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ABSTRACT: The development of conductive metal—organic frameworks is
challenging owing to poor electronic communication between metal clusters and
the organic ligands that bridge them. One route to overcoming this bottleneck is to
extend the inorganic dimensionality, while using the organic components to provide
chemical functionality. Using density functional theory methods, we demonstrate
how the properties of the alkaline-earth oxides SrO and BaO are transformed upon
formation of porous solids with organic oxygen sources (acetate and
trifluoroacetate). The electron affinity is significantly enhanced in the hybrid

materials, while the ionization potential can be tuned over a large range with the
polarity of the organic moiety. Furthermore, because of their high-vacuum fraction, these materials have dielectric properties

suitable for low-x applications.

B INTRODUCTION

Dense ionic solids have historically found applications in areas
such as heterogeneous catalysis, energy conversion, and
optics."”> The rise of metal—organic frameworks (MOFs),’
hybrid perovskites,””> and other mixed colvalent-ionic sys-
tems®’ has expanded chemical space to a variety of new
materials that boast an array of exciting properties including
jonic® and electronic conductivity,g_11 gas storage,12 absorbate-
induced piezochromism,"® and magnetoelastic coupling."*

Many interesting physical properties of hybrid solids have
been attributed to the electronic structure of the ligand (e.g.,
long-range ma§netic coupling,” electron hopping,'® and large
pore volumes'’). One byproduct of many designer ligands is an
inherent porosity of the bulk material.'® However, with porosity
often comes a decrease in the electronic communication
(orbital overlap) between the inorganic clusters, limiting the
possibility of band transport and reducing the potential for
application in electrical devices. There are rare examples where
the ligand/metal interface forms a good ohmic contact, and
these systems demonstrate high electrical conductivity.'” The
design of hybrid materials that feature periodic arrays of empty
space and conduct electricity is paramount for next-generation
metal—organic electronics.

3D inorganic connectivity (i.e., I’O° following the notation of
Cheetham, Rao, and Feller)* may be used as a descriptor for
the discovery of porous conducting variations of the parent
oxide, on the premise that extended inorganic connectivity may
yield a continuous path for electron transport. For example,
organic—inorganic halide perovskites are excellent semi-
conductors owing to the 3D network of corner-sharing metal
halide octahedra; however, other examples are limited.
Recently, Rabuffetti and colleagues reported two isostructural
porous hybrid Sr** and Ba®* oxide materials.”’ The solids
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(Sr(CF4CO0), and Ba(CF;COO0),) were found to crystallize
in the R3 trigonal space group (Figure 1a), with 3D octomeric
inorganic rings composed of edge-sharing metal oxides (Figure
1b) suspended by organic anions. The structures are
topologically similar to the succinate compounds presented
by Cheetham and co-workers.””** Each metal ion exhibits an
eight-coordinate environment, connected to six unique
CF;COO~ molecules (shown in Figure 1c). Given their
topology, compositional similarity to the extensively studied
parent oxides (SrO and BaO), and modularity of the organic
linkage, we pursued Sr(CF;COO), and Ba(CF;COO), as
candidates for widening our design principles for the formation
of electroactive porous hybrid materials.

In this Forum Article, we use first-principles electronic
structure calculations to elucidate the electronic band structures
of Sr(CF;C00), and Ba(CF;COO0), and demonstrate that the
band positions and dispersions are dependent on the charge
identity of the ligand. Owing to the 3D inorganic connectivity,
the origin of this effect is more subtle than that in typical MOFs
(1°0? as found in materials like MOF-5,”° MIL-125,”” HKUST-
1" and MFU-4128), where the inorganic regions are spatially
separated by organic linkers in all three directions. We show
that, in both the Sr** and Ba>* compounds, the electronic band
structure is modular and can be controlled by the anion. These
materials feautre desirable chemical bonding and near-unity
dielectric constants, making them of interest for low-x
applications in microelectronics.” "
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Figure 1. Sr(CF;COO), and Ba(CF;COO),, which crystallize
isostructurally in space group R3 (a). Materials featuring 3D inorganic
connectivity through octomeric metal oxide edge-sharing channels (b).
Each metal being pseudooctahedral and eight-coordinate to six unique
ligands (c). Carbon, oxygen, fluorine, and the metal are depicted in
black, red, yellow, and gray, respectively.

Starting from the crystal structures determined from X-ray
diffraction, the unit cell and internal positions were optimized
using density functional theory (DFT), as detailed in the
Computational Methods section. The resulting electronic band
structures and projected density of states (pDOS) of
Sr(CF,COO0), and Ba(CF;COO0), are presented in Figure 2
based on the HSE06 hybrid exchange-correlation functional.
The work functions (solid-state ionization potentials) of the
parent oxides were taken from a recent DFT study.”” The
parent oxides feature valence- and conduction-band edges
centered on the O p and metal s orbitals, respectively.”>~*° This

spatial charge separation is one requirement for long charge-
carrier lifetimes. In the metal oxides, the oxygen ions carry a
formal 2— charge, and the hybrid materials feature oxygen with
an effective charge of 0.5—.

The highest occupied electronic states in both the parent
oxide and hybrid materials are determined by the O and C p
states, but CF;COO™ has a significantly reduced charge density
compared to O>". Because of charge delocalization over the
organic 7 system, the O p states are stabilized [i.e., increased
work function from 5.3 eV (4.2 eV) to 8.9 eV (8.8 eV) for
Sr(CF,CO0), (Ba(CF;C00),)]. Unlike the parent oxides,
whose conduction-band minima (CBM) are defined by metal s
orbitals, the hybrid material ligand is able to accept an electron
into the 7 system, and hence the CBM of Sr(CF,COO), and
Ba(CF;COO0), are primarily localized on the 7z oxygen and
carbon atoms, resulting in a fundamental electronic gap defined
by a ligand-to-ligand transition.

The magnitude and localization of the anionic charge
influences the depth of the local electrostatic potential and, in
turn, the positions of the valence- and conduction-band
extrema resulting from the crystal field. The metal coordination
environment is also important because it determines the
polarity of the metal-ligand interaction. The coordination
environments in the hybrid and parent oxide materials are
presented on the left-hand side of Figure 2. Despite the hybrid
material being formally eight-coordinate [such a coordination is
also observed in the compositionally similar Ba(AcO),, where
AcO = acetate’”], the environment can be thought of as
pseudooctahedral. Colored coordination vectors are included in
Figure 2 to draw a comparison between the hybrid and parent
oxide structures. In both Sr(CF;COO), and Ba(CF;COO0),,
two of the six ligands are bidentate, acting as an effective 1—
charge anion, which differs from that of the other four ligands,
which carry a 0.5— charge.

In the porous structures, the frontier electronic structure is
ligand-localized. The valence bands show narrow bandwidth.
The dispersion in the valence-band maxima (VBM) of
(Sr(CF,C0O0), is 0.08 eV, while for Ba(CF;COO0),, it is
0.06 eV. The CBM exhibit slightly more curvature [Sr-
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Figure 2. Similar electronic pDOS and band structures of Sr(CF;COO), and Ba(CF;COO),, with the band extrema defined by the ligand O and C
p orbitals. The porous structures differ from those of the parent oxides SrO and BaO, where the valence and conduction bands are defined by both O
and C p and metal s orbitals, respective:l}7.24‘25 The origin of this difference is due to both the change in the coordination environment (shown left)
and the increase in the charge density in the parent oxide. The conduction band of BaO has been omitted for clarity because it is found to be 0.3 eV
below the vacuum level, while SrO has a negative electron affinity. TFA = CF;COO™.
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(CF;C00), CBM dispersion = 0.17 eV; Ba(CF;C0O0), CBM
dispersion = 0.07 eV]. While these values are large for MOFs
(which typically range from 0 to 0.05 eV),***” they are smaller
than those of the parent oxide materials.

To support the postulation that charge-density fluctuations
influence the electronic properties of these compounds, two
new materials were constructed by trifluoroacetate (TFA)/
acetate (AcO) substitutions. Although there are no reports of
crystalline anhydrous Sr(AcO),, Gautier-Luneau and Mosset
have reported an anhydrous Ba(AcO), structure, and we
considered Sr(AcO), as isostructural to the Ba®* compound.37
Both structures feature the same pseudooctahedral coordina-
tion environment as that shown in Figure 2. The total energies
of the hypothetical porous Ba(AcO), and experimentally
realized dense Ba(AcO), were compared on the basis of
DFT/HSEO06 calculations. The hypothetical porous Ba(AcO),,
shown in Figure 3, was found to be metastable (less stable by
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Figure 3. Inclusion of AcO = CH;COO™ in the crystallographic TFA
= CF,COO™ positions, which increases the localization of charge on
coordinating oxygen atoms and alters the absolute electron energies.
Carbon contributions are omitted for clarity but feature contributions
similar to those shown in Figure 2: VBM defined by primarily O p
states, and CBM defined by equal contributions from the 7 system of
oxygen and carbon atoms.

0.58 kcal/Ba’") relative to the dense anhydrous Ba(AcO),).
The strontium-type materials exhibited comparable modularity.
This is not unexpected because essentially all porous structures
are less stable than their dense isomers,*’ and it suggests that a
hypothetical porous Ba(AcO), could be synthesized under
appropriate conditions.

The charge densities of TFA and AcO are presented in
Figure 4a. From these calculations, the AcO anion features a
25% increase in the oxygen charge density compared to that of
the fluoronated analogue. The porous AcO anions are
electronically distinct from the TFA analogues, as shown in
Figure 3. AcO is a much stronger base than trifluoroacetic acid,
pKac FEOOR = 0.23 and pKAOH = 476, making AcO a stronger
field ligand than TFA. This manifests as an increased valence-
band energy (Figure 3). Furthermore, the band edges of the
AcO anions no longer feature a ligand-to-ligand transition, as
observed in TFA, but rather a ligand-to-metal transition,
comparable to that in the parent oxides. When referenced to
the vacuum level, the Ba s orbital remains unperturbed by the
ligand identity (ie., the bands have approximately the same
energy levels).

To further explore the origin of the band reordering upon
CF;CO0O™/CH;COO™ substitution, the band structures for the
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Figure 4. Charge density of the TFA™ and AcO™ ligands (a). The
stronger base features a 25% increase in the relative oxygen charge
density. The increase in the bandwidths is the product of a reordering
of the band structure from ligand-to-ligand to ligand-to-metal
transitions, as demonstrated in the comparison between Ba(TFA),
and dense Ba(AcO), and theoretical porous Ba(AcO), structures (b).
The materials are aligned to their highest occupied states for
comparison.

barium-type materials were aligned to their highest occupied
states (Figure 4b). Strontium-type materials are not presented
because of the absence of an experimentally realized anhydrous
material. However, computations of the strontium-type hypo-
thetical materials demonstrated trends comparable to those
observed for the barium-type structures. The valence band is
largely unaffected by the topology when compositionally
identical materials [both porous and dense Ba(AcO),] are
compared. The inclusion of TFA does not significantly alter the
locality or density of the frontier valence bands.

Chemical substitution resulted in two other interesting
changes in the electronic structure: (i) a shift froma T — T to
a ' = I fundamental electronic transition in the first Brillouin
zone; (ii) a reordering of the conduction bands such that the
localized ligand unoccupied states (formally found in the
CF;COO™ materials at ca. —2 eV) are increased in energy to
above the vacuum level. Together, these cause a significant
increase in the dispersion of the conduction band because of
the CBM being defined by the metal s orbitals.

The enhancement of band dispersion based on simple
chemical substitutions is evidence that the electronic properties
of MOFs are intimately linked to the charge density of the
ligand. When the O p character is increased, the MOF obtains a
lower conduction band defined by metal s orbitals and accesses
a parent oxide-like electronic structure. While the energy of the
valence bands is augmented as a function of the oxygen charge
density, the dispersion remains unperturbed.

Although the wide band gaps of these materials render them
insulators in the absence of doping, there is an added benefit of
porosity: low dielectric constants (¢,), which make porous
Sr(AcO), and Ba(AcO), interesting candidates for blocking
layers in electrical devices. Compared to the parent oxides
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(SO, €y = 14.5;" BaO, €, = 34)," these porous structures
feature near-unity optical dielectric constants (Table 1).

Table 1. Electronic Properties (DFT/HSE06) of the Four
Porous Materials Considered Here”

material IP (eV) EA (eV) E, (eV) €
Sr(CH,COO0), 69 07 62 1.51
Sr(CF,C00), 8.9 2.5 64 1.72
Ba(CH,COO), 6.6 0.5 6.1 1.77
Ba(CF,COO), 8.8 22 6.6 1.77

“The ionization potential (IP; equivalent to the work function @ for
Eg = VBM], electron affinity (EA), and electronic band gap (E,) are
presented. The high-frequency dielectric constant (€,,) is also
presented.

Reports of MOFs for blocking layers are sparse. To the best
of our knowledge, only ZIF-8 has been postulated as a low-k
dielectric based on a dielectric constant of 2.3.** For reference,
these are comparatively low relative to other hybrid materials
(CH;NH;PbL,, e, ~ 6*).

In summary, we have demonstrated the changes in the
chemical bonding and electronic structures that occur in
alkaline-earth metal oxides upon a transition from dense to
porous metal—organic structures. We have further shown that
changing the charge density of the ligand alters the frontier
crystalline orbital composition, band dispersion, and dielectric
constants. These findings can be instructive for the design of
conductive hybrid solids with tunable band structures.

B COMPUTATIONAL DETAILS

First-principles total energy and electronic structure calculations were
performed within the Kohn—Sham DFT construct. A delocalized
plane-wave basis set with projector-augmented-wave scalar-relativistic
frozen-core potentials was employed, as implemented in the Vienna ab
initio simulation package (VASP).* A 500 eV plane-wave kinetic-
energy cutoff and a 2 X 2 X 2 k grid were combined to provide total
energy convergence to within 0.01 eV/atom. Beginning with the
experimentally determined crystallographic cell, all unit cell vectors
and internal ionic positions were relaxed to their equilibrium values
using the PBEsol™ functional. This functional provides a good
description of the solid-state structures of MOFs, with all equilibrium
lattice vectors being within 1% of the experimental values.

To recover more accurate electronic properties with a more
sophisticated description of the quantum-mechanical electron—
electron interactions, an additional optimization was required*” using
a hybrid exchange-correlation functional (HSE06), with 25% of the
short-range semilocal exchange replaced by the nonlocal Hartree—
Fock exchange."® This method was used to recover electronic
properties including the electron density, band gap, and band
structure. The k points sampled were determined by the high-
symmetry points for the R3 space group, as detailed in Figures 2 and 3.
A 3 X 3 X 3 k grid was used to compute the high-frequency (optical)
dielectric constants based on valence-to-conduction band transitions
computed in the independent-particle approximation using Fermi’s
Golden rule.

In order to calculate the reference electrostatic potential (vacuum
level), we take an average of the Hartree potential in the vacuum
region of the cell and use this as an internal reference for the electronic
eigenvalues.”® The analysis code for this calculation, which can also
calculate planar and macroscopic averages of electrostatic potentials
and charge densities, is freely available.”

Single-molecule charge-density calculations were performed in FHI-
aims,” using the same functionals, sufficiently large basis set, and
convergence criteria as the periodic solid. The charge density was
obtained using an electrostatic potential segmentation method.
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Visualizations of the structures were made using VESTA, color

. . 53
scheme “Credit Union”.
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