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Enhancing Optoelectronic Properties in
Phthalocyanine-Based SURMOFs: Synthesis of ABAB
Linkers by Avoiding Statistical Condensation with Tailored
Building Blocks

Lukas S. Langer, Mareen Stahlberger, Xiaojing Liu, Yi Luo, Niklas E. Häußermann,
Puja Singhvi, Yidong Liu, Olaf Fuhr, Martin Nieger, Lars Heinke, Thomas Heine,
Christof Wöll,* and Stefan Bräse*

Phthalocyanine (PC)-based metal–organic frameworks (MOFs) hold
substantial promise for applications in energy storage, sensing, and catalysis
due to their robust stability and enhanced electron transfer capabilities.
However, synthesizing phthalocyanine linkers with precise geometries
presents a significant challenge, which limits their prevalence in the field.
Traditional methods typically employ readily synthesized tetratopic PC linkers
for realizing PC-based MOFs. In response, the study presents an innovative
approach using ditopic ABAB-phthalocyanine MOF linkers. The A and B
building blocks in PC synthesis are deliberately designed to circumvent issues
of statistical condensation. These PC linkers are then utilized in the fabrication
of zinc-based surface-anchored MOF (SURMOF) thin films. The structural
and electronic properties of these SURMOFs are explored through a series of
detailed experimental and computational methods, including X-ray diffraction,
scanning electron microscopy (SEM), and density functional theory
(DFT) calculations. UV–Vis spectroscopy reveals significant improvements in
electronic absorption, thereby enhancing the material’s performance in light
harvesting and energy conversion. Furthermore, a photodetector built with
this novel linker demonstrates high efficacy in the long-wavelength region
(780 nm), highlighting its potential for cutting-edge sensing technologies.

1. Introduction

Phthalocyanines (PCs), synthetic analogues of porphyrins, con-
sist of four isoindole subunits with 18 𝜋-electrons.[1] These
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compounds are exceptionally stable and
the strongly delocalized 𝜋-system in PCs,
along with their adaptable metal centers,
enables their application in diverse fields
like dyes, pigments,[1] catalysis,[1] energy
storage and harvesting,[2] and medicine.[3]

Their distinct electronic structure with ab-
sorbance in the red and the near-infrared
(near-IR) spectral region renders them par-
ticularly promising for photovoltaic and
photodetector applications.[4] Crafting ef-
fective PC-sensitizers for photovoltaics re-
quires synthesis of properly-functionalized
PCs and the subsequent integration into de-
vices, which typically requires the fabrica-
tion of well-defined thin films.[5] Particu-
larly for the development of PC-based sen-
sors, employing di- or tetratopic PC link-
ers to assemble metal–organic frameworks
(MOFs) is a prominent strategy.[6] MOFs
are crystalline porous materials, formed
by linking metal nodes to organic link-
ers. A number of methods have been de-
veloped to deposit MOF thin films on
solid substrates, including layer-by-layer

approaches yielding well-ordered and oriented crystalline MOF
films, commonly referred to as SURMOFs (surface-anchored
MOFs).[7] Depending on the topology of the used MOF, through-
space interactions can be used to further tailor the electronic
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structure of the final molecular solid. In particular, for assem-
bling chromophores into crystalline solids, the so-called MOF
approach has been successful.[8] Depending on the particular
type of MOF, the PCs are arranged into arrays spreading in
two dimensions, featuring significant in-plane 𝜋-delocalization
and minimal out-of-plane coupling. For appropriate MOF topolo-
gies, 𝜋–𝜋-stacking of the PC-cores can be achieved, opening
up the possibility to invoke band-structure effects like indirect
bandgaps to optimize performance of PC-MOF-based devices.[9]

The porous structure of the MOF maximizes the exposure of ac-
tive sites (e.g., the metal PC-centers) within the material. Conse-
quently, PC-based SURMOFs offer numerous applications in do-
mains such as batteries,[10] sensors,[6] and catalysts.[5,11] A major
obstacle in the realization of PC-based MOF thin films is the very
challenging synthesis of functionalized PCs. To date, there have
been limited reports on the development of PC-based MOFs.
Most existing studies have employed tetratopic PCs, functional-
ized with -NH2 or -OH groups, to establish framework coordina-
tion connections.[10,12] However, transitioning to linear, ditopic
ABAB-PCs offers advantages, as it allows for the independent
tuning of the B unit to optimize optoelectronic properties, while
the A unit is specifically dedicated to anchoring the PC within
the framework. One design strategy for ditopic PC-based link-
ers is the attachment of the carboxylic acid moieties outside of
the PC-plane through conjugation to A4-PCs with central silicon
atoms.[13] While this linker design has been employed for the fab-
rication of Zn-based SURMOFs, the geometry of the linkers in a
3D-network hinders 𝜋–𝜋-stacking interactions, which would be
desirable to achieve specific optoelectronic properties. To achieve
this, low-symmetry PC-linkers with in-plane carboxylic acid con-
nectors are required, enabling topologies similar to those in
SURMOF-2. However, this goal remains unmet due to the sig-
nificant synthetic challenges in producing ABAB-type PCs. Since
the synthesis of the first PC in 1907,[1] the statistical cyclote-
tramerization of the four monomers of aromatic o-dicarboxylic
acid derivatives has been the predominant synthesis route, which
always yields tetratopic PC-linkers of high symmetry.[14] A way to
obtain PCs with other functionalities and substitution patterns
is the statistical condensation of different phthalonitrile precur-
sors. If two different phthalonitriles are used, a mixture of six
regioisomers is obtained. Different approaches have been devel-
oped to improve the regioselectivity of this statistical condensa-
tion, through which PC derivatives with reduced symmetry can
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be obtained.[15] In the case of A3B-type PCs, regioselectivity is
controlled by the monomer concentration to selectively obtain the
desired product.[16] Conversely, relatively few studies have em-
ployed statistical condensation to synthesize ABAB-type PCs. In
these reports,[17] careful selection of functional groups in the pre-
cursors was crucial to achieve regioselectivity and prevent self-
condensation. ABAB-type PC-based MOF-linkers have not yet
been reported. In this work, we extend the method by Torres et
al.[17] to selectively synthesize a Zn-metalated ditopic ABAB- PC
linker, with carboxylic acid as anchoring groups, which is sub-
sequently used to construct a novel Zn-ZnPC SURMOF struc-
ture. To the best of our knowledge, these are the first ABAB-PC
MOF linkers used to successfully create the inaugural PC-based
SURMOF-2 structure. The atomistic and the electronic structure
of the synthesized SURMOF was characterized through a com-
bined experimental and computational approach, involving X-
ray diffraction, UV–vis absorption spectroscopy and density func-
tional theory (DFT) calculations (Scheme 1).

2. Synthesis of Phthalocyanines

In the Zn-templated approach published by Torres et al., the
selectivity to specifically produce ABAB-PCs stems from a care-
ful selection of the two types of phthalonitrile precursors.[17b]

One phthalonitriles contains bulky, electron-withdrawing
bis(trifluoromethyl)phenyl groups at the non-peripheral po-
sitions that is essential to avoid self-condensation. The other
phthalonitrile precursor can be chosen freely to implement the
desired residue for further functionalization. Thus, we selected
the phthalonitrile precursors for our linker synthesis accord-
ingly. The sterically demanding 3,6-bis(trifluoromethyl)phenyl
phthalonitrile 1 was synthesized as described by Torres et al.
(for details, see Supporting Information).[17b] For the func-
tionalized phthalonitrile, we chose methyl 4-(5,6-dicyano-1H-
benzo[d]imidazol-2-yl)benzoate 2 for its linear geometry and to
introduce an ester moiety that can later be saponified to afford the
carboxylic acid anchoring group for the SURMOF construction.
The synthesis of 2 is described in the Supporting Information.
Phthalonitriles 1 and 2 were dissolved with Zn(OAc)2 in a mix-
ture of DMF and o-dichlorobenzene under argon atmosphere
(Scheme 2). After heating to 175 °C for three days, a color change
to deep green was detected, indicating PC-formation. The crude
product was carefully purified in a series of preparative TLC runs
to obtain ABAB-PC Zn-3 in 5% yield. A crystal structure could
be determined, proving the ditopic geometry of the linker. After
obtaining a suitable amount of Zn-3, the methyl ester residues
were saponified using lithium hydroxide in a mixture of water,
methanol and THF. The dicarboxylic acid was precipitated with
HCl and centrifuged, affording the desired ABAB-PC-based
linker Zn-4 in 66% yield.

3. Synthesis and Characterization of
ABAB-Phthalocyanine-Based SURMOF

Zn-4 was assembled into Zn-ZnPC SURMOF using a layer-
by-layer (LbL) deposition process.[18] From the different LbL
variants,[7,19] the spin coating technique was employed. Deposi-
tion was carried out using quartz substrates, which were activated
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Scheme 1. Overview of statistical and selective synthesis methods for ABAB-PCs, and their application as ditopic linkers in the synthesis of PC-based
SURMOFs.

by an UV-treatment prior to the deposition. Subsequently, a zinc
acetate solution in ethanol and a Zn-4 solution in DMF were used
in a spin-coating apparatus at room temperature in an alternating
fashion. Between each metal and linker deposition cycle, the sub-
strates were rinsed with pure ethanol to eliminate any unbound
reactants. SEM analysis revealed a flat morphology of the Zn-
ZnPC SURMOF thin films (Figure S1, Supporting Information).
The sample shows X-ray diffraction (XRD) patterns with indexes
of (100), (200), and (300). The d-spacing values of the crystallo-
graphic planes were identified from the out-of-plane XRD mea-
surements, yielding 33.05 Å. (Figure 1b). The simulated diffrac-
tion pattern in reciprocal space shows the possible reflection ob-
servable in out-of-plane and in-plane geometries. The 1st to 3rd

order of the reflection can be observed in the out-of-plane geom-
etry whereas only one reflection in parts of (010) can be observed
in the in-plane geometry. The XRD data demonstrates consis-
tency between the experimental and theoretical structures. For
the (100) plane, the experimental 2𝜃 value is 2.67° with a inter-
planar spacing of 33.05 Å, while the calculated values are 2.69°

and 32.72 Å, respectively. Similarly, for the (010) plane, the ex-
perimental 2𝜃 value is 3.09° with a d- spacing of 28.56 Å, com-
pared to the calculated values of 3.04° and 29.03 Å. Comparable
alignment is observed for the (200) and (300) peak positions.

Detailed understanding of the atomistic and the electronic
structure of Zn-ZnPC SURMOF was obtained by performing
first-principle calculations (see the Supporting Information for
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Scheme 2. Synthesis and molecular structure of ABAB-phthalocyanine Zn-3 (displacement parameters are drawn at 50% probability level) through a
Zn-templated approach and subsequent saponification to ABAB-PC-based linker Zn-4.

computational details). Figure 1a shows the DFT-optimized
structure that consists of well-defined layers constructed from
Zn2+ ions linked into pairs via four deprotonated Zn-4 phthalo-
cyanine ligands. Due to the lack of axial ligands and the closed
d10 shell of Zn2+, the [Zn2O4]4− secondary building units (SBUs)
are distorted from the typical SURMOF-2 structure (with paddle-
wheel conformation) toward a (quasi-)tetrahedral coordination of
the Zn2+ ions (Figure S2, Supporting Information). Compared to
the free Zn-4 molecule, the Zn-4 linkers in the SURMOF exhibit
much more pronounced out-of-plane distortion of both the A-
and the B-substituted isoindole units, and the chromophore core
adopts a chair-like conformation along the sterically demanding
bis(trifluoromethyl)phenyl groups (Figure 2c; Figure S3b,c, Sup-
porting Information).

In contrast to the typical SURMOF-2 structure with P4 sym-
metry and eclipsed arrangement of the metal nodes and the
linkers from adjacent layers,[20] the layers in the most sta-
ble Zn-ZnPC SURMOF structure are stacked in a rather in-
clined fashion yielding a triclinic system (Figure S3, Support-
ing Information). The minimum distance between the isoin-
dole units of two adjacent Zn-4 linkers is of the order of
7.5 Å due to the bulky bis(trifluoromethyl)phenyl substituents.
Significantly shorter F∙∙∙F contacts of the order of 2.7 Å are
present between the fluorine atoms in the -Ph(CF3)2 substituents
from adjacent PC layers (Figure S3c, Supporting Information).
The uniform tilting of the Zn-4 linkers and the short con-
tacts between the -Ph(CF3)2 groups give rise to the promi-
nent (110) and (-110) diffraction peak in the simulated PXRD

Figure 1. a) DFT-optimized Zn-ZnPC SURMOF structure calculated at the PBE-D3(BJ)/DZVP-MOLOPT level of theory, see Supporting Information for
further computational details. Color code: H white, C grey, F green, N blue, O red, Zn orange; b) Out-of-plane, in-plane and simulated XRD patterns of
Zn-ZnPC SURMOF; c) The simulation of a weighted reciprocal lattice based on simulated structure on quartz substrate. The out-of-plane geometry is
represented by the green trace and in-plane geometry by the red trace. (Cu K𝛼1 radiation used in simulation). The diffraction spots circled in green can
be seen both in the experimental and simulated XRD patterns, while the red-circled diffraction spots can be seen only in the simulated XRD pattern.
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Figure 2. a) Normalized experimental UV–vis spectra of Zn-4 (black) and Zn-ZnPC SURMOF (pink); b) sTDA-calculated UV–vis spectra for a ZnPC
molecule (Zn-4 in DMF solution, grey), and fragments of different size cut from the simulated Zn-ZnPC SURMOF structure – ZnPC monomer (red), dimer
(green) and trimer (blue). sTDA-calculations at the CAM-B3LYP(D3BJ)/def2-SVP level of theory, see Supporting Information for further computational
details. Broadening by Gaussian functions with FWHM = 0.15 eV is used, absorption intensities are normalized with respect to a single PC molecule;
c) Stick representations of the model structures used in the calculations: Zn-4 molecule relaxed in DFM solvent c) and monomeric d) and stacked
dimeric e) Zn-4 fragments cutout from the DFT-optimized Zn-ZnPC SURMOF. For details on the computational level see the SI. f) Time-dependent
photocurrent response of the Zn-ZnPC SURMOF under chopped light irradiation of 365, 400, 455, 530, 640, and 780 nm at a bias voltage of 1 V.

for the primitive (1 × 1 × 1) cell of the Zn-ZnPC SURMOF
(Figure 1b).

In the next step, UV–vis spectra were recorded for the Zn-
ZnPC SURMOF. Inspection of Figure 2a reveals that the assem-
bly of the chromophores into the crystalline lattice led to a red-
shift of the prominent Zn-4 band from 751 in solution (DMF)
nm to 760 nm in SURMOF. This shift is a result of through-
space interactions resulting from the shifted 𝜋–𝜋-stacking of the
PC cores. Figure 2b shows the calculated UV–vis spectra for a
solvated Zn-4 molecule (Figure 2c) and for Zn-4 fragments of in-
creasing size cut from the simulated solid-state structure to rep-
resent the chromophore assemblies in the Zn-ZnPc SURMOF
(see the Supporting Information for computational details). In
comparison to the experimental observations (Figure 2a), a much
larger red shift of ≈110 nm is predicted for the lowest-energy
band in the spectrum of the monomeric SURMOF model com-
prising one Zn-4 linker with a chair-like distorted conformation
(Figure 2d), with respect to that for a single molecule represent-
ing Zn-4 in solution (Figure 2c), ≈861 nm versus 747 nm, respec-
tively. This red shift decreases by almost 25% and is accompanied
by a peak broadening if extended SURMOF models comprising
two (Figure 2e) or three Zn-4 linkers to account for interlayer in-
teractions are used in the calculations. In the simulated spectrum
of the trimer model, for instance, the first absorption peak com-
prises not one, but two electronic transitions with wavelengths
of 843 and 820 nm (Table S3, Supporting Information). As a gen-
eral conclusion, increasing the size of the finite SURMOF models
yields spectra with less pronounced red-shift through-space inter-
actions of the first absorption band and with increased intensity
of this band relative to that of the second absorption band. This
is in qualitative agreement with the experimental observations. A
major advantage of the MOF approach is that integration of the
PC chromophores into devices is straightforward. Using the LbL
approach, high quality, monolithic thin films can be grown on
solid substrates in a straightforward fashion. Here, we realized
photodetectors with good sensitivity at wavelength of 780 nm by

simply applying the LbL process to substrates with interdigitated
electrodes.

For the corresponding Zn-ZnPC SURMOFs, the photoconduc-
tive properties were examined using two-probe direct current
(DC) conduction measurements.[21] SURMOF sample was de-
posited on substrates with interdigitated gold electrodes, and the
current was measured under photoirradiation (Figure 2f). The
specific detectivity (D*) was evaluated across wavelengths of 365,
400, 455, 530, 640, and 780 nm (Table S6, Supporting Informa-
tion). The results demonstrate that the highest D* is achieved
at 780 nm, aligning well with the UV–vis absorption spectrum
and wavelength dependence. (Figure S6, Supporting Informa-
tion) Under 780 nm irradiation at an intensity of 7 mW cm−2,
the device exhibits a responsivity (R) of 3.45 × 10−13 A W−1 and
a specific detectivity (D*) of 9.43 × 105 Jones at a bias voltage of
1 V.

4. Summary and Outlook

In this study, we describe the synthesis of the first ABAB-type
phthalocyanine-based MOF linker utilizing a Zn-templated
condensation method. These ditopic linkers were then used to
grow high-quality MOF thin films on functionized, prepatterned
substrates, which demonstrated strong performance as photode-
tectors. The structure of the Zn-4 MOFs was elucidated through
X-ray crystallography and DFT calculations. The assembly of the
Zn-4 linkers with Zn square paddlewheel metal nodes resulted in
Zn-ZnPC SURMOFs exhibiting triclinic symmetry, which con-
trasts with the orthorhombic structure typically observed in MOF
thin films constructed from ditopic carboxylate linkers. Compu-
tational analyses revealed a deformation of the Zn-4 linker from a
flat to a chair conformation within the SURMOF matrix, support-
ing the bathochromic shift observed in the UV–vis absorption
spectra. This congruence between computational predictions
and experimental findings provides a comprehensive under-
standing of the structural-functional interplay within Zn-ZnPC

Adv. Funct. Mater. 2025, 2421693 2421693 (5 of 7) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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SURMOFs, establishing a foundation for designing
phthalocyanine-based SURMOFs with customized proper-
ties for enhanced light harvesting and energy conversion. This
work paves the way for the development of variably functional-
ized ABAB-type PC-MOF linkers, holding significant promise,
especially in sensor technology applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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