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External Electric Field Control of Exciton Motion in
Porphyrin-Based Metal Organic Frameworks

Puja Singhvi,” Nina Vankova,” and Thomas Heine*!

Porphyrins are excellent light-harvesting complexes. Presently
they are unsuitable for photovoltaic applications, as their
excellent light absorbance is compensated to a large extent by
their poor transport properties, where most excitons are lost by
recombination. Arranging porphyrins in regular, strongly
bound, lattices of surface-anchored metal-organic frameworks
(PP-SURMOFs) may facilitate charge carrier dissociation, but
does not significantly enhance the conductive properties. In
most cases, photogenerated excitons traverse undirected,
Brownian motion through a hopping process, resulting in a
substantial diffusion length to reach electrodes, leading to
significant exciton loss through recombination. Here, we
propose to guide exciton diffusion indirectly by an external

Introduction

Porphyrins (PPs) are molecules with excellent light-harvesting
properties."’ Their use in photovoltaic or photocatalytic applica-
tions is, however, hampered by their poor transport properties.
Efficient transport of photogenerated excitons from the site of
generation to the dissociation interface maximizes the power
conversion efficiency for photovoltaic (PV) applications®® and
the photocatalytic performance in photo(electro)chemistry.™”
While inorganic PV technologies achieve up to 27 % efficiency,
organic PV (OPV) cells lag behind at 15%." This discrepancy is
attributed to two main factors: First, organic light-harvesting
complexes typically have larger band gaps, and the transport
mechanism relies on exciton hopping between phase-separated
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electric field. We show that electric fields, even as strong as
1Vnm™', do not affect the HOMO-LUMO gap of the porphyrins.
However, fields of 0.1 Vnm™' and even less demonstrate a
notable Stark effect, with slight band gap reductions, for some
PP-SURMOFs. When applied as an electric field gradient, for
instance, via the substrate, it creates a unidirectional hopping
pathway for the excitons. Consequently, we expect a significant
reduction of exciton diffusion length leading to increased
utilization of photogenerated excitons as they reach the
electrodes. This strategy holds promise for integrating photo-
active molecules in photovoltaic and photocatalytic applica-
tions.

donating and accepting regions.*” Additionally, structural

disorder and dynamic effects in OPVs hampers exciton mobility.

A possibility to arrange PPs in a well-ordered fashion is to
use their di- or tetracarboxylated derivatives as building blocks
in metal-organic frameworks (MOFs).®! One particular approach
yielding well-ordered crystalline MOF films is the layer-by-layer
growth on a substrate, yielding Surface-anchored Metal Organic
Frameworks (SURMOFs).®'™ This approach allows precise
control over morphology and directional tuning of external
perturbations. Incorporating highly conjugated linkers like
porphyrins (PPs) as light-harvesting centers in SURMOFs,
referred to as PP-SURMOFs, enhances device efficiency and
tunability.">'*'*"® Charge carrier transport in (PP)-SURMOFs
either occurs through well-arranged PP-stacks, where strong
band dispersion is achieved via the proximity effect."*'¥ In
most cases, however, PP-MOFs show nearly dispersionless
bands and exciton transport is limited to the hopping
mechanism."®"""” Exciton hopping follows Brownian motion,
where undirected transport requires long diffusion times. If the
diffusion time approaches or even exceeds exciton life time,
charge carrier recombination along a Brownian trajectory within
the material limits the photovoltaic efficiency.>*'®

Excitons, as neutral charge carriers, cannot be manipulated
directly using electric fields. Defining the hopping pathway by a
slight gradient of the HOMO-LUMO gap across the SURMOF
film would foster unidirectional hopping, and thus shorten the
time necessary to reach the electrodes. Such spatial band level
engineering was recently demonstrated by incorporating linkers
with varying dipole density into SURMOFs."” The achieved
impacts on the local electronic structure are significantly
stronger than those necessary to guide excitons through the
material. In this work, we propose a simpler way to spatially
control the HOMO-LUMO gap of PPs in MOFs via application of
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an electric field. This approach does not require particular
synthetic procedures, as it is applicable to homogeneous PP-
MOF systems, thus making the strategy more widely applicable
and tunable at the device level.

Initial screening of the electronic structure response of a
library of PP linker derivatives to an external electric field
revealed a negligible Stark effect. However, when arranging PP
linkers to form a well-ordered PP-SURMOF architecture, some of
the PPs showed a response more than an order of magnitude
stronger than for the individual molecule, even though no
significant band dispersion, and hence PP-PP interaction, is
evident from the unperturbed band structure. In more detail, an
applied electric field along different high-symmetry directions
of the crystal affects the frontier orbital energies even at
moderate field strengths below 0.1Vnm~™'. The band gap
reduces linearly with the magnitude of the external electric
field. Thus, if an external electric field with spatial gradient is
applied, the effective potential drives the exciton hopping
trajectory towards areas of lower band gap. This leads to a
significant reduction in the effective path length from exciton
generation to the electrode. We envisage that this effect will
markedly enhance the efficiency of PP-SURMOF for photovoltaic
and possibly photo(electro)catalytic applications.

Methods

The molecular calculations are based on density functional
theory (DFT) as implemented in the Amsterdam Modeling Suite
(ADF 2019).%° For geometries, we employ the GGA-BLYP
functional,”” TZP basis set” Grimme’s D3 dispersion
correction® with Becke-Johnson damping®” (BJ). For metal-
lated PPs, the zeroth order regular approximation (ZORA)® was
applied. The electronic structure in the presence of an external
electric field was calculated, for frozen optimized geometries,
using the screened hybrid HSE06 functional,®® TZP basis set,
and with an electric field ranging from 0.0 to 3.0 Vnm™.

The In-TCPP SURMOF structures were optimized in periodic
boundary conditions (pbc) by using the CP2K code,"® with
relaxation of both atomic positions and lattice vectors while
maintaining an orthorhombic symmetry of the unit cell. We
employed the GGA-PBE functional® with D3(BJ) dispersion
corrections®?® as used in a previous work,"? and basis sets of
the type TZVP-MOLOPT-SR for the light elements and DZVP-
MOLOPT for In, augmented with GTH pseudopotentials.”® The
planewave cutoff was set to 600 Ry. For PhAc-SURMOF-2, we
used the previously reported structure optimized using the self-
consistent charge, density functional based tight-binding (SCC-
DFTB) method with DFTB.org/30b-3-1 parameters and employ-
ing UFF dispersion.'” Single point calculations of the electronic
band structure of the SURMOFs were carried out employing the
HSE06 functional,”® which is reported to predict bandgaps in
better agreement with experiment as compared to the GGA
functionals.'>* POB-TZVP basis sets and an applied electric
field intensity ranging from 0.0 to 0.1 Vnm™' were used, as
implemented in the Crystal17 code.®® For preserving the
periodicity along the direction of the applied field, a triangular
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electric potential corresponding to a square wave field was
used in conjuction with a supercell expansion of the input
geometry in the direction of the applied field.”® A 150 k-point
mesh in the irreducible Brillouin zone according to the
Monkhorst-Pack sampling scheme was used.?"

Results
1) Porphyrin Linker Molecules

We computationally screened a library of eight tetracarboxy-
and dicarboxyporphyrins (TCPPs and DCPPs). These molecules
serve as suitable tetratopic (TCPP) and ditopic (DCPP) chromo-
phoric linkers for crystalline MOF structures,"®''" and are
shown in Figure 1 (Table S1). A homogeneous external electric
field with an intensity ranging from 0.0 to 3.0Vnm™' was
applied parallel or normal to the PP basal plane. An electric field
normal to the PP basal plane showed marginal impact on the
frontier orbitals and the HOMO-LUMO gap (Table S4) and is
therefore not further discussed. We studied two in-plane
directions of the external electric field, both along the
oppositely lying meso positions (Figure 1). This choice coincides
with the direction of bridging groups of the PPs in the PP-
SURMOFs.

Figure 1 displays the HOMO-LUMO gap EHL(E) as a function
of the applied external electric field in the two in-plane
directions (1a) together with the structure of the investigated
TCPP and DCPP molecules (1b). The TCPP molecules exhibit a
four-fold symmetry, characterized by two identical COOH-
terminated axes denoted as R-COOH (with R=Ph), ¥ / y TCPP.
In the case of the DCPPs, there are two distinct axes of meso-
substitution, the R-COOH axis and the R-H axis (with R=Ph,
PhAc or F;Ph). Therefore, the data for the latter is divided
respectively into two graphs, X DCPP and y DCPP. The distinct
dependencies of EHL(ER_COOH) and EHL(ER_H) in DCPPs with phenyl
or with phenylethynyl ligands can be explained by comparing
the perturbation of the frontier molecular orbitals induced by
the respectively aligned field (see Sl section 1.1).

Figure 1(a) shows that the PP molecules have a significantly
different response when an external field is applied. Both the
metallated and the metal-free TCPPs are not responsive to fields
below 0.5Vnm™. Similarly, the DCPPs show essentially no
effect at weak fields, with the exception of the PhAc-
functionalized PPs. Here, if the field is applied along the axis of
the PhAc substituents, we notice a decrease of the HOMO-
LUMO gap even for fields below 0.5 Vnm™', which we attribute
to the high conjugation of the molecules along the field
direction and the corresponding high polarizability. At the same
time, the PhAc-substituted PPs show no response when the
field is applied in the direction of the carboxylate groups up to
field strengths of 2 Vnm™". The fluorinated and the brominated
DCPP variants show similarly very little response to low fields.
There is no significant difference between the metal-free and
the Zn-metallated PPs. Additional details are given in Ta-
bles S3-S10 in Section 1.1 of the SI. Overall, within the range of
experimentally realistic electric field strengths the impact on
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Figure 1. (a) HOMO-LUMO gap, E, as a function of the intensity of an external electric field, ER—COOH marked as X / ¥ TCPP and X DCPP, and ER,H marked as y
DCPP. The electric field was applied parallel to the PP plane and along one of the two molecular axes, R-COOH or R—H. In each graph, the legend contains the
abbreviations of the studied PPs. The dashed lines serve as guides-to-the-eye. Calculations are done in gas phase at the HSE06/ZORA scalar/TZP level of
theory. (b) Molecular structures of the tetracarboxy- and dicarboxy-porphyrins with the corresponding abbreviations (see Table S1 for the used nomenclature).
The COOH-terminated and the H-terminated meso-substituents of the PP ring define two molecular axes which are orthogonal to each other, denoted in the
bottom-left structural image as R-COOH and R—H (with R=Ph, PhAc, F;Ph).

the HOMO-LUMO gap is tiny, if at all present, for single PP

molecules.
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2) SURMOFs

The well-defined orientation of SURMOF crystalline films allows
the application of electric fields in well-defined directions along
the crystal axes. This makes them suitable skeletons with a
regular arrangement of PP linkers, where an electric field can be
realized e.qg., via a gate voltage or by placing electrodes on top
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and underneath the SURMOF film. The most studied SURMOF
type is SURMOF-2, a MOF-2 derivative with P4 stacking.®? The
framework requires ditopic linkers, and PP-SURMOF-2 systems
have already been demonstrated.'>* Tetratopic PP linkers can
be accommodated in a well-defined SURMOF architecture
based on rigid indium oxide rods.'? We use both architectures
to study the effect of an external electric field on the frontier
energy levels provided by the PP linkers.

In the In-TCPP SURMOF architecture, indium oxide rods are
connected with TCPP linkers,"? and the resulting structure is
shown in Figure 2a (for detailed structural parameters see Sl
Section 2). In this structure, the TCPP molecules form well-
ordered 1D PP columns that are aligned parallel to the
substrate and extend along the [100] direction. Even though
these columns are well-ordered, the distance between the PPs
is large (7.54A) and hence the intermolecular interaction
between the PPs is weak. This is reflected by the nearly
dispersionless band structures of both metal-free (Figure 3b, 3c)
and Zn-metallated variants (Figure S3), which indicate that
exciton transport is possible only via a hopping mechanism. As
expected from these findings, an electric field of up to
0.1 Vnm™' applied parallel to the PP columns ([100] direction in
the crystal) has no effect on the band gap (Figure 2b).
Surprisingly, however, when the electric field is applied in the
other two crystallographic directions (perpendicular to the InO
chains), a quasi-linear band gap decrease as a function of the
electric field intensity with a slope of —1.07 eV/(Vnm™) is

(a)

[001]

[100]

(c)

[010]

[010] [100]

[010]

[001]

[001]

[100]

observed. Since the frontier bands are dominated by the PP
molecules as observed from the PDOS (Figures 3b, 3c), the
exciton energy would slightly decrease in the presence of an
external electric field along these two crystal directions. Similar
results were obtained for the In-ZnTCPP SURMOF analogue
(Figure S2).

Among the ditopic linkers, we selected the PhAc-substituted
DCPP variant as it demonstrated the strongest response to an
external electric field. PhAc-SURMOF-2 (elsewhere labelled as
PP5-SURMOF") is composed of Zn, paddlewheel units linked
to four ditopic PhAc-H,DCPP linkers resulting in planar sheets
with four-fold symmetry. In the SURMOF, the in-plane square
lattice stacking is eclipsed. For details on the crystal structure
parameters see the S| (Section2). The attractive London
dispersion interaction between the linkers promotes a well-
ordered stacking, leading to strong electronic effects. Indeed,
PhAc-SURMOF-2 is showcasing significant band dispersion,
making it an indirect semiconductor and with ballistic transport
along the [001] lattice direction with appreciable charge carrier
mobilities.™ At the same time, an electric field applied in [001]
direction has no effect on the band gap up to a field strength
of 0.1 Vnm™'. However, when the electric field is applied along
the in-plane square lattice, a linear band gap decrease as a
function of the field intensity with a slope of —1.14 eV/(Vnm™)
is observed (Figure 2d), similar to the case of In-TCPP SURMOF.
Again, the PDOS (Figures 3e, 3f) reveals that the frontier orbitals
are associated with the PP linkers.
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Figure 2. Atomistic representations of In-H,TCPP SURMOF (a) and PhAc-SURMOF-2 (c) along the different crystallographic directions. Color code: O red, N blue,
C dark grey, H white, In green octahedral in (a) and Zn turquoise octahedral in (c). The red quadrilaterals indicate the simulation cells used in the wave-
function calculations with an electric field. Calculated band gap, E;, as a function of the intensity, £, of a periodic external electric field applied along the
[100], [010] or [001] directions in In-H,TCPP SURMOF (b) and PhAc-SURMOF-2 (d). Wave-function calculations at the HSE06/POB-TZVP level of theory.
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Figure 3. In-H,TCPP SURMOF in top panel: (a) Brillouin Zone, (b) Calculated band structure without electric field and the respective projected density of states,
PDOS, (c) Calculated band structure with an electric field (0.1 Vnm™') along the [010] crystallographic direction and the respective PDOS. PhAc-SURMOF-2 in
bottom panel: (d) Brillouin Zone, (e) Calculated band structure without electric field and the respective PDOS, (f) Calculated band structure with an electric
field (0.1 Vnm™) along the [010] direction and the respective PDOS. Wave-function calculations at the HSE06/POB-TZVP level of theory. Color code for the
PDOS: Central PP ring blue, carboxyphenyl moiety red, metal node green; The Fermi level is shown as a dotted line.

Thus, we have identified two PP-MOF systems whose
electronic structure, most notably the band gap, shows a
significant response to an external electric field of modest
magnitude. This response is highly anisotropic and concen-
trated to the planes where the PP rings are located. While the
external electric field will not affect the charge-neutral excitons,
a field gradient over a spatial area of the SURMOF will act as an
effective potential on the excitons, driving them to unidirec-
tional motion towards areas of lower band gaps (i.e. stronger
fields) through the SURMOF structure. This will significantly
enhance the yield of photogenerated excitons arriving at the
electrode and thus the photovoltaic efficiency. A possible
exciton trajectory is schematized in the Table of Contents
figure.

Conclusions

We have shown that a moderate external electric field applied
to the well-established PP-SURMOF systems In-TCPP SURMOF
and PhAc-SURMOF-2 generates a significant, anisotropic re-
sponse of the electronic structure. This is in contrast to the
weak response of individual PP linker molecules that are subject

Chem. Eur. J. 2024, €202400180 (5 of 6)

to an external electric field. Most notably, the electronic band
gap of the PP-SURMOFs reduces if the field is applied along the
lattice planes parallel to the PP linkers, while no effect on the
band gap is observed if the field is applied in the perpendicular
direction. With these results, we propose a strategy to enhance
the photovoltaic efficiency of PP-MOFs: Without an electric field,
exciton motion is undirected, so the hopping process is subject
to Brownian motion. The electric field cannot drive the charge-
neutral excitons directly, but an electric field gradient will create
an effective potential guiding the excitons to spatial areas with
a lower band gap, that is, with stronger applied fields. Such
setup can be realized in highly crystalline SURMOF thin films,
where lattice directions are known and electric fields can be
applied via a gate voltage or an electrode on the film. Our
proposed setup has the potential to significantly enhance the
yield of framework materials where exciton transport is
dominated by hopping.
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Porphyrins excel as light-harvesting
complexes, but their unsuitability for
photovoltaics stems from poor
transport properties causing signifi-
cant exciton loss. While arranging
them in surface-anchored metal-
organic frameworks (PP-SURMOFs)
aids charge carrier dissociation, it
doesn’t notably enhance conductivity.
To address this, we propose guiding

apoijjed

exciton diffusion indirectly with an
external electric field. Fields as low as
0.1 Vnm™ ' induce a Stark effect,
reducing band gaps in PP-SURMOFs.
Applied as a gradient, this creates a
unidirectional hopping pathway, po-
tentially reducing exciton diffusion
lengths and enhancing their utility in
photovoltaic and photocatalytic appli-
cations.
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