025 1.942 1.987
crystal 1.989(0.003) 2.004(0.001) 1.997(0.001) 1.998(0.001)
complex 2.031(0.089) 2.019(0.086) 2.022(0.087) 2.029(0.085)
“The uncertainties due to the averaging reported in parenthesis.
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Figure 2. Partial charges per atom in the considered ZIF structures. Results reported for the “additional H” concern only the complexes and
isolated imidazole units, where protonation of a dangling bond was needed to neutralize the system.

(Kapton) on both sides. Before collecting the sample spectra, a
zinc foil was used as a reference for the respective K edge. The
relative energies of the spectra were calibrated against the first
inflection point from the first derivative of the zinc metal
absorption edge. The XAS data were processed by using
ATHEI\SI;? which belongs to the main package IFEFFIT (v.
12.11).

B RESULTS AND DISCUSSION

Structural Properties. We start our study by inspecting
the structural properties of the considered systems. The gained
information is important to support the charge-density analysis
reported in the next section. The results obtained for the Zn—
N bond in all of the considered ZIFs are reported in Table 1,
where the initial values in the unrelaxed input structures are
included for comparison. The errors associated with the values
of the optimized structures are due to the averaging. The
separation between Zn and N is close to 2 A in all crystal
structures with variations induced by the ligand substituents. In
ZIF-8, the calculated Zn—N distance is equal to 1.989 A,
slightly larger than in the initial experimental structure*’ and in
excellent agreement with other measurements.' Ligand
substitution leads to an increase in the Zn—N bond length
by less than 0.01 A upon halogen functionalization and by
0.015 A in the presence of H. Notice the different trend of the
initial structures, where the Zn—N separation is smaller in ZIF-
8-Cl than in ZIF-8. ZIF-8-H is the only structure in which the
Zn—N distance decreases upon relaxation (see Table 1). The
other bond lengths undergo variations of the same magnitude
as Zn—N in all of the considered systems (see Table S3). In
particular, it is worth mentioning that in ZIF-8 and its halogen-

21458

functionalized counterparts, the distance between the carbon
atoms C2 (see Figure 1c) increases upon relaxation, while it
remains essentially equal to the experimental value in ZIF-8-H.
Likewise, the Cn-N distances (n = 1 and 2, see Figure lc),
which are almost identical in the initial structures, rearrange
themselves upon relaxation.

The same analysis performed on the isolated metal—organic
complexes reveals a different trend (see Table 1). ZIF-8 is
characterized by the longest Zn—N bond (2.031 A), followed
by those in the halogenated compounds (2.029 A with Br and
2.022 A with Cl). The complex terminated with H exhibits the
shortest Zn—N distance of 2.019 A. These findings, in excellent
agreement with earlier results obtained on such clusters on an
analogous level of theory,”” indicate that in the absence of any
structural constraints given by the periodic boundary
conditions, the ligand termination in the metal—organic
complexes exerts a more pronounced influence on the local
environment of the Zn coordination. In particular, the halogen
species, characterized by a significantly larger atomic radius
and electronegativity than hydrogen, give rise to an increase in
the Zn—N bond length, while in the bulk, the opposite trend is
found. In elaborating on these values, two important points
should be considered. First, the Zn—N bond lengths reported
for the complexes carry an uncertainty that is almost 2 orders
of magnitude higher than their counterparts in the crystals.
This is due to the larger variations in the nonperiodic system
among the four Zn—N bonds that are present therein. Second,
the atoms in the complexes are completely free to move in the
DFT optimization, in contrast with those in the crystals, which
are constrained by the periodicity of the lattice. In this regard,
it is worth recalling that no volume optimization was

https://doi.org/10.1021/acs.jpcc.3c06054
J. Phys. Chem. C 2023, 127, 21456—21464


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c06054/suppl_file/jp3c06054_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06054?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06054?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06054?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06054?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c06054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

performed for the crystal structures: the atoms were allowed to
relax within the experimental unit cells taken as input, with the
symmetry of the synthesized crystals being preserved.

Overall, the analysis of all bond lengths in the crystals and
complexes reveals that only the Zn—N distances undergo
significant variations (Table S2), thus confirming that the
influence of ligand functionalization is partly counterbalanced
in the periodic environment. Our choice to study isolated
metal—organic complexes as they are extracted from the
crystalline scaffold, i.e., without any additional “capping” of the
N bonds to mimic the dative nature of the Zn—N bond in the
crystal,”” is motivated by our interest in understanding how the
Zn coordination is affected by ligand terminations in isolated
and periodic arrangements.

The results obtained in this study for the considered ZIF-8
structures are in general agreement with the experimental Zn—
N bond lengths reported in the literature for various
organometallic compounds.””®" Specifically, in the crystal
structure of hexaimidazole-zinc(II) dichloride tetrahydrate,
where Zn is coordinated with N, the Zn—N distances range
between 2.153 and 2.264 A.°> Shorter values are reported for
dichlorobis(N-n-propylsalicylaldimine)zinc(II), where Zn is
twofold coordinated with N, and Zn—N separations are
slightly below 2 A (1.998 A).®® This variability of the Zn—N
bond length in different chemical environments reflects, on the
one hand, the current discussions regarding the nature of such
a bond and, on the other hand, highlights the need for a deeper
investigation.

Partial Charge Analysis. Equipped with the knowledge of
the structural properties presented above, we proceed with the
partial charge analysis. This way, we aim to gain a better
understanding of the electron density distribution around the
Zn—N bond and the effects of ligand functionalization. The
adopted Bader scheme,”* in particular, offers reliable results for
the periodic systems and the isolated clusters on equal footing.
With this method, we evaluate the relative amount of
electronic charge on the atomic species of ZIF-8 and its
related compounds with ligand substitution. The results
reported in Figure 2 correspond to the partial charges averaged
on all atoms of a given species within the unit cell adopted in
the simulations (for further details, see Supporting Informa-
tion, Tables S4—S8). In ZIF-8, an excess of positive charge
(1.17 e7) is found on the metal ion while the (negative)
electronic charge on nitrogen increases by —1.21 e~ compared
to its nominal value in the free atom. The difference between
the absolute values of these quantities is compensated by the
functional group (CH, in ZIF-8) which takes up a positive
charge of 0.1 e”. The remaining charge density has a positive
sign and is distributed among the C and H atoms. Carbon
atoms bound to the functional group are labeled as C1 in
Figure 1 and host a sizable amount of charge equal to 0.93 e™.
Conversely, the other two equivalent C atoms in the imidazole
ring (C2) accommodate only 0.352 e~ each. The remaining
~0.1 e~ is found on the H atoms added for passivation (see
Figure 2). These trends can be understood by considering that
C1 shares two bonds with the electronegative N atoms in
contrast with C2, which only has one.

Moving now to the substituted compounds, we notice the
effect of the electronegativity of the functional group in
redistributing the charge density and hence in modifying the
character of the Zn—N coordination. When the CHj; group is
replaced by H, the positive charge on Zn increases by 0.01 e~
while the negative charge on each N atom remains almost

unaltered with respect to ZIF-8 (see Figure 2). The difference
is covered by the H atom, which donates 70% of its electronic
charge to the network, and by the C2 atoms, which increment
their positive charge up to 0.358 e”. Upon halogen
functionalization, the picture changes significantly. In the
presence of Cl termination, where Cl is the most electrophilic
element among the considered functional groups, the excess of
positive charge on Zn becomes almost as high as 1.20 e~, while
the negative charge on N decreases by 0.04 e~ with respect to
the reference value in ZIF-8 (see Figure 2). This result shows
that this behavior is not driven by an increased ionicity of the
Zn—N coordination but is rather an effect of the substituents
that modify the chemical environment of this bond. The Cl
atom takes up —0.2 e~ and induces a charge imbalance also on
the C and H atoms, which all become more positively charged.
Notice that the partial charge in C1, the carbon atom sharing a
bond with Cl, is equal to 1.08 e~, while on C2, it is as high as
0.368 e”. The increase of the positive charge on H is a
consequence of this redistribution, too (see Figure 2). Finally,
Br termination induces similar results as Cl as far as the Zn—N
bond is concerned: In this system, the metal ion hosts a
positive charge of about 1.2 e and nitrogen a negative charge
of a very similar magnitude (—1.18 ™). However, the lower
electronegativity of Br compared to Cl leads to an almost
vanishing partial charge on Br and to a charge distribution on
Cl1 that is very close to the one in ZIF-8 and ZIF-8-H (Figure
2). For C2 and especially for the H atoms, the values of partial
charges are close to those obtained with Cl termination but the
small absolute values should be noted.

For a deeper understanding of these findings, it is interesting
to evaluate the impact of crystalline coordination in the charge
distribution around the Zn—N bond. For this purpose, we
examine the results of the partial charge analysis performed on
the isolated complex inside the unit cell of the considered
structures (see Figure 1b). The absolute values of the partial
charges 6 on the functional groups are almost identical to those
obtained for the periodic structures (see Figure 2). The
substantial similarities among the computed values of § on C1
in the crystals and complexes confirm that their bonds formed
with the functional groups are determined only by the charge
distribution among the involved species. In contrast, the partial
charges on Zn and N are subject to substantial differences in
the isolated clusters compared with the crystalline arrange-
ments, in agreement with the variations of their distances
discussed above (see Table 1). In all complexes, regardless of
the functional groups, the values of positive and negative
charges on Zn and N, respectively, decrease systematically with
respect to their counterparts in the crystals (Figure 2). This
variation can be understood by the passivation of the N
dangling bonds. The additional H atoms host a positive partial
charge on the order of 0.4 e7, which is maximized by the
presence of the halogen terminations and minimized in ZIF-8.

While this analysis suggests a reduction of Zn—N bond
polarization in the isolated clusters compared to the crystals,
the inspection of the Zn—N bond lengths computed for the
complexes points in the opposite direction (see Table 1). The
Zn—N distances increase in the nonperiodic systems exceeding
in all cases 2 A. In the complexes, the shorter Zn—N distance is
found in the presence of H termination and the longest one is
with methyl. Despite the larger uncertainties obtained for these
values compared with their counterparts in the crystals (see
Table 1), these results contrast with the reduced polarization
of the Zn—N coordination inferred from the partial charge
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considered configurations: isolated imidazole (top), complex (middle), and crystal (bottom). Electron depletion is indicated in blue and electron

accumulation in red.
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Figure 4. (a) X-ray absorption from the Zn K-edge and (b) its first derivative measured in zinc(II)2-bromoimidazolate and zinc(II)2-

methylimidazolate.

distribution (Figure 2). In an earlier DFT study on ZIF-8
complexes, similar values of the Zn—N distances were
reported.”” This agreement should exclude artifacts from our
calculations and, concomitantly, suggests that in periodic
systems the long-range potential may contribute to enhancing
the polar character of the Zn—N bond.

Finally, we inspect the partial charge distribution in the
imidazole ligands with their respective terminations. The
model systems adopted for this analysis are taken from the
crystal structures and optimized in vacuo. While this analysis
evidently does not give us any information about the Zn—N
bond, since the metal ion is not a part of the molecules, it
enables us to better assess the charge distribution within the
conjugated network and the functional group. In the absence
of Zn, the excess of negative charge on N decreases in
magnitude by a few hundredths of e in all systems (see Figure
2). The most significant reduction affects the Cl-functionalized
compound, where the electron-withdrawing ability of the
halogen atom enhances the ionicity of the whole system. The
charge distribution within the conjugated network, consisting
in this case only of three C and three H atoms (see Figure 1c),
is almost identical to the one obtained in the complexes. From
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this analysis, we conclude that the presence of Zn in the
complex impacts merely the local charge distribution on N.
For a better overview of the charge distribution in the
considered systems, we complement the partial charge analysis
presented above with the visualization of the electron
deformation density (EDD) plotted along the molecular
plane of the linker molecule (Figure 3). The EDD is defined
as the difference between the electron density of the
considered structure and the so-called promolecular density,
which is a superposition of the densities of the free atoms
positioned at the molecular/crystalline sites within the
structure:> positive values (red domains in Figure 3) represent
an accumulation of electrons while negative values (blue
domains in Figure 3) represent an electron depletion with
respect to the free atoms. The extension of the former over the
carbon-based network can be associated with the presence of
covalent bonds therein, which seems to be independent of the
state of matter (crystals or complexes). In the presence of CH,
and H terminations, the functional groups are covalently
bound to the backbone (Figure 3, left panels). In contrast, the
halogen atoms are connected to the inner network by a highly
polar bond, as demonstrated by the blueish regions between
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them (Figure 3, right panels). Likewise, the ionicity of the Zn—
N bond is visible in all plots in the middle and bottom panels.

X-ray Absorption Spectroscopy. We complement the
analysis of the charge-density distribution by inspecting the
results of X-ray absorption measurements performed from the
Zn K-edge. These experiments provide an indication, at least
on a qualitative level, of the Zn coordination in the ZIF-8
environment in the presence of different ligand terminations.
To this end, measurements were performed on a sample of
zinc(1I)2-bromoimidazolate (ZIF-8-Br) and zinc(II)2-methyl-
imidazolate (ZIF-8) as a reference (Figure 4).

Figure 4a displays XANES spectra at the Zn K-edge of
zinc(I1)2-methylimidazolate (blue) and zinc(II)2-bromoimi-
dazolate (orange) measured in transmission mode. The spectra
reveal only subtle differences in the position of both absorption
maxima, which are characteristic of (functionalized) ZIF-8
structures.”* The first maximum at 9664 eV is due to
transitions from Zn-1s — Zn-4sp + ligand-2p states, while
the second maximum at 9672 eV stems from Zn-1s — Zn-4sp
+ ligand-2p orbitals. This characteristic becomes more evident
when looking at the first derivative of the signal plotted in
Figure 4b, where the spectrum of the former compound
exhibits a minimum at about 0.5 eV below in energy compared
to its counterpart in the latter. This result can be interpreted
considering that a higher-energy resonance at the onset of
absorption from the Zn K-edge is compatible with a lower
electron density in this metal atom. Hence, according to this
line of reasoning, the partial charge on Zn is more positive in
zinc(11)2-bromoimidazolate than in zinc(II)2-methylimidazo-
late. This is consistent with the picture provided by the DFT
results.

Electronic Properties. We conclude our study by turning
to the electronic structures of the considered systems. To this
end, we focus only on the periodic crystals and assess the
effects of the different ligand terminations on the character and
energy of the electronic states in the vicinity of the frontier. We
inspect the projected density of states (PDOS) of the
considered crystal structures including the atom-resolved
orbital components (see Figure 5; in Figure S1, the
corresponding band structures are reported). Before proceed-

ing with this discussion, it is worth mentioning that these
results are obtained from DFT using the PBE functional, which
notoriously underestimates band gaps. The corresponding
values in Figure S are therefore affected by this methodological
shortcoming and should not be interpreted quantitatively.
However, this issue does not undermine the following analysis
of the qualitative features, which are instead well reproduced
within the adopted approximations.

In all systems, the top of the valence band is dominated by a
sharp peak, corresponding to a localized band manifold (see
Figure S1 and Table S9 for the related band gap analysis),
mainly including contributions from the C atoms. Deeper
valence states form instead a broader band with prevailing N
contributions. In ZIF-8 with halogen terminations, Cl and Br
p-states are present in this manifold, too (see Figure Sc,d).
This result is unsurprising considering the electronic structure
of these atomic species with an almost filled p-shell at the top
of their occupied region. At even lower energies, below —4 eV,
we find the contributions of Zn d-orbitals hybridized with C
and N states within the inner network. By comparing the
energy distribution of the two valence-band manifolds between
—3 and —1 eV, and below —4 eV, we can assess the influence
of the various ligand terminations. Halogen atoms enhance the
energy separation of the N-dominated region shifting it down
by about 0.5 eV compared to ZIF-8 and ZIF-8-H (see Figure
5). Moreover, the contributions of the Cl and Br atoms in the
same range extend energetically this band down to about —3
eV (ZIF-8-Br, Figure 5d) to even below that threshold (ZIF-8-
Cl, Figure Sc). Notice, for comparison, that the N-dominated
valence-band manifold extends only down to —2.5 eV in both
ZIF-8 and ZIF-8-H (Figure Sa,b).

Moving now to the conduction region, we notice at a glance
that the Br-termination leads to a reduction of the band gap by
more than 0.5 eV compared to ZIF-8 (Figure Sd,a). The
bottom of the unoccupied region in ZIF-8-Br is indeed formed
by a Br—C hybridized state. In ZIF-8-Cl, halogen contributions
to the conduction bands are visible above the band onset
(Figure Sc). Likewise, in both ZIF-8 and ZIF-8-H, the relevant
contributions of the functional groups to the conduction
region are above the energy ranges visualized in Figure Sa,b. In
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these systems, the lowest-unoccupied band manifold is
dominated by hybridized C and N states which are present
also in the halogen-terminated structures except that in ZIF-8-
Br, these states appear above two unoccupied Br-based states
at the conduction-band bottom and are thus up-shifted by
approximately 1 eV compared to the other systems.

The analysis of the PDOS suggests that the main role of the
different ligand terminations is to alter the size of the band gap
and the relative energies of the band manifold in both the
valence and conduction regions. These effects are mostly
pronounced with halogen functionalizations due to their
electronegativity, which is known to affect the electronic
properties of the carbon-based backbone hosting them through
the insertion of states in the gap region (as for ZIF-8-Br here)
or by downshifting the electronic states as a whole. A similar
trend was found and rationalized in the context of carbon-
based nanostructures.®’

Bl CONCLUSIONS

In summary, we presented a joint first-principles and X-ray
spectroscopic analysis of the influence of ligand substitution on
the character of Zn-coordination in ZIFs. We inspected the
established ZIF-8 compound and its derivatives with halogen
(Cl and Br) as well as H-substitution in the organic ligand. By
performing DFT calculations both on the crystalline
compounds and their molecular building blocks as extracted
from the bulk, we assessed the influence of long-range
interactions in the local environment of the Zn—N
coordination. Our results indicate that the electronegativity
of the ligand substituents impacts the polarization of the Zn—
N bond. The trends suggested by the DFT calculations are
confirmed by the outcomes of X-ray absorption measurements
from the Zn K-edge on ZIF-8 and its Br-functionalized
counterpart. We completed our study by inspecting the
electronic properties of the periodic MOFs considered in
this work. We found that the influence of the ligand
substituents touches the size of the band gap, with a reduction
on the order of 0.5 eV upon halogen functionalization.
Furthermore, due to their high electronegativity, Cl and Br
atoms attached to the linkers lead to an overall downshift of
the electronic bands in comparison to ZIF-8 or its hydrogen-
terminated variant.

To conclude, this study offers new insights into the nature of
Zn coordination in ZIF-8 and related compounds and its
effects on the charge-density distribution, including the
polarization of the Zn—N bond, as well as on the electronic
structure of these systems. As such, our findings confirm that
chemical manipulation, for example, through ligand function-
alization, represents a viable route to tune their physical
properties in a flexible and controlled way.
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