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Electrically conductive metal—organic frameworks (MOFs) have emerged as materials for energy conver-
sion and storage, with the advantages of intrinsic porosity and high tunability. One promising strategy to
design conducting MOFs is the use of electroactive ligands, combined with mixed-valence phenomena
promoted by redox-accessible inorganic pairs. In this regard, a porous material based on a nitrogenated
ligand (benzeneditetrazole, BDT) and the transition metal cation Fe(i), Fe,(BDT)s, holds a record
conductivity among 3D MOFs. Its efficient charge transport was ascribed to the —(Fe—-N-N-), network,
opening the door to the design of novel conducting materials based on that scaffold. We present a
theoretical investigation of the charge-transport properties for the record Fe,(BDT)s polymorph, and
extend the study to two analogous polymorphs with the same chemical composition but different
crystal symmetry. Density functional theory calculations of the electronic band structure reveal the
presence of alternative transport channels with high electronic delocalization along the n-conjugated dite-
trazole ligand in combination to the iron—nitrogen chain. Our results demonstrate that ligand protonation
distribution mandates charge-transport efficiency, and defines a different hole/electron conduction pathway
for each polymorph. We thus propose a new strategy to enhance conductivity in porous materials based

Received 1st June 2025, on protic ligands through engineering of protonic ordering. A detailed analysis of the partial Fe(i) oxidation

Accepted 15th August 2025 to Fe(in) confirms insertion of empty Fe(i)-d energy levels within the bandgap with a small energy penalty,
DOI: 10.1039/d5tc02135a thus allowing enhancement of the electronic properties of the material through mixed-valence phenom-
ena. This work provides insights into the factors influencing charge transport in MOFs, guiding the design

rsc.li/materials-c and discovery of advanced porous conductors for next-generation applications.

interactions. In the inorganic cluster approach, metal ions act as
coordination centres to the organic ligands and can be oxidized or

Introduction

Metal-organic frameworks (MOFs) are crystalline porous materials
built from organic ligands and metal nodes. These materials have
experienced a growing interest in the last decade due to their
extraordinary chemical structure versatility and inherent porosity."
Since their discovery,”® MOFs have been used in a wide range of
applications such as sensing,’ catalysis,” gas separation and
storage.° However, the exploitation of porous frameworks in
next-generation applications for energy storage and conversion
has traditionally been hampered by the insulating nature of their
constituting building blocks, namely closed-shell metal nodes and
redox-inactive ligands.”® Nowadays, there are several approaches
to boost electrical conductivity in MOFs based on their compo-
nents: (i) presence of redox-active inorganic clusters, (ii) insertion
of electroactive organic ligands, and (iii) inclusion of redox-active
guests in the framework, either covalently or through noncovalent
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reduced, providing electrons that can move through the frame-
work, thus promoting electrical conductivity in the MOF. One of
the most common inorganic clusters is based on transition metals
such as iron, which has great potential as an electroactivator due
to its ability to coexist in multiple oxidation states (i.e., Fe(u)/Fe(ur)),
leading to mixed valence. Electroactivation through a ligand
approach, on the other hand, consists in the use of electron-
donor or electron-acceptor organic ligands such as tetrathia-
fulvalene,” ™" perylene’*'* or benzeneditetrazole.">'® These
ligands are coordinated to the metal ions and, depending on
the metal, can exist in different stable oxidation states. The
third electroactivation strategy implies the incorporation of a
molecule that can either give or accept electrons to/from the
framework (e.g., iodine,’*"”"*° tetracyanoquinodimethane,*'>*
etc.) via redox reactions. This molecule (known as a guest)
interacts either with the metal ions or with the organic ligands,
generating free charge carriers for efficient conductivity.

Most recent advances in the field of porous conductors are
accomplished for low-dimensional MOFs, which can benefit

This journal is © The Royal Society of Chemistry 2025
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from fully n-d conjugated paths in a 1D channel (1D-MOFs) or a
2D plane (2D-MOFs), thus enabling efficient charge transport
through highly delocalized polarons (band transport), even in
the presence of hydrogenic defects.** For example, conductivities
as large as 156.7 S cm~ ' were reported for Ni-MOF-1D.>® For
layered 2D-MOFs, impressive mobilities up to 220 and 99(hole)/
116(electron) cm® V" s~ " have been recorded for Fe;(THT),(NH,);
and Cu(BHT), respectively.”®*” In contrast, 3D frameworks stand
behind in terms of charge-transport properties, one of the
maximum conductivities (0.3(1) S ecm™') being recorded for
Fe(tri),(BF4)oss at room temperature.”® Nonetheless, three-
dimensional MOFs possess the advantage of displaying a robust
platform in the three directions of space, thereby enhancing their
structural stability and porosity pattern integrity.>® These charac-
teristics are key for their use as photo/electro-catalytic sieves,
chemiresistive sensors, thermoelectric devices or supercapacitors.

Out of the several electrically conducting MOFs reported up
to date, iron(u)-based MOFs are promising materials as their
transport properties can be enhanced due to mixed valence—
up to 5 orders of magnitude with respect to other divalent
transition metals.*® Particularly, the combination of Fe(n) and
the 5,5’-(1,4-phenylene)bis(1H-tetrazole) (H,BDT) ligand leads
to the formation of a three-dimensional framework known as
Fe,(BDT);. The Fe,(BDT); MOF exhibits polymorphism, adopt-
ing different structures depending on the synthesis conditions.
Yan and co-workers reported up to three different polymorphs,
which differ in their crystalline structure, pore size and mag-
netic properties.*™** Moreover, due to the presence of Fe(u) d°
ions, one of the polymorphs exhibits spin-crossover phenom-
ena as a response to temperature and pressure.**">

According to Xie and collaborators,*® the Cmmm Fe,(BDT);
polymorph (named here P3), displays conductivity values from
107> S ecm™ " (just after its synthesis), to 0.3 S cm ™" (after 7-day
air exposure), to 1.2 S cm ™" (after 30-day air exposure) and to a
maximum value of 1.8 S cm™*, being the later the highest con-
ductivity value reported for a 3D MOF up to date. In that work, the
material was demonstrated to undergo partial oxidation due to
atmospheric oxygen, leading to mixed-valence Fe(u)/Fe(m) states.>*”
The high charge mobility in the porous framework was attributed to
the -(Fe-N-N-),, chains,*® yet the electronic band structure
suggests alternative ligand-centred pathways that may be rele-
vant for carrier transport. Moreover, the formation of a mixed-
valence Fe(u)/Fe(u) promotes the presence of unoccupied states
within the bandgap, thus enhancing the conducting properties
of the material.***” Despite being built from the same building
blocks as P3, and thus presumably constituting promising
candidates for charge conduction, the analogous Fe,(BDT)s
polymorphs (here P1 and P2) have not been studied for this
purpose thus far.

Herein, we present a comprehensive theoretical characteriza-
tion by means of quantum chemical calculations to unveil the
origin of the high charge-transport properties of the Fe,(BDT);
P3 polymorph, and extend the analysis to the analogous P1 and
P2 polymorphs as promising porous materials for conduction.
The crystal and electronic structure of the Fe,(BDT) polymorphs
have been characterized using hybrid density functional theory.
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Our ab initio calculations indicate the presence of alternative
transport channels to the —(Fe-N-N-),, network, which display
high electronic delocalization that extends longitudinally through
the m-conjugated tetrazole ligands, and originate from protonated/
deprotonated ligand distribution along the three axes. The effect of
the protonic ordering in the charge transport properties, particu-
larly bandgap and charge carrier effective masses, has been
thoroughly investigated. Finally, we study in detail the effect of
partial Fe(u) oxidation in generating empty energy levels within the
bandgap, and its implications in enhancing the conducting prop-
erties of the porous materials.

Methodology

Molecular calculations and crystal structure calculations using
periodic boundary conditions were carried out at the density
functional theory (DFT) level using the all-electron FHI-aims
program suite.*®*° The minimum-energy structure of the organic
ligand in the different protonation states and of the three
different polymorphs of Fe,(BDT); were first obtained after full
lattice and ionic relaxation by using the Broyden-Fletcher-Gold-
farb-Shanno optimization algorithm,*" employing the tier-1
numerical atom-centered orbital (NAO) basis set in “intermedi-
ate” species settings, and the gradient generalized approximation
through the PBEsol functional.*? In the case of the molecular
calculations, further optimization was performed by using the
screened-hybrid HSE06 functional.*® The screening parameter of
HSE06 was set to 0.11 Bohr . In the periodic calculations of
P1-P3, conventional cells were used to explore the reciprocal
space during crystal optimization (k-grid of 1 x 1 x 1). The
choice of the k-grid was based on convergence tests to maximize
accuracy-cost ratio (see Table S1). Relativistic effects were
included with the atomic, scalar, zero-order regular approxi-
mation as implemented in FHI-aims.**

Starting from the original crystal structure of P2, potential
protonation sites were identified on the tetrazole ligands,
specifically at the nitrogen atoms known for being protonated.
Random protonation configurations were then generated by
assigning protons to these sites in an arbitrary yet chemically
coherent manner, while preserving the overall stoichiometry
and electroneutrality of the system. Up to three random con-
figurations were generated for P2. The electronic structures of
these configurations are qualitatively equivalent, with small
variations in bandgap values (<0.2 eV). We therefore selected
one of them for subsequent analyses.

Convergence criteria for the self-consistent field cycles were
set to a charge density below 1 x 10~° eV, while the threshold
for structural relaxation was chosen at forces lower than 10>
eV per A per atom. Single-point band structure calculations
were performed at the HSE06 functional with a k-grid of 3 x 3 x
3 for P1-P3. This method provides a more reliable and general
description of strongly correlated d-electron systems (as in the
iron-based Fe,(BDT); polymorphs) compared to e.g. the DFT+U
scheme, which requires semi-empirical tuning of the Hubbard
U parameter.”®
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For low-spin Fe,(BDT); polymorphs, the total spin was set to
zero, and spin-restricted (unpolarized) calculations were per-
formed. On the other hand, for high-spin and mixed-valence
Fe,(BDT); systems, spin-polarized (collinear) calculations were
carried out. P2’ was modelled by taking the optimized P2
structure and placing H,BDT along one of the equivalent direc-
tions in the ab plane, while BDT>~ ligands were aligned along
the remaining two directions, resulting in an ordered protonic
distribution. P3’ was modelled by taking the optimized P3
structure and then placing randomly the H,BDT and BDT>~
ligands, in such a way that the chemical formula Fe,(H, ¢,BDT)3
was fulfilled. In this case, a 1 x 1 x 2 supercell was generated to
allow random protonic distribution of P3’. Regarding mixed-
valence P2 and P3, each structure was represented with 50%
Fe(u) atoms in both high-spin (HS) and low-spin (LS) configura-
tions, and 50% Fe(u) atoms in the LS configuration. Mixed-
valence P1, on the other hand, was modelled with 50% Fe(u)
atoms in both high-spin (HS) and low-spin (LS) configurations,
and 50% Fe(u) atoms in the HS configuration.

The electronic level alignment to the vacuum was done by
considering the Hartree potential of each system within the
pore. First, the Hartree potential was computed using the FHI-
aims package with the hybrid HSE06 functional. Then, the
electronic levels were aligned to the vacuum level according
to the protocol implemented in the Macrodensity package,*®
consisting on the computation of the spherical average of the
electrostatic potential at the pore centre.

The effective mass is an important quantity that relates with
the charge transport properties of a material through the
definition of the charge carrier mobility u:

_r

"
where ¢ is the elementary charge of the carrier, 7 is the mean
relaxation time between collisions and m* is the effective mass
associated to the carrier. The effective mass is conventionally

defined as:
SE\ !
* 2
= (5k2>

where E is the electronic band energy at wavevector k, and
describes the acceleration that a charge carrier experiments
upon electric field application. This definition is formally valid
for parabolic bands, and provides a basis for the description of
charge transport in semiconductors.*” However, metal-organic
frameworks usually display non- or weakly parabolic bands,
and hence the definition of the effective mass is modified to
obtain a proper description of the non-quadratic curvature of
the band.”” In the effmass package,*® this is done by either (i)
incorporating higher order energy terms in the dispersion
relation (obtaining the transport effective mass) or (ii) consid-
ering the occupation of all bands as determined by the Fermi-
Dirac distribution (optical effective mass). The Kane quasi-
linear dispersion approximation is based on the first approach
by keeping only the first nonlinear term, thus obtaining an
effective mass described by two parameters: the transport
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effective mass at the band edge (m.,) and the o parameter,
which quantifies the amount of non-parabolicity:

m* = mgo(1 + 20E)

In this work, effective masses were computed using the Kane
approximation as implemented in the effmass package.®

Crystal structure geometries, frontier crystal orbitals and
spin densities were displayed with the VESTA visualization
software,"® while molecular structures and the corresponding
frontier molecular orbitals were displayed with the help of the
Chemcraft software.’® The projected density of states was
plotted with a Gaussian broadening of 0.1 eV.

Results and discussion
Molecular organic ligand

Fe,(Hy 6;BDT); is a family of metal-organic frameworks (here-
after abbreviated as Fe,(BDT);) based on the benzeneditetrazole
ligand 5,5’-(1,4-phenylene)bis(1H-tetrazole) (H,BDT), whose het-
erorings can be presented either protonated or deprotonated
depending on the ligand position in a particular polymorph.
Therefore, prior to studying and analysing the structural and
electronic properties of Fe,(BDT); crystals, the characteristics of
the constituting bidentate tetrazole ligand BDT in its different
protonation forms were examined.

The electroactive character of the BDT ligand stems from the
nitrogen atoms of the tetrazole rings and its protonation state.
The electron lone pairs of the electronegative nitrogen atoms
enable the coordination bonding to a metallic node as in the
Fe,(BDT); family of MOFs. Consequently, tetrazole rings may
act as electron donors. On the other hand, BDT may also act as
an electron acceptor by accommodating the electronic density
excess along the m-conjugated system formed by the two tetra-
zole rings and the central benzene ring.

Molecular calculations on the protonated (H,BDT) and
deprotonated (HBDT~ and BDT’") forms of the benzenedite-
trazole ligand were performed at the hybrid HSE06/tier-1 NAO
level of theory. Theoretical calculations predict that the energy
required to extract one proton from the H,BDT ligand, leading
to the HBDT ™ species, is of 14.01 eV. Extraction of a second
proton to form BDT’  costs 16.73 eV. These penalties are
expected to decrease when the ligand interacts coordinatively
with Fe(u) in forming Fe,(BDT)s. As a reference, the deprotona-
tion energy of imidazole and tetrazole molecules at the same
level of theory are 15.59 and 14.69 eV, respectively, indicating an
easier first deprotonation as the number of nitrogens in the
azole ring increases and in passing to BDT due to its extended -
conjugation. In terms of energy levels, deprotonation of the BDT
ligand not only destabilizes the n/m* frontier highest-occupied
and lowest-unoccupied molecular orbitals (HOMO and LUMO,
respectively), but also alters their topology (Fig. 1). In going from
H,BDT to HBDT, there is a decrease in the HOMO-LUMO gap
from 4.31 to 3.32 eV, which is accompanied by an asymmetric
shift of the electron density. In HBDT™ the HOMO is centred on
the deprotonated tetrazole, indicative of its donor character,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Lewis chemical structures and frontier molecular orbitals (isovalue
of 0.05 Bohr~3) calculated at the HSEO6/tier-1 intermediate NAO level for:
(a) H,BDT, (b) HBDT™ and (c) BDT?". The energy of the frontier orbitals is
indicated in eV.

and the LUMO spreads over the electron-accepting protonated
heteroring (Fig. 1). After the second deprotonation, the HOMO-
LUMO gap increases back to 4.18 eV, and the frontier orbitals
spread again along the entire molecule with a topology similar
to those of H,BDT.

To analyse the oxidizing/reducing character of the BDT
ligand, Koopman’s theorem was applied.”" The electron affinity
was predicted to be 3.04, —0.67 and —4.92 eV for H,BDT, HBDT
and BDT?", respectively. The neutral ligand H,BDT is thus a good
electron acceptor, while insertion of electron density in deproto-
nated negatively charged ligands is hindered. On the other
hand, the ionization potential was calculated to be 7.35, 2.65
and —0.74 eV for H,BDT, HBDT~ and BDT>", respectively. There-
fore, the electron-donating character of the ligands increases as

This journal is © The Royal Society of Chemistry 2025
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deprotonation occurs, reaching a slightly negative IP value
(spontaneous oxidation) for BDT>". These results confirm the
dual electron donor/acceptor character of BDT depending on its
environment and protonation state.

Crystal structure and spin configuration

Three different porous materials are reported with the Fe,(BDT);
chemical composition but with different crystal symmetry
(Fig. 2). Polymorph P1 displays an orthorhombic Fddd space
group, where the fully deprotonated BDT>" ligands are aligned to
the b axis and are coordinated to Fe(u) nodes through the outer N
atoms (positions 2 and 3 of each tetrazole), whereas the bc-
diagonal ligands are partially protonated and coordinate laterally
through nitrogens 3 and 4 (Fig. 1a). On the other hand, poly-
morph P2 presents a trigonal R3m symmetry, where BDT ligands
form a three-dimensional framework with Fe(u) centers with a
random protonic distribution (Fig. 2) that fulfills chemical stoi-
chiometry and electroneutrality. Finally, polymorph P3, the
record conducting 3D MOF, possesses an orthorhombic Cmmm
space group, where Fe(u) nodes are linked in two inequivalent
directions. In this polymorph, fully protonated H,BDT ligands
align with the b axis, while fully deprotonated BDT>~ ligands are
oriented through the c¢ direction (Fig. 2). Interestingly, the
deprotonated ligands in P3 present a significant curvature with
a calculated maximum depth of 1 A. Due to symmetry reduction
upon considering discrete protonic distributions in the poly-
morphs, we used the Brillouin zone of the corresponding lattice
system to explore the electronic structure of the materials, ie.,
orthorhombic for P1 and P3, and hexagonal for P2.

The Fe,(BDT); family of polymorphs contains Fe(u) atoms that
are hexa-coordinated to the nitrogen atoms of benzeneditetrazole
ligands in an octahedral environment. Depending on the crystal-
field splitting caused by the BDT ligands (4,), the Fe(u) electronic
configuration can be described by either 6 paired electrons (low-
spin configuration, LS) or 4 unpaired electrons (high-spin
configuration, HS) (Fig. 3a). Additionally, in the HS configuration,
the spin moments of neighbouring atoms along the infinite —
(Fe-N-N-),, chains can align in parallel, resulting in ferro-
magnetic ordering (FM), or antiparallel, leading to an antiferromag-
netic arrangement (AFM) (Fig. 3b). Besides magnetic susceptibility
experimental measurements, spin configuration can be evalu-
ated by high-level electronic structure calculations®>* or more
simply by analyzing the Fe-N coordination distances: high-spin
states tend to have more electrons in antibonding orbitals
compared to low-spin states, resulting in weaker bonds and
longer bond distances for the HS configurations.>

The crystal structure of the three Fe,(BDT); polymorphs was
obtained after full atomic and lattice relaxation at the DFT-
PBEsol level of theory and tier-1 NAO intermediate basis set,
starting from the single-crystal X-ray data (see Methodology
section for further details). The theoretical cell parameters are
in good accordance with those obtained experimentally (Table
$2).*! Inclusion of van der Waals (vdW) corrections using the
Hirshfeld dispersion scheme by Tkatchenko and Scheffler®® did
not improve the structural description of the polymorphs
(Table S2) and was therefore omitted.

J. Mater. Chem. C, 2025, 13,19026-19036 | 19029
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Fig. 2 Optimized crystal structures for the three polymorphs of Fe,(BDT)s: P1, P2 and P3. Fully protonated, half-protonated, fully deprotonated, and
randomly protonated ligand directions are highlighted in red, green, blue and grey, respectively. Hydrogen atoms are hidden for clarity.

Fe'

HS-FM HS-AFM

Fig. 3 (a) Crystal-field splitting of the d-orbitals in Fe?* for a low-spin (LS) and
high-spin (HS) configuration. 4, denotes the crystal-field splitting parameter
for an octahedral environment, whereas t,4 and eq are the three lower-energy
and two higher-energy degenerate d-orbitals, respectively. (b) Schematic
diagram of the metallic node of Fe,(BDT)s in a high-spin ferromagnetic (HS-
FM) and a high-spin antiferromagnetic (HS-AFM) configuration.

For P1, the high-spin FM alignment is favored by 0.82 eV f.u.”"

in comparison to the LS configuration (Table S3), which is in line
with that found experimentally.*" The Fe-N bond distances are
calculated to be 2.156-2.240 A, in agreement with the experi-
mental data (2.156-2.248 A), which further supports a HS configu-
ration for this polymorph.®' Regarding P2, the LS configuration is
favored by 0.15 eV f.u.”" with respect to the HS-FM configuration
(Table S3). Experimentally, P2 displays two inequivalent Fe-N
coordination environments, with bond distances of 2.172 and

19030 | J. Mater. Chem. C, 2025, 13, 19026-19036

1.963 A, which are indicative of coexistence of HS and LS states,
respectively, at room temperature.®" Actually, spin-crossover (SCO)
phenomena in this polymorph was reported upon cooling. The-
oretical calculations indicate that the HS-AFM configuration of P2
is 0.98 eV f.u.”" less stable than the LS configuration, in good
accord with the prevalence of a low-spin state at low temperature.
Our calculations do not consider temperature corrections and
SCO is not further analyzed. Finally, the low-spin state is the most
stable configuration in P3 (Table S3). Fe-N distances in this state
are calculated with average values between 1.871 A and 1.920 A,
slightly lower than those reported by Yan and coworkers®" (1.953-
1.968 A), but supporting the modelled spin configuration for P3.
The HS-AFM configuration in this polymorph converges to a LS
wavefunction (Fig. S1), whereas the HS-FM configuration is
predicted 0.31 eV f.u.” " less stable than the LS state, with average
Fe-N distances of 2.124 A.

Band structure and conducting properties

To shed light on the electroactive and conducting properties of
Fe,(BDT); porous materials, electronic structure calculations
were performed at the hybrid DFT level of theory (HSEO6/tier-1
NAO) for polymorphs P1, P2 and P3 in their most stable spin
configurations: P1 (HS-FM), P2 (LS) and P3 (LS); P1 (LS) was
also calculated for the sake of comparison. Theoretical calcula-
tions predict direct bandgaps centred at I' of 3.52(c)/2.18(p),
3.17,2.27 €V and 1.94 eV for P1 (HS-FM), P1 (LS), P2 (LS) and P3
(LS), respectively (Fig. 4 and Fig. S2). These values indicate that
the three polymorphs are relatively low-bandgap materials and
have potential to promote VB — CB electronic transitions,
hence engendering charge carriers for efficient transport.
Despite having the same chemical composition, significant
differences in the electronic band structure are found, which
might stem from the distribution of protonated/deprotonated
ligands in the 3D framework, the organic coordination linkage,
or the presence of curved vs. flat BDT ligands (Fig. 3); vide infra.

The electronic band structure of P1 in its high-spin ferro-
magnetic configuration (Fig. 4) displays large dispersion in
the valence band of the p-channel across electron-donor BDT*~

This journal is © The Royal Society of Chemistry 2025
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P3

E-Er (eV)

Fig. 4 Electronic band structure and frontier crystal orbitals calculated for P1 (HS-FM), P2 (LS) and P3 (LS) at DFT/HSEQ6. The Fermi level is set to zero at
the top of the valence band. VBM and CBM stand for valence-band maximum and conduction-band minimum, respectively. The bandgap value (in eV) is

indicated for each band structure.

Table1 Effective masses for hole (m;) and electron (m;‘) charge carriers of each polymorph in the most characteristics directions (through ligands and

through the Fe—N chain) expressed in free electron mass units (me)®

my, m;
Structure BDT?*~ H,BDT or HBDT~ ~(Fe-N-N-),, BDT>~ H,BDT or HBDT~ ~(Fe-N-N-),,
P1 (HS) 0.58 1.00 2.06 1.79 1.54 1.53
P1 (LS) 0.42 0.72 1.76 >10 6.69 >10
p2’ 2.34 2.20 2.92 >10
P2’ 0.61 1.67 1.92 2.95 0.50 3.49
P3 0.36 3.63 1.40 >10 0.74 >10
P3¢ 0.69 2.00 1.71 >10 >10 2.96

“ Flat bands with effective mass values larger than 10 m is indicated as >10. ? In P2, all ligand directions are equivalent due to symmetry.  In P3/,
ligand directions no longer correspond to BDT>~ or H,BDT/HBDT  nature due to random protonic distribution.

(I'-Y) direction and a moderate dispersion through the
~(Fe-N-N-),, chains (I'-X), with hole effective masses (n1;) of
0.58 and 2.06 m,, respectively (Table 1). Otherwise, the conduc-
tion band presents large dispersion through the half-
protonated (electron-acceptor) HBDT  and —(Fe-N-N-),, chain
directions, with m} of 1.54 and 1.53 my, respectively (Table 1).
As small effective masses (usually <1 m,) are related to
efficient conducting properties, this makes P1 a good conduc-
tor for hole carriers, whereas electron transport is expected to
be moderate. The corresponding density of states (DOS)
indicates the predominance of Fe(ur) atoms in the valence band,
accompanied by small contributions of C and N atoms of the
organic ligand (Fig. S3). In contrast, the conduction band
displays a mixed nature of BDT and Fe(u). The crystal orbital
corresponding to the valence-band maximum (VBM) is highly
delocalized over the Fe-N chain and deprotonated ligands
(a and b directions, respectively) (Fig. 4). This delocalization
supports the small m} values predicted along I'-X and I'-Y

This journal is © The Royal Society of Chemistry 2025

k-segments. Note that a small m; of 1.00 m, is also predicted
along the bc diagonal (HBDT direction) due to the strong
dispersion through b (Table 1). Otherwise, the lowest-
unoccupied crystal orbital corresponding to the conduction-
band minimum (CBM) spreads over the HBDT™ ligands and
Fe(u) (Fig. 4). As the distribution of the half-protonated HBDT
ligands is random in this polymorph, the delocalization in the
CBM is less efficient through ligands, thus providing generally
larger values for m} (Table 1).

Regarding P1 in its low-spin configuration, the band struc-
ture is predicted again with large dispersion in the valence band
through BDT*>~ and —(Fe-N-N-),, chain directions (Table 1),
with m}; of 0.42 and 1.76 m,, respectively. However, in contrast
to P1 (HS-FM), the effective masses calculated for P1 (LS) along
the conduction band are found significantly larger (> 6 my). In
this case, the frontier crystal orbital associated to the CBM is
fully localized over the BDT ligands, with negligible participa-
tion of Fe(u) as its empty d-orbitals are placed higher in energy
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(Fig. S2 and S3). These results suggest that transport of electrons
is significantly improved in the high-spin state of P1, promoted by
a mixed nature of the conduction band with strong participation of
Fe(u) empty d-orbitals, which leads to a large CB dispersion and a
ca. 1 eV bandgap reduction compared to the low-spin state.

The computed band structure for P2 shows small dispersion
in the valence band (Fig. 4), with predicted m; values of 2.20
and 2.34 m, through —(Fe-N-N-),, and ligand directions,
respectively (Table 1). Similarly, the conduction band is mostly
flat, with m of 2.92 m, along the ligands and larger than 10 m,
for the Fe-N chain direction. DOS shows that the major con-
tribution to the VB comes from the Fe(u) atoms along with the
BDT ligand, whereas the CB is fully described by the BDT atoms
(Fig. S3). The frontier crystal orbital corresponding to the VBM
is calculated to be localized on the inorganic cluster (Fe(u)
atoms) and expands to the electron-donor deprotonated BDT>~
ligands (Fig. 4). On the other hand, the CBM is found to be
localized over the half-protonated HBDT™ ligands only. Due to
the random distribution of the protonated ligands, the electro-
nic communication pathways are broken in this polymorph,
hence leading to strong localization of the polaron and large 1},
and m values. These results suggest that P2 is expected to be a
poor conductor for both holes and electrons.

Finally, the electronic band structure computed for the
record conducting 3D MOF P3 reveals high dispersion in both
the valence and conduction band levels (Fig. 4). Small hole
effective masses (m},) of 0.36 and 1.40 m, are calculated through
BDT>~ and -(Fe-N-N-),, directions, respectively (Table 1). On
the other hand, the conduction band provides a small electron
effective mass () of 0.74 m, through H,BDT ligands, whereas
large values (>10 m,) are calculated along the remaining
directions. Analogously to P2, the density of states calculated
for P3 indicates the involvement of both Fe(u) and BDT atoms
(C and N) in the VB, while only ligand atoms contribute to the
CB (Fig. S3). Representation of the frontier crystal orbital of the
VBM in P3 shows a complete delocalization over the electron-
donor BDT?™ ligands (c direction) and through the —(Fe-N-N-),,
chain (Fig. 4). On the other hand, the CBM is delocalized over the
fully protonated H,BDT ligands, which have a strong electron-
accepting character. These results indicate that polymorph P3
can conduct both electrons and holes efficiently (effective masses
<1 my), thus presenting ambipolar semiconductivity in orthogo-
nal directions: holes along ¢ (BDT*") and electrons along b
(H,BDT).

Notably, the deprotonated BDT>~ ligands in P3 are geome-
trically bent (maximum curvature depth of 1 A, Fig. 2), which
may impact on the electronic properties of the MOF compared to
its polymorphic analogues; in particular, the nature and position
of the valence band. Molecular-level analysis of the BDT>~
scaffold in its flat (minimum-energy geometry) and curved (as
extracted from the P3 crystal structure) conformations was per-
formed at the HSEO6/tier-1 NAO level. The curved BDT*" ligand
has a HOMO level 0.12 eV higher in energy compared to the flat
structure, while keeping the same orbital topology (Fig. S4).
Additionally, as predicted in the molecular calculations of the
different protonation states of BDT (vide supra), the LUMO in
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fully protonated H,BDT is placed lower in energy compared to
partially deprotonated HBDT , due to its stronger electron-
accepting character. The combination of these two factors leads
P3 to present the smallest bandgap value (1.94 eV) among the
Fe,(BDT); family of MOFs, a beneficial characteristic to boost
conductivity through generation of charge carriers by means of
VB — CB electronic transitions.

Protonation distribution

As the proton distribution in BDT ligands impacts the electro-
nic properties of Fe,(BDT); polymorphs, we carried out an
analysis of the effect of altering the natural protonic positions
on those properties. For simplicity, we centred our comparison
on the extreme situations: directions with full protonated or
full deprotonated ligands, and fully random protonation. We
modelled P2, which naturally presents a random protonation,
in an ordered protonic distribution (P2’), and P3, which is
naturally ordered, in a random protonic distribution (P3’). The
chemical formula is maintained to be Fe,(H, ¢,BDT); in each
case. The band structure predicted for the random distribution
P3’ (Fig. S5) indicates significant differences with respect to
ordered P3 (Fig. 4): there is a reduced dispersion of the energy
levels around the bandgap region, together with a notable
increase in the bandgap from 1.94 eV in P3 to 2.53 eV in P3/,
stemming from the absence of strong electron-accepting
H,BDT units in the latter. The smallest predicted effective
masses in P3’ for hole and electron are 0.69 and 2.96 m,,
respectively, compared to 0.36 and 0.67 m, in P3, which points
towards a hindered charge transport of both charge carriers
upon random protonic distribution. This result is confirmed by
analyzing the topological representation of the frontier VBM
and CBM crystal orbitals in P3’, which are strongly localized
over the deprotonated and protonated tetrazole rings, respec-
tively (Fig. 5). A large energy penalty of 0.57 eV fu.”' is
predicted to promote random protonation from P3 to P3’.
More interesting is the case of the ordered protonic dis-
tribution modelled in P2’ polymorph, which results in a highly
dispersive band structure (Fig. S5), together with a smaller band-
gap (1.94 eV), compared to randomly protonated P2 (2.27 eV). In
fact, the bandgap calculated for ordered P2’ is identical to that
predicted for record conducting P3 due to the presence of fully
protonated (H,BDT) and deprotonated (BDT”") ligands. The com-
puted effective masses for the VB in P2’ are significantly smaller
than those predicted for P2, especially along the BDT>~ direction
(m}; from 2.34 mq in P2 to 0.61 m, in P2/, Table 1). Similarly, the
effective mass values obtained for CBM are notoriously reduced for
the protonically ordered P2’, leading to the smallest m’ among all
the polymorphs (0.50 m, in the H,BDT direction, Table 1). The
frontier crystalline orbitals for the VBM and CBM of P2’ are fully
delocalized over the electron-donating BDT*>  and electron-
accepting H,BDT directions (Fig. 5), respectively, thus providing
further evidence of a more effective carrier delocalization, a
requirement for an efficient charge transport. P2’ is calculated
only 0.02 eV f.u.”! higher in energy than P2, indicating that the
protonic ordering in this polymorph is energetically accessible,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Valence-band maximum (VBM) and conduction-band maximum
(CBM) crystal orbitals calculated at the HSEO6/tier-1 intermediate NAO
level of theory for P3’ (random protonation distribution) and P2’ (ordered
protonation distribution). In the case of P3’, a 1 x 1 x 2 supercell was
modelled to allow for a random protonic distribution.

thus constituting a promising new strategy to enhance charge
conduction in MOFs.

Oxidation and mixed valence

Fe,(BDT); polymorph P3 is demonstrated experimentally to
show a mixed-valence character upon exposure to atmospheric
air. There is an increase in conductivity from 107> S cm ™" (just
after synthesis), to 0.3 S cm™* (after 7 days), to 1.2 S cm ™ * (after
30 days), and to a record maximum conductivity of 1.8 S cm ™,
which suggests that charge carrier generation occurs sponta-

neously through oxidation of Fe(m) to Fe(m).*® To shed light on
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this oxidation phenomenon, we modelled polymorphs P1, P2
and P3 with 50% of Fe(i1) and 50% of Fe(u). Depending on the
crystal-field splitting caused by the BDT ligands, the electronic
configuration of Fe(ur) can be described by either five unpaired
electrons (HS configuration) or one unpaired electron (LS
configuration). The most stable configuration for the mixed-
valence Fe,(BDT); polymorphs is the one where both the Fe(u)
and Fe(m) atoms are in their LS configuration for P2 and P3,
while for P1 the Fe(u)(HS)-Fe(ur)(HS) configuration is the most
favoured configuration (Table S4). Polymorphs were also mod-
elled with a singly oxidized Fe(m) atom to estimate the energy
penalty required to ionize the material. The ionization potential
(IP) values predicted at the HSE06 level are relatively small for
all the polymorphs: 7.25, 6.73 and 6.98 eV for P1, P2 and P3,
respectively. The smaller IP calculated for P2 compared to P1
and P3 stems from the localized nature of the highest-occupied
crystal orbital promoted by the presence of isolated BDT>~
units. Note that the IP of referable electron-donating tetrathia-
fulvalene unit is 6.92 eV,”” thus highlighting the ability of
Fe,(BDT); materials to be easily oxidized and promote mixed-
valence processes.

The electronic band structure of mixed-valence Fe(u/u) P3
(Fig. 6a) is predicted with a direct bandgap of 1.16 eV at I,
significantly smaller than that obtained for Fe(u)-based P3
(1.94 eV). This reduction is attributed to the insertion of
unoccupied Fe(ur) d-electronic levels within the bandgap upon
oxidation of iron atoms (Fig. 6a).>® The topological representa-
tion of the B-channel frontier crystalline orbitals supports this
statement, as the CBM corresponds to the unoccupied Fe(u) d-
orbitals (Fig. 6b), which is further confirmed by the density of
states (Fig. 6a) and the spin density (unpaired electrons in the
Fe(ur) atoms; Fig. S6). In this case, the VBM is centred over the
BDT?>" ligands with a residual participation of iron atoms
(Fig. 6b). Similarly, we modelled the mixed-valence crystals
for P1 and P2, yielding analogous results to those obtained
for P3 (Fig. S7 and S8): due to the presence of low-lying Fe(u)
empty d-levels in the mixed-valence system, a significant band-
gap reduction is predicted from 2.18 to 0.38 eV in P1 and from
2.27 to 0.96 eV in P2. However, unlike mixed-valence P2 and P3,
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Fig. 6

(a) Band structure and DOS calculated at the HSEO6 level of theory for mixed-valence P3 with both Fe(i) and Fe(i) in LS configuration. The Fermi

level is set to zero at the top of valence band. (b) VBM and CBM crystal orbitals (B channel) of mixed-valence P3. The topology of CBM-f on one of the

Fe(n) atoms is shown in the inset.
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both B-channel VBM and CBM of P1 correspond to the Fe(u) d-
orbitals. As exemplified in the band structure of mixed-valence
P3 (Fig. 6), the frontier energy levels maintain large dispersion,
with effective masses as small as m; = 0.51 mo and m} = 0.67my
through I'-Z direction, whereas a moderate electron transport
(m% =2.91my) is calculated through I'-X Fe-N chain direction.

Conclusions

The conducting properties of three different polymorphs (P1-3)
of a 3D Fe(u)-based metal-organic framework with tetrazole
BDT ligands, Fe,(BDT)s;, have been investigated using density
functional theory. In addition to the —(Fe-N-N-),, building
block chain, alternative routes based on the BDT ligand define
efficient charge-transport channels in these materials. The
proton distribution along the organic ligands is key to under-
standing the bandgap trends and the extent of the polaron
delocalization along the framework, ultimately defining different
charge-transport pathways for each polymorph. In particular,
polymorph P3 with an orthogonal arrangement of fully proto-
nated H,BDT and fully deprotonated BDT*~ ligands, provides the
smallest bandgap as well as the smallest hole and electron
effective masses among the series, thus standing as a promising
ambipolar conductor. In contrast, polymorph P2 displays a
random distribution of protonation, which leads to a strong
localization of the electronic structure and large carrier effective
masses (poor conductivity). Protonic ordering is presented as a
new strategy in the P2 framework to boost the electronic proper-
ties of the material, reducing the bandgap in 0.3 eV and lowering
the hole and electron effective masses down to half the free
electron mass. Finally, we demonstrate that partial oxidation of
the porous frameworks is energetically comparable to prototypi-
cal organic electron donors. Modelling of the corresponding
mixed-valence Fe(u)/Fe(u) Fe,(BDT); materials confirms the
insertion of empty Fe(m)-d energy levels within the band edges
for the three polymorphs, thus reducing the bandgap values
under 1 eV and facilitating charge carrier generation through
valence band to conduction band electronic transitions.
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