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Abstract: In photo-induced charge separation, organic
thin films with donor and acceptor chromophores are
vital for uses such as artificial photosynthesis and photo-
detection. The main challenges include optimizing
charge separation efficiency and identifying the ideal
acceptor/donor ratio. Achieving this is difficult due to
the variability in molecular configurations within these
typically amorphous organic aggregates. Metal-organic
frameworks (MOFs) provide a structured solution by
enabling systematic design of donor/acceptor blends
with adjustable ratios within a crystalline lattice. We
demonstrate this approach by incorporating donor and
acceptor naphthalenediimide (NDI) chromophores as
linkers in a highly oriented, monolithic MOF thin film.
By adjusting the NDI acceptor linker concentration
during the layer-by-layer assembly of surface-anchored
MOF thin films (SURMOFs), we significantly enhanced
charge separation efficiency. Surprisingly, the optimum
acceptor concentration was only 3 %, achieving a forty-
fold increase in photodetection efficiency compared to
baseline NDI donor-based SURMOFs. This unexpected
behaviour was clarified through theoretical analysis
enabled by the well-defined crystalline structure of the
SURMOFs. Using density functional theory and kinetic
Monte Carlo simulations, we identified two opposing
effects from acceptors: the positive effect of suppressing
undesirable charge carrier recombination is offset at
high concentrations by a reduction in charge-carrier

mobility.
J

Introduction

Mixtures of electron-rich (donor) and electron-deficient
(acceptor) chromophores can undergo charge separation
(CS) upon photoexcitation,l'! a process crucial for artificial
photosynthesis,” diodes,””! as well as for photodetectors.!
Key factors influencing CS efficiency include the exciton
binding energy of the light-absorbing chromophore (usually
the donor),”! the HOMO-LUMO gap of donor and
acceptor,’*® the relative positioning of the donor-acceptor
pair,”! and subsequent electron and hole mobility. While
molecular design can control the first two factors,® predict-
ing and regulating molecular packing—which is crucial for
optimizing the relative positioning of donor-acceptor pairs
and electron/hole mobility—remains challenging. This often
necessitates trial-and-error approaches.”) Additionally, the
fabrication of organic thin films by drop-casting or spin-
coating is highly sensitive to solvent medium and other
physical parameters.!"”!

A different approach to ensure well-defined relative
positioning of donor-acceptor pairs involves the use of
covalently bonded donor-acceptor chromophore constructs.
These dyads have demonstrated charge separation and
promising optoelectronic properties,'!! but achieving long-
range order and coating larger surface areas with these
compounds presents significant challenges.!'”

Furthermore, optimizing the donor-to-acceptor ratio is
complicated by the difficulty in varying the structure of
binary assemblies, as observed in previous studies.!

Crystalline metal-organic frameworks (MOFs) provide a
powerful means to control the structure of organic donor-

[*] Dr. Z. Xu
College of Chemistry and Chemical Engineering
Central South University
410083 Changsha, China

Dr. Z. Xu, Dr. A. Chandresh, Prof. L. Heinke, Prof. C. Wall
Institute of Functional Interfaces (IFG)

Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Germany

E-mail: christof.woell@kit.edu

A. Mauri, Dr. M. Esmaeilpour, Prof. Dr. W. Wenzel, Dr. M. Kozlowska
Institute of Nanotechnology (INT)

Karlsruhe Institute of Technology (KIT)
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Germany

Angew. Chem. Int. Ed. 2024, 63, €202414526 (1 of 7)

Dr. V. Monnier, Prof. F. Odobel, Dr. S. Diring
Nantes Université, CNRS

CEISAM, UMR 6230, F-44000 Nantes, France
E-mail: Stephane.Diring@univ-nantes.fr

Dr. R. Haldar

Tata Institute of Fundamental Research Hyderabad, Gopanpally,
Hyderabad 500046, Telangana, India

E-mail: riteshhaldar@tifrh.res.in

 © 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0003-1078-3304
https://doi.org/10.1002/anie.202414526
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202414526&domain=pdf&date_stamp=2024-11-26

GDCh
~~

acceptor chromophore assemblies and achieve coherent
crystalline order." MOFs are formed by coordinating metal
clusters with organic linkers," ie. organic donor and
acceptor chromophores, with metal anchoring groups.!'¥!
These materials offer several advantages over molecular
solids formed by self-assembly: reduced degrees of freedom
of the chromophores, facilitating decreased nonradiative
decay processes;'”! periodic structures enabling exciton
delocalization and charge carrier transport;!'¥ modifiability
of individual chromophores without altering topology;"
and predictable molecular packing.”” Consequently, MOFs
represent promising materials with numerous favorable
optoelectronic properties.” The construction of framework
with highly conjugated organic linkers, i.e., pentacene,
perylene, and naphthalenediimide (NDI), can facilitate
electron delocalization, resulting in enhanced charge trans-
fer efficiency.® Among them, core-substituted NDIs would
be ideal for photoinduced charge transport owing to their
unique attributes of rainbow fluorescence and tunable
electronic properties.I'! In this context, we made endeavors
to optimize charge separation in oriented donor-acceptor
framework based on NDI. Recent advancements in MOF
thin film fabrication techniques,”” such as chemical vapor
deposition and layer-by-layer liquid-phase epitaxy,*! ad-
dress processability concerns and enable the exploration of
optoelectronic functions on conducting substrates.*!

In this context, we investigated the potential of creating
a donor-acceptor MOF thin film capable of efficient free
charge generation upon light exposure (Scheme 1). Due to
the strong scattering effect in conventional MOF powders,
accurate determination of photophysical properties is chal-
lenging. Therefore, we employ a layer-by-layer approach to
grow homogeneous, monolithic MOF thin films (referred to
as surface-mounted MOFs or SURMOFs) on functionalized
substrates. We find that the optimal photocurrent response
is achieved with a low concentration of acceptor linkers in a
donor MOF, rather than a 1:1 donor/acceptor mixture. The
resulting donor-acceptor MOF thin film exhibits a remark-
ably high photoresponse, with a photocurrent switching ratio
of 1.1x10* and a detectivity of 1.48x10" Jones—two orders
of magnitude better than the pristine donor-MOF thin film.
Through a combination of experimental and computational
studies (including density functional theory and kinetic
Monte Carlo simulation), we provide detailed insights into
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Scheme 1. An illustration of donor-acceptor MOF thin film grown in a
layer-by-layer fashion to facilitate high photocurrent response. The
donor (red) and acceptor (blue) linkers in the MOF structure are
stacked in a 1D, along the [010] axis of the SURMOF-2 structure.
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the exceptional photodetection ability of the novel donor-
acceptor MOF thin film.

Results and Discussion

The current study is based on an important class of photo-
responsive molecules, core-substituted naphthalenediimides
(cNDIs).”) Through the functionalization with -COOH
anchoring groups, cNDIs can be converted to chromophoric
MOF linkers, as demonstrated in earlier studies.'”) Here,
two different core-substitutions were chosen; NDIOEt, and
NDIPy, (for the synthesis procedure see the Supporting
Information 1, Figure S1-S3), to realize an electron donor
and an acceptor, respectively. To investigate whether these
two cNDIs can form a donor-acceptor pair, we have
calculated the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
energy levels using density functional theory (DFT) and
time-dependent DFT (see Supporting Information 1, Ta-
ble S1). As shown in Figure 1a, the LUMO level of NDIPy,
at —4.590 eV is substantially lower by approximately 1 eV
than that of NDIOEt, at —3.650 eV. The chosen cNDIs thus
fulfill a necessary requirement for a donor-acceptor pair. In
previously reported SURMOF-2 assemblies of cNDIs the
intermolecular distance between NDI linkers was estimated
as 6.8 A.? Calculations carried out for a donor-acceptor
pair of NDIOEt, and NDIPy, with such a distance revealed
that CS should be possible, as shown by the electron density
difference in Figure 1b. Due to the good fit, the through-
space charge transfer from the donor to the acceptor NDI
chromophores should be straightforward.

MOFs of the type SURMOF-2 offer a straightforward
way to assemble ditopic linkers into well-ordered arrays.”*”
Since for Cu*" units often unwanted quenching effects are

(a) NDIOEL, (b)
< : NDIPy,
Al
> T
= LUMO
G| 3650eV 7/ Lumo
I -4.590 eV
6.906 6V

NDIOEt, NDIPy,

Figure 1. a) Visualization of HOMO and LUMO orbitals of NDIOEt,
(left) and NDIPy, (right) with the corresponding frontier orbital
energies. The energy of the LUMO orbital calculated as the sum of the
HOMO energy and the first singlet-singlet excitation is —4.060 eV and
—5.121 eV for NDIOEt, and NDIPy,, respectively. b) Visualization of
the electron density difference upon the singlet-singlet excitation (at
489 nm, see Table S2) of the dimer made out of NDIOEt, (left) and
NDIPy, (right) on the modelled distance of 6.8 A. The electron density
depicting holes and electrons upon photoexcitation is marked in blue
and green, respectively. All calculations were performed using B3LYP
functional with def2-TZVP basis set and Grimme D3 (BJ) dispersion
correction.? Further details are described in Supporting Information 1.
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observed after irradiation with light, Zn was chosen as a
metal node.” In a Zn-SURMOF-2 type structure, a similar
arrangement of the donor-acceptor linkers is feasible
(Scheme 1). The expected Zn-NDIOEt, SURMOF-2 type
structure is shown in Figure 2a and Figure S4 (Supporting
Information 1). In this MOF, linkers are stacked along [010]
direction and the inter-linker distance was found to be
~6.8 A2 According to the theoretical analysis (see above)
such a packing is, in principle, well suited to allow for a
photoinduced charge transfer if donor and acceptor linkers
are mixed homogeneously. The corresponding scanning
electron microscope (SEM) image shows the morphology
and thickness of film (Figure2b and Figure S5), while
atomic force microscope (AFM) image offers the informa-
tion of thickness and roughness (Figure S6). The thickness
was measured to be ~300nm, while the roughness was
calculated to be ~10nm. To synthesize such a donor-
acceptor structure, we have fabricated SURMOF-2 films
from NDIOEt,/NDIPy, linker mixtures with relative accept-
or concentrations of 1, 2, 3, 5, 20, and 50 %. As shown in

Figure 2. a) A simulated 2D layer structure of Zn-NDIOEt,, b) SEM
image of pristine Zn-NDIOEt,.
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Figure 3. a) Out-of-plane XRD patterns of pristine Zn-NDIOEt, (with
acceptor concentration of 0%), as well as the mixed-linker SURMOFs
with the acceptor concentrations of 1, 2, 3, 5, 20, and 50%. b)
Absorption spectra. c) Normalized photoluminescence spectra under
the excitation of 450 nm. d) Logarithmic scale of fluorescence decay
curves (excitation: 369 nm, emission: 550 nm).
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Figure S7, Zn-NDIPy, has the same crystal lattice with Zn-
NDIOE®,. In all cases, well-defined and highly oriented thin
films with the same crystalline structure were obtained,
which is evidenced by the out-of-plane XRD patterns
recorded for the mixed donor-acceptor SURMOFs (Fig-
ure 3a). All SURMOFs fabricated were characterized by
infrared reflection absorption spectroscopy (Figure S8). To
ensure that the acceptor-linker concentrations in the
SURMOFs match those in the solutions used for the layer-
by-layer process, energy dispersive X-ray spectroscopy was
conducted (Figure S9, Supporting Information 1).

To get an insight into the photophysical properties of the
thin films, UV/Vis absorption and emission spectra were
recorded (Figure 3b—d). The pristine Zn-NDIOEt, (1)
displays strong absorption between 390 and 500 nm, related
to J-type electronic coupling among the NDIOEt, linkers, as
observed and assigned in an earlier report.”” This J-
aggregate yields bright green emission with a maximum at
~550nm for 1. Increasing the concentration of NDIPy,
linkers in the mixed-linker thin films usually results in a
decrease in emission intensity percentage and in lifetime
reduction at ~550 nm (Figure 3d). At the same time, the
intensity of the blue-shifted emission (~488 nm) originating
from the NDIOEt, monomer was found to increase. This
observation indicates that NDIPy, inhibits the J-coupling
among the NDIOEt, linkers. At higher doping ratios, the J-
aggregate emission peak (500-600 nm) exhibits a blue shift.
This is attributed to an acceptor-induced rotation of the
NDIOEt, linkers, which—at high doping ratios—alters the
J-type electronic coupling among adjacent chromophores.

Note that while the changes in the emission spectra are
rather obvious, the effect of doping on the absorption
spectra is rather subtle, as Zn-NDIPy, (2) absorption (Fig-
ure S10, Supporting Information 1) is much weaker com-
pared to Zn-NDIOEt,. Further, the changes in emission
profiles are very substantial at low doping levels, while
further increases in the concentration of NDIPy, show fewer
changes. This implies that doping is more homogeneous at
lower concentrations of NDIPy,. Overall, the photophysical
studies confirm that the doping with the acceptor linker is
successful, and distribution is more homogeneous for the
lower % of NDIPy, in the mixed-linker thin films.

To realize efficient devices utilizing these mixed-linker
thin films, SURMOFs were deposited on interdigitated gold
electrodes, as shown in Figure 4a. The two-probe direct
current (DC) between the two electrodes was measured
under illumination with 455nm light (power density
1.05 mW/cm?) for a 1V bias. As shown in Figure 4b, the
dark current of pristine Zn-NDIOEt, is 0.008 nA, while the
photocurrent reaches to 2.8 nA upon illumination, giving a
switching ratio of 3.5x10%. For the mixed-linker systems, a
pronounced increase in these parameters is observed. The
best performance was found for the film with 3 % acceptors,
where the current changes dramatically from 0.011 nA to
121 nA wupon illumination, corresponding to a switching
ratio of 1.1x10*. The photocurrent found in the film with
3 % acceptors is two orders of magnitude higher than that of
the pristine film (1), indicating that proper mixing of the
acceptor is an effective approach to improve photoresponse.
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Figure 4. a). Planar devices based on SURMOFs under 1.05 mW/cm? of
455 nm with a bias voltage of 1 V. Photoinduced charge transfer occurs
at the donor-acceptor interface (in orange). Electrons and holes are
denoted as e and h", respectively. b). Photocurrent (I,,) and dark
current (Ig). €) Time-dependent photocurrent under chopped light. d)
Photoresponsivity R and detectivity D* of mixed-linker SURMOFs. The
effective area of the device amounts to 16.9 mm?’.

The highest photocurrent observed in the film with 3%
acceptors signifies the generation of the highest number of
charge carriers, indicating that there is a more efficient
separation of photoinduced electron-hole pairs.”) Impor-
tantly, further increasing the concentration of the acceptor
linker to 50%, did not lead to a further increase in
photoresponse, instead, a decrease was observed. (Figure 4b,
Figure S11 (Supporting Information 1)). Such behavior is
repeatable after several off-on cycles of visible light irradi-
ation, as shown in Figure 4c.

The clear improvement of performance upon mixing
with acceptors is also reflected by the photodetector’s
Figures of merit: photoresponsivity (R), and detectivity (D*)
(Figure 4d). Responsivity implies how efficiently the detec-
tor responds to light signals, while detectivity indicates the
ability to detect extremely low irradiation power levels.’"!
While for the pure donor film 1 we yield R=0.016 mA/W
and D*=4.1x10° Jones (cmHz"W™), for the film with 3 %
acceptors we obtain R=0.68 mA/W and D*=1.48x10"
Jones. This detectivity value is higher than 2D MOF
Fey(THT),(NH,); (D*=7x10° Jones)® and comparable
with  MOF thin film Cusy(CsHg(NH)s), (D*=3.2x10"
Jones),” and even comparable with other photodetectors
based on perovskites and inorganic complexes, including
CsPbCl, (D*=10" Jones)® and CdTe(D*=1.02x10’ Jones)
(Supporting Information 1: Table S3).”Y The mixed-linker
films containing a higher percentage of NDIPy, exhibit a
poorer response than those with 3 % acceptors, as shown in
Figure 4d. Moreover, the ambient humidity stabilities of
high performance mixed-linker SURMOFs were confirmed
by out-of-plane XRD patterns (Figure S12 and S13).1%4

To better understand the reasons for this unexpectedly
low optimum concentration of acceptors, kinetic Monte
Carlo (KMC) simulations have been carried out for a 1D
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model system consisting of a 1D stack of 1000 linkers with
varying ratios of donors and acceptors (see Supporting
Information 2). In the donor-acceptor system considered,
excitons are generated in the chromophoric MOF via
NDIOEt, donors under light absorption and then dissociate
to yield electrons and holes as a result of charge transfer at
the donor-acceptor interface. These electrons and holes are
then transported through the material as hole hopping via
NDIOE?, and electron hopping to NDIPy,. Finally, charge
carriers are collected at gold electrodes resulting in a
photocurrent. As shown in Figure 5, the current has a
maximum which seems counterintuitive at first. As in
calculation, we find that a significant number of hole charge
carriers is generated for concentrations of acceptors around
3-7 %, with the maximal number of carriers found at a 5%
acceptor concentration. Increasing the concentration beyond
this value leads to a rapidly diminishing current. At
concentrations above 45 %, no charge carriers could be
collected. To understand these results, we analyzed hole and
electron current separately. In the absence of acceptors,
photogenerated charge carriers recombine quickly and only
a small photocurrent can be observed. Acceptors in the
system act as electron traps, which suppress electron-hole
recombination (see Figure 5 top). Since the probability of
electron capture by acceptors increases with acceptor
concentration, the current initially rises with acceptor
concentration. Electrons cannot leave the acceptor, because
the LUMO orbital of NDIPy, is much lower than the
LUMO orbital of NDIOEt, (see Figure 1a). Moreover,

h h
WY
B-0-0-8-8-8
e e X

S Ratio of acceptors (%)

Figure 5. Bottom: Combined ambipolar current for a simulation of 1000
linker blocks obtained by the KMC simulation of charge transfer in a
stack with donors (denoted in pink) and acceptors (marked with a
ellipse). Top: Schematic visualization for allowed and disallowed hole
(top) and electron (bottom) hopping process along the chain as a
result of the applied electric field (denoted as E). Three types of
morphologies were considered: acceptors homogeneously distributed
between donors (A, in pink), acceptors distributed in pairs (AA, in
yellow) and trimers (AAA, in blue). The plot represents the data
obtained from ten independent KMC runs of 10° KMC steps each. The
KMC protocol is described in the Supporting Information 2.
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electron trapping processes may occur in the conditions
considered,™ additionally lowering the possibility of elec-
tron transport.

However, acceptors have a secondary effect in blocking
the hole transport (Figure 5 top): We note that hole carriers
cannot jump from the donor to the acceptor because the
HOMO orbital of the acceptor is already occupied. Holes
also do not hop from the acceptor to the donor, because the
HOMO orbital of NDI-acceptors (ca. —7.951 eV, see Fig-
ure 1a) is lower than the HOMO orbital of NDIOEt, donors
(ca. —6.906 eV). Considering the motion of a hole in the
direction of the electric field, holes can move along the chain
until they are blocked by an acceptor site, which they can
circumvent only using a diffusive mechanism. As a result, an
increasing acceptor concentration reduces the average
velocity with which the holes can travel, counterbalancing
the effect of suppressed recombination. The interplay of
these effects results in the observed maximum of the
current.

While the total concentration of acceptors is known, it is
difficult to determine experimentally whether acceptor
clustering has a significant effect. As shown in Figure 5, we
find that acceptor clustering would lead to almost vanishing
currents and a maximum of the current at even smaller
concentrations. The KMC simulation result displayed by the
pink curve (A) in Figure 5 agrees well with the experimental
findings and demonstrates that acceptor-based linkers
should be homogeneously distributed in the MOF sample.
Both the theoretical and experimental results confirm that
low doping concentrations, as well as CS on donors realized
by neighboring electron acceptors, greatly favor charge
transport.

Conclusion

In conclusion, we have demonstrated that using the metal-
organic framework approach enables to organize electron
donors and acceptors in an optimized configuration and
distribution to realize efficient charge separation. Using the
layer-by-layer method, donor-acceptor MOF thin films were
fabricated. Photocurrent measurements of those thin films
in device configuration disclosed that at a low optimal
doping concentration (3 %), charge carrier generation is the
highest. The superior performance is evident from a high
photocurrent switching ratio of 1.1x10*, and a detectivity of
1.48x10" Jones. Such high performance can be attributed to
efficient donor-acceptor interaction between NDI-donor
and NDI-acceptor followed by distance-separated charge
transfer, hampering charge recombination. Hole transport
within NDI-donors, modulating the photocurrent measured,
is significantly improved, when the concentration of NDI-
acceptors is low. The latter originates from the homoge-
neous distribution of donors and acceptors in the SURMOF,
efficient distance-separated charge transfer, lowering charge
recombination, and the favorable difference in LUMO level
between NDIOEt, and NDIPy,. The findings pave the way
towards improvement of optoelectronic performance of
MOF films by tuning charge transfer interaction through

Angew. Chem. Int. Ed. 2024, 63, €202414526 (5 of 7)

Research Article

Angewandte

intemationaldition’y) Chemie

adjusting donor-acceptor ratios in oriented donor-acceptor
framework and offer new strategy for development of high-
performance optoelectronic devices.

Supporting Information

The authors have cited additional references within the
Supporting Information.’**! The results of the KMC
simulations and DFT calculations are available via the
NOMAD repository under https://doi.org/10.17172/NO-
MAD/2024.07.29-1.
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