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Bridging the green gap: MOF hetero-multilayers assembled from

porphyrinic linkers identified using computational

Ritesh Haldar,*™ Kamal Batra, Stefan Michael Marschner,' Agnieszka B. Kuc,
Roland A Fischer, Stefan Brase,'®® Thomas Heine,*™% Christof WolI*!

Abstract: In organic photovoltaics, porphyrins (PPs) are among the
most promising compounds owing to their large absorption cross
section, wide spectral range, and stability. Nevertheless, a precise
adjustment of absorption band positions to reach a full coverage of
the so-called green gap has not been achieved yet. We demonstrate
that a tuning of the PP Q- and the Soret bands can be done using a
computational approach where substitution patterns are optimized in
silico. The Most promising candidate structures were then
synthesized. The experimental UV/Vis data for the solvated
compounds were in excellent agreement with the theoretical
predictions. By attaching further functionalities, which allow using the
PP chromophores as linkers for the assembly of metal-organic
frameworks (MOFs), we were additionally able to exploit packing
effects resulting in pronounced red shifts, which allowed to further
optimizing the photophysical properties of PP assemblies. Finally,
we use a layer-by-layer method to assemble the PP linkers into
surface-mounted MOFs (SURMOFs), thus obtaining high optical
quality, homogeneous and crystalline multilayer films. Experimengal
results are in full accord with the calculations, demonstrating a
potential of computational screening methods in the tailoring o
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Major progress has thus to be expected when employing
ine systems with exactly known structures.” In such
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rough theoretical analysis utilizing the solid state
ox.’! The OPV device characteristics can then be
predicted on the basis of first-principles electronic structure
calculations carried out both for single molecules as well as for
theycondensed phases of these organic semiconductors. In the
ase, the precise arrangement of the functional molecules
crystalline state is taken fully in account. In addition to a
able theoretical analysis with high predictive power, for
stalline systems additional effects may be employed, e.g. the
emergence of band dispersion favoring large charge carrier
mobilities and the formation of indirect band gaps.® Indirect
band gaps are beneficial in photovoltaics since they favor a fast
and highly efficient charge separation and thus charge carrier
recombination is strongly suppressed.

Here, we demonstrate an approach based on assembly of
multi-functionalized PP linkers into thin films of MOFs.®! PPs are
a particular promising class of organic compounds for
investigating the beneficial effect of a regular arrangement of
photoactive molecules with regard to light harvesting."” PPs
form a very rich class (> 100,000 compounds known)""'? which
are also common in nature. In plants, PPs like chlorophyll
transform solar energy into chemical energy. Since PPs are
among the best-performing organic compounds regarding
photon absorption, charge separation, and stability,!"? numerous
previous works have been carried out with the aim to prepare
well-defined, thin films of PP aggregates deposited on
conducting and transparent substrates.'¥ The approaches
employed previously include vapour-phase deposition of PP
molecules, a rather sophisticated method, or self-assembly from
appropriate solutions. The latter strategy has been rather
successful, but the resulting systems do not exhibit a high
degree of ordering, thus largely excluding the formation of band-
structure effects. In addition, the different types of molecular
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packing in the amorphous films make more precise predictions
of absorption properties difficult.

The typical absorption spectrum of a PP chromophore
consists of a sharp, high-intensity Soret band, which is typically
located in the UV region, and four Q bands located in the visible
range (Figure 1a). In principle all transitions of the frontier
orbitals are symmetry-allowed. However, as the frontier orbitals
are nearly degenerate, the electronic structure can be
approximated by a 18 1 cyclic polyene model, as suggested
Gouterman,[" where two transitions are allowed betwee
degenerated frontier orbitals (Ak=1), while two are forbidden
(Ak=9) (Figure 1b). Detailed quantum chemical studies,
Gouterman’s conclusions and explain the typical
spectra of PPs in detail.!"® Tuning the energy levels
HOMO, LUMO and LUMO+1 strongly affects t
intensity of the characteristic absorption bands
The higher the energy gap between HOMO-
well as LUMO and LUMO+1, the stronger will be the
intensity of the Q-bands. While this allows the rational de
PP molecules, the prognostication of absorption spectra for P
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Figure 2. a) Three selected PP linkers; (b) TD-DFT predicted (left) and
experimental (right) UV-Vis spectra of the linkers. Experimental spectra
were recorded for 20 uM ethanolic solution of the linkers at RT.

S2). Additionally, the absorption of the Q bands is significantly
enhanced (Figure S3).

On the basis of this computational screening, three PPs
(Figure 2a) have been selected for synthesis (see experimental
section in supporting information) and validation of the
theoretical predictions. Selection criteria were the enhancement
of Q-band intensity and the tuning of band position. These
selected three PPs exhibit important differences: i) the presence
of electron withdrawing functional groups (fluorinated phenyl), ii)
n- conjugation of the substituent (phenyl group or acetylene



group), and iii) planarity of the porphyrin core (twisted octabromo
porphyrin). The experimental methods developed for organic
synthesis of the multi-substituted porphyrins were successful.
The required A2B2-type porphyrins were assembled in a
modular fashion starting from dipyrromethene building blocks
and functional aldehydes. Subsequent cross-coupling reactions
led to the designed porphyrins (see experimental section in
supporting information). Figure 2b, shows the predicted (left)
and experimental (right) UV-Vis spectra of 1-Br, 5 and 10.
Generally, a good agreement is seen between the TD-DFT gas-
phase predictions and the experimental results (solvated). Note,
that the agreement is not expected to be quantitative since
solvatochromic  shift affect the experimental absorption
spectra.'™ In these synthesized PPs, apart from the Q-bands in
near-IR region, also the Soret band shifts to visible range, in
comparison to the 1-H.

For applications, the assembly of PP dyes into thin films of
high optical quality is crucial. Therefore, in a final step, the
selected PP linkers were assembled into SURMOF-2 thin films
containing optically silent Zn, paddle wheel units, following the
spin-coated variant of the layer-by-layer (Ibl) liquid phase epitaxy
method."”? The SURMOF-2 structure consists of Zn,-paddle-
wheel (PW) type secondary building units (SBUs) tethered with
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(Figure 3a). The position of the diffraction peaks are almost
identical, yielding unit cell dimensions with a = b = 2.3 nm, in
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Figure 4. Experimental UV-Vis comparison spectra of the synthesized
PP linkers (solid line) and their corresponding fabricated SURMOF-2
structures (broken line); a) 1-Br, b) 5 and c) 10. Note that the molecular
spectra are recorded in ethanol at RT.

when the PPs are untwisted. This maintains the overall P4
symmetry in 10 with a distance between the PP units of 6.3 A. In
contrast, the longer linkers in 5" interact strongly, causing a tilting
of 34° and reducing the distance between the PP planes to 3.6 A.
these of the solvated linker molecules 1-Br, 5 and 10. In 1-Br’,

Figure 4 compares the UV-Vis spectra of 1-Br’, 5’ and 10’
with the distorted basal planes of the linker (1-Br) prevent
periodicity along the PP stacks (along (010)). Consequently, the
bands are not shifted compared to those of the solvated 1-Br,
but significantly broadened (Figure 4a). However, the
experimental data reveal that crystallization of 5 in the
SURMOF-2 structure causes a significant red shift of all bands
in 5 (Figure 4b). Notably, this red shift affects both the Soret
and the Q bands. In addition, all bands are substantially
broadened. The spectra of 10 and 10’ are very similar, indicating



negligible interaction between the PP linkers (also in line with
the predicted structure) (Figure 4c).

To rationalize the experimental UV-Vis spectra recorded
for the PP-SURMOFs, we have calculated the band structures of
1-Br’, 5’ and 10’ (for details, see supporting information), which
are shown in Figure 5(a-c). The band structure of 1-Br’ reflects
the idealized structure and therefore is not directly suitable to
interpret the UV-Vis spectrum (Figure 5a). For 5’, we observe
significant band dispersion along the Z direction of the Brillouin
zone (see Figure 5b, 5d), which is responsible, both for the red
shift of the absorption bands, as well as for the charge carrier
mobility along the PP stacks (along (010)). We observe an
indirect band gap of ~ 200 meV, which is substantially larger
than that (5 meV) reported in previous work for a different PP-
SURMOF-2 structure.l" Note, that for steric reasons in the
single unit cell approach only one stack of linkers is tilted in our
atomistic structures, which is reflected in the presence of only
one dispersed valence and one dispersed conduction band. For
10’, no band dispersion is observed, confirming the hypothesis
that the linker molecules 10 do not interact in the SURMOF-2
structure (Figure 5c). As a result, the UV-Vis data for the
corresponding SURMOF-2 film mainly show the molecular
features. Due to the lack of band dispersion, no ballistic
transport is possible for such structure. While for the 1-Br' and
10’ no substantial aggregation-induced shifts of the absorption
band positions were observed, a broadening of the absorption
bands is evident. This is a beneficial effect, and together
three PP-linkers allow covering the full visible spectrum ra
from violet to near-IR. Inspired by such broad absorption, we
have fabricated a multilayer SURMOF-2 structure by e
heteroepitaxy.? Layers of 1-Br’, 5’ and 10’ were s
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the corresponding SURMOF is dominated by the molecular
properties of 10.

Altogether our results reveal that the strategy to prepare
chromophoric assemblies via a SURMOF-based approach
carries a huge potential. Depending on the stacking within the
MOF, one can realize systems with small inter-chromophore
coupling, which are essentially dominated by features of the
individual molecules. By adjusting the MOF topology together
with chromophore substitution patterns, intermolecular couplings
can be introduced, which allow to invoke band structure effects,
thus increasing charge carrier mobility and allowing of indirect
band gap formation. Finally, the SURMOF approach then
provides the prospect to realize energy funneling via fabrication
of hetero-multilayers or gradient structures.

Experimental Section

Fabrication of SURMOFs: Ethanolic solution of 1 mM zinc acetate and 20
UM porphyrin linker solutions (in Ethanol) were sequentially deposited
onto the substrates using spin coating method in a layer-by-layer fashion.
After the metal or linker coating, the samples were rinsed with ethanol to



remove unreacted metal/linker or by-products from the surface. For metal
and linker both, the spin coating time is fixed as 10 s with rpm of 2000.
The thickness of the samples was controlled by the number of deposition
cycles. In a similar fashion, multilayer SURMOF-2 was fabricated. Each
of the PP linkers (1-Br, 5 and 10) were deposited for 25 cycles. Details
on synthesis of molecular compounds and computational details are
given in the SI.
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