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Organic chromophores and semiconductors, like anthracene, pentacene, perylene, and porphyrin, are
prone to aggregation, and their packing in the solid state is often hard to predict and difficult to control.
As the condensed phase structures of these chromophores and semiconductors are of crucial
importance for their optoelectronic functionality, strategies to control their assembly and provide new
structural motifs are important. One such approach uses metal-organic frameworks (MOFs); the organic
chromophore is converted into a linker and connected by metal ions or nodes. The spatial arrangement
of the organic linkers can be well-defined in a MOF, and hence optoelectronic functions can be
adjusted accordingly. We have used such a strategy to assemble a phthalocyanine chromophore and
illustrated that the electronic inter-phthalocyanine coupling can be rationally tuned by introducing bulky
side grounds to increase steric hindrance. We have designed new phthalocyanine linkers and using a
layer-by-layer liquid-phase epitaxy strategy thin films of phthalocyanine-based MOFs have been
fabricated and their photophysical properties explored. It was found that increasing the steric hindrance
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Introduction

Metal-organic frameworks (MOFs) are crystalline, permanently
porous solids." MOFs, also known as porous coordination
polymers (PCPs), are obtained by linking metal ions or metal-
oxo nodes with functionalized organic linkers. Since huge
libraries exist for each of these building blocks, the number
of metal and organic linker combinations is virtually infinite
and many different topologies of MOFs have been reported till
date.” Based on the connectivities and geometries of the con-
stituents, the porosity in MOFs can vary and surface areas as
high as ~7000 m* g"* have been reported.® This provides the
basis for many applications; e.g. gas storage, separation,™®
catalysis®” and sensing.>® In addition to their high intrinsic
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around the phthalocyanine reduced the effect of J-aggregation in the thin film structures.

porosity, MOFs also offer the possibility to assemble functional
organic molecules into structures with predefined packing and
spatial geometry. In this context, isoreticular strategies are of
pronounced interest."”'" In the context of photoactive materials,
recently in particular MOF-based optoelectronic applications
have received substantial attention.">"

The crystalline structure of MOFs allows to precisely deter-
mining the positions of the organic linkers and the metal ion
nodes. Hence, standard quantum chemistry codes can be
applied in a straightforward fashion to interpret experimental
findings, a task which is substantially more complicated for
amorphous materials. In addition, possible structures can be
investigated in silico prior to the experimental realization.'®"”
The inter-linker and metal ion distances as well as the overall
geometry are crucial parameters to tune the electronic coupling
between the MOF building blocks. Properties like electron
transfer, energy transfer, charge mobility, and recombination
rate can show pronounced variations for even slight variation of
structural parameters. Hence MOFs can provide excellent model
systems to study electronic and optical properties of chromopho-
ric assemblies. In addition, these materials can be integrated into
devices in a straightforward fashion, as has been demonstrated in
a number of cases, including photovoltaics, light emitting diodes,
and transistor-related applications.”®" In recent years, the
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following properties and applications have been explored for MOFs;
metallic conductivity,”>** high charge carrier mobilities,”” charge
transfer,” light emitting diodes, photovoltaics,> efficient and
anisotropic energy transfer,”® photodiodes,”” integration of electric
fields,® and thermoelectric effects.”® For many of these applica-
tions, the most common form of MOFs, polycrystalline powder, is
not well suited since the integration of particulate material into
devices represents a major challenge. For numerous types of model
systems and devices, the fabrication of MOF thin films deposited
on a conducting or transparent surface is required. For this reason,
a number of different methods have been developed for MOF thin
film deposition. In the present paper, we have employed the
surface-anchored MOF (SURMOF) approach to fabricate optically
active silicon-phthalocyanine-based MOF thin films exhibiting
Jtype electronic coupling.

Different organic semiconductors, e.g. anthracene, perylene,
pentacene, perylenediimides, naphthalenediimide, porphyrin
and phthalocyanine have been assembled into MOF structures,
and also as MOF thin films."®*°"” phthalocyanines, with their
unique macrocyclic structure, exhibit strong n-n interactions
and can self-assemble into supramolecular aggregates. However,
this type of aggregation is not as common as in other chromo-
phores due to the planar and rigid structure of phthalocyanine
molecules, which restricts the formation of the required face-to-face
stacking necessary for J-aggregate formation. Different strategies
have been designed in order to achieve this kind of aggregation,*®
but the number of known cases is still rather limited. Since due to
their rather special characteristics phthalocyanine J aggregates are
very promising candidates for applications in various optoelectro-
nic devices, including organic solar cells, light-emitting diodes, and
photodetectors, more rational strategies are required to assemble
these highly interesting macrocycles into ordered arrays.

Here, we focus on silicon phthalocyanines (SiPcs) (see Fig. 1),
chromophores which are known to exhibit strong absorption in
the visible range (far-red) of the absorption spectrum. Along with
an intense visible color, for these SiPc compounds the tendency
towards aggregation (and thus to unwanted quenching of excita-
tions by intermolecular coupling) is strongly reduced due to the

SiPc 2

Fig. 1 Chemical structure of the four ditopic silicon phthalocyanine linkers.
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presence of axial substitution of the Si. Hence, these SiPc
molecules have received pronounced interest in the context of
biological as well as optical applications.

For the integration of these chromophores into MOFs, the
corresponding organic compounds need to be equipped with
coupling groups, thus yielding a MOF linker. Hence, we have
functionalized the SiPc compounds by attaching -COOH groups
at the axial positions. Although at first sight the resulting ditopic
linkers appear to be very bulky, we have demonstrated in previous
work that MOF thin films can be successfully assembled from the
SiPc 1 as linkers, with the resulting SURMOFs showing the
formation of an interesting type of polaritons.* In this contribu-
tion, we demonstrate that the optical properties of SiPc-based
SURMOFs can be varied in a rational fashion by tuning the
intermolecular electronic coupling. We have designed three new
sterically modulated silicon phthalocyanine dicarboxylate linkers
(SiPc 2-4) and synthesized isostructural MOF thin films using the
layer-by-layer liquid-phase epitaxy method. Introduction of the
bulky tert-butyl and dimethylphenoxy groups in the SiPc linkers
changes the linker-linker distance in the MOF structure, and thus
the electronic coupling of the chromophores is modulated
(Scheme 1). On the other hand, we have incorporated phenyl
(SiPc 3) and biphenyl (SiPc 4) linkers in the axial SiPc position to
study the effect of the axial linker in the SURMOF organization.
A photophysical characterization of these new SiPc SURMOFs
revealed that the SiPc linkers in the MOF structure exhibit J-type
coupling. In the followings we have demonstrated how MOF-
based design approach can be useful to systemically tune the
J-type electronic coupling, which is important for many opto-
electronics applications, including photovoltaics, and light
emitting diodes.

Results and discussion

SiPc 2 was directly obtained from (‘Bu)sSiPc(ArCHO), 5*°
through a mild oxidation step, employing a mixture of sulfamic
acid and sodium chlorite in THF/H,O at RT during 12 h
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Scheme 1 Schematic illustration of the 3D assembly of SiPc linkers as a SURMOF-2 (left) and control of the inter-linker distance by sterically demanding

functional group introduction to tune electronic coupling.

(Scheme 2). On the other hand, SiPc 3 and SiPc 4 were obtained
employing the already described mild oxidation protocol
(Scheme 3), over both formyl groups of (ArO)sSiPc(ArCHO),
6 and (ArO)sSiPc(Ar,CHO), 7, respectively.*' All the new com-
pounds were unambiguously characterized by "H NMR and
UV-vis absorption spectroscopy, and HR MALDI-TOF mass
spectrometry (see Experimental section and Fig. S1-S9, ESIT).
The designed SiPc linkers are linear and ditopic. These are
thus suited, in principle, to coordinate to Zn-based paddle-
wheel type nodes to produce a SURMOF-2 type structure, as
demonstrated in our previous works.?®*>*? The SiPc linker-
based SURMOF-2 structure was fabricated using a layer-by-layer
synthesis (Scheme 1).** The out-of-plane and in-plane X-ray
diffraction (XRD) patterns suggested the presence of a 2D
square grid of sheets stacked along the substrate plane ([010]
direction) with a regular spacing of 1.1 nm,*® as reported for
similar Zn-based porphyrin-based SURMOFs.?® In such a struc-
ture, the phthalocyanine aromatic plane is oriented orthogonal
to the metal-coordination axis, and two phthalocyanines of the
neighboring 2D sheets interact in an edge-to-edge fashion, as
illustrated in Scheme 1. The newly synthesized SiPc 2, SiPc 3
and SiPc 4 linkers have bulkier substituents in comparison to
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Ny sil N —— > SiPc2
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Scheme 2 Synthesis scheme of SiPc 2.
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the SiPc 1, and these are marked in red in Fig. 1. Due to the
presence of the sterically demanding functional groups, we
expected that the inter-layer spacing will increase'® for these
three new SiPc linkers, leading to a different electronic cou-
pling in the corresponding MOF structures.

The out-of-plane and in-plane XRD patterns of Zn-SiPc 2 are
very similar to that obtained from the Zn-SiPc 1, indicating the
presence of a similar structure (Fig. 2b and Fig. S10, ESIY). This
is expected as the length of the SiPc 2 linker (i.e. distance
between the two carboxylic acid groups) is identical to SiPc 1.
In contrast, for the Zn-SiPc 3, most likely due to the hindrance
of the dimethylphenoxy groups, no crystalline thin film was
obtained. For Zn-SiPc 4, the XRD pattern revealed that the
square grid unit cell dimension is larger, ~2.9 nm. This is due
to the increased length of the SiPc 4 linker along the metal-
coordination axis. A detailed characterization of the SiPc-based
SURMOFs using infra-red reflection absorption spectroscopy
was fully consistent with the presence of paddle-wheel nodes
(Fig. S11, ESIt). The scanning electron microscopy (SEM)
images of the Zn-SiPc 2 and Zn-SiPc 4 confirmed the contin-
uous thin film formation (Fig. S12, ESI¥).

After the structural and spectroscopic characterization of the
Zn-SiPc SURMOFs, we have carried out a photophysical char-
acterization of the thin films. In Fig. 3, we present the absorp-
tion spectra of the three SiPc linkers (SiPc 1, SiPc 2 and SiPc 4)
recorded for their solvated state and for the SURMOFs. In the
solvated state, the SiPc 1 linker shows a sharp intense peak at
683 nm, corresponding to the Q-band. The Soret band transi-
tion appears at ~350 nm. As a result of the tertiary butyl and
phenoxy substitution of the SiPc, the Q-band maxima is shifted
to higher wavelengths, 691 and 694 nm, respectively. After
assembly into the SURMOF, all the Q-band peaks shift to longer
wavelength compared to the solvated linkers. The red shift is
largest for Zn-SiPc 1, ~57 nm. For SiPc 2 and 4, the shifts
are smaller and amount to ~29 and ~10 nm, respectively.
Evidently, the different packing of the chromophores resulting
from the coordination to the metal and to yield the SURMOF-2
structure enforces an edge-to-edge SiPc stacking and yields a

This journal is © the Owner Societies 2023
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Fig. 3 Absorption spectra of the three Si-Pc linkers in solvated state and as Zn-SURMOF-2, (a) SiPc 1, (b) SiPc 2 and (c) SiPc 4.

change in the Q-band transitions. The transition dipoles gov-
erning the corresponding excitation are aligned in a head-to-
tail fashion and the lowering of the electronic transition energy
indicates a J-type electronic coupling between the SiPc linkers
of neighboring 2D layers. The solvatochromic shift,** i.e. the
difference of the Q-band maximum observed for the solvated
state and the SURMOF state, can be considered as a measure of
the strength of the J-type electronic coupling. As in Zn-SiPc 1

This journal is © the Owner Societies 2023

the linkers of the neighboring 2D layers are closer in space than
in the cases of Zn-SiPc 2 and 4, the electronic coupling
is strongest, and hence the solvatochromic shift is largest.
For Zn-SiPc 3, because of the very bulky substitution on SiPc,
the 2D layers are not close enough to induce strong electronic
coupling. Hence, using this sterically bulky substitution
approach, it is possible to fine tune electronic coupling. Note, that
while inducing such changes in the chromophore-chromophore
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Fig. 4 Temperature dependent absorption spectra for (a), (b) Zn-SiPc 1 and (c), (d) Zn-SiPc 4.

spacing via adding steric control units, the overall topology of the
MOF structure does not change.

To gain further information on the photophysical properties
of these aggregated SiPc linkers, we have carried out temperature
dependent absorption spectra measurements for non-substituted
Zn-SiPc 1 (Fig. 4a and b) and for the bulkiest substitution, Zn-SiPc
4 (Fig. 4c and d). For both SURMOFs, a ~4 nm blue shift was
observed upon lowering the temperature. Similar spectral change
indicates that the electronic coupling nature may be similar. As we
have observed very small bathochromic shift for Zn-SiPc 4 com-
pared to the monomer state of SiPc 4, the electronic coupling can
be considered weak. However similar temperature dependency
confirms that for both of the structures J-coupling is present.

Conclusion

In conclusion, we have synthesized three new SiPc dicarboxylic
acids and demonstrated that two of them can be used as organic
linkers to fabricate MOF thin films, or SURMOFs, using a layer-by-
layer approach. We propose a SURMOF-2 type structure for the
corresponding MOF thin films, where the SiPc linkers are con-
nected by Zn-paddle-wheel nodes to form a 2D layer. These 2D
layers are then arranged to yield stacks with the individual planes
oriented perpendicular to the substrate. Within this 3D structure,
the SiPc linkers of the neighboring 2D layers interact in an edge-
to-edge fashion. From a photophysical characterization we
conclude that this interaction leads to J-type electronic coupling.
By using the isoreticular MOF design principle, we have designed
MOF films with different extent of J-coupling interactions, as
evidenced by the absorption spectra measurements. Temperature

19630 | Phys. Chem. Chem. Phys., 2023, 25, 19626-19632

dependent measurements indicated that even with the bulky
substitution, J-type coupling remains intact. The strategy pre-
sented here illustrates that in MOF electronic interactions can
be modulated with fine control, and the consequent electronic
and optical properties can be studied in a straightforward fashion
using the thin film structure.

Experimental section

Zinc acetate dihydrate was purchased from Merck Millipore.
16-Mercaptohexadecanoic acid (MHDA, 97%), was purchased
from Sigma-Aldrich (Germany). Absolute ethanol was purchased
from VWR (Germany). All other chemicals were reagent grade,
purchased from commercial sources, and were used as received
unless otherwise specified.

NMR spectra were acquired on a Bruker 400 MHz spectro-
meter. UV-vis spectra were recorded on a PerkinElmer LAMBDA
365 UV-WinLab spectrophotometer (for the solution). The thin
film (grown on quartz glass) spectra were recorded in transmis-
sion mode, using a Cary 5000 spectrometer with a UMA unit
from Agilent.

The SEM measurements were carried out using a Field
Emission Gun (FEI) Philips XL SERIES 30 ESEM-FEG (FEI Co.,
Eindhoven, NL). Thin films were coated with a ~5nm thick
gold/palladium film before recording the SEM micrographs.
High-Vacuum (1.5 torr) was applied with all specimen, using
20 keV acceleration voltage.

High-resolution mass spectra were obtained from a Bruker
Reflex II matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) spectrometer using dithranol as matrix.

This journal is © the Owner Societies 2023
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The XRD measurements for out-of-plane (co-planar orientation)
were carried out using a Bruker D8-Advance diffractometer
equipped with a position sensitive detector Lynxeye in geome-
try, variable divergence slit and 2.3° Soller-slit was used on the
secondary side. The Cu-anodes which utilize the Cu Ko »-
radiation (4 = 0.154018 nm) were used as source.

The temperature-dependent absorption measurements were
carried out with the sample situated in a closed-cycle Helium
cryostat (Oxford Instruments OptistatDry TLEX). The cryostat
sample chamber was evacuated to a pressure of <10~ * hPa. In
a temperature range from 300 K to 200 K, the sample was
illuminated with collimated white-light that was then captured
by a spectrometer. A fiber-coupled Ocean Optics DH-2000-BAL
Deuterium-Halogen lamp served as a white-light source using
one output port of a bifurcated optical fiber (QBIF600-UV-BX).
The transmitted spectrum was recorded with an Avantes
AvaSpec-2048L-USB2 spectrometer with a Thorlabs FP1000URT
optical fiber attached.

Preparation of SiPc 2

(‘Bu),SiPc(ArCHO), 4 (50 mg, 0.048 mmol), sulfamic acid
(H3NO3S, 35 mg, 0.361 mmol) and sodium chlorite (25 mg,
0.276 mmol) in a 5:1 THF/H,O mixture (18 mL) were stirred at
room temperature, and avoiding direct light exposure, for 12 h.
The crude product was evaporated to dryness, and repeatedly
washed with 1:1 MeOH/H,O mixture, in order to obtain 42 mg
of pure product (82%) as blue-green solid. HR-MS (MALDI-TOF,
dithranol) m/z [M]™ caled for Ce HssNgOgSi 1094.4251; found
1094.4257. "H NMR (400 MHz, DMSO-d¢) 6 9.79-9.58 (m, 8H,
Pc-Ar-H), 8.70-8.60 (m, 4H, Pc-Ar-H), 6.87 (d, J = 8.4 Hz, 4H, Ar-H),
5.13 (d, J = 8.5 Hz, 4H, Ar-H), 1.79-1.73 (m, 36H, 4x‘Bu). UV-vis
(THF): Zmax, nm (log ) 360 (5.21), 620 (5.18), 690 (5.89).

Preparation of SiPc 3

(ArO)gSiPc(ArCHO), 6 (70 mg, 0.039 mmol), sulfamic acid
(H3NO3S, 59 mg, 0.608 mmol) and sodium chlorite (42 mg,
0.464 mmol) in a 4:1 THF/H,0 mixture (25 mL) were stirred at
room temperature, and avoiding direct light exposure, for 24 h.
The crude product was evaporated to dryness, and repeatedly
washed with 1:1 MeOH/H,O mixture, to obtain 66 mg of pure
product (93%) as blue-green solid. HR-MS (MALDI-TOF, dithra-
nol): m/z [M]™ caled for C;;,HgoNgO;6Si 1831.6278; found
1831.6441. "H NMR (400 MHz, DMSO-d¢) & 8.02 (8H, m, H-Pc),
7.62-7.45 (24H, m, H-Ar), 6.78 (4H, d, J = 8.3Hz, H-Ar), 4.86 (4H,
d, ] = 8.3Hz, H-Ar), 2.36 (48H, s, 16 x CHj). UV-vis (THF): Zmax,
nm (log¢) 366 (4.98), 426 (4.54), 624 (4.56), 665 (4.55), 694 (5.42).

Preparation of SiPc 4

(ArO)sSiPc(Ar,CHO), 7 (35 mg, 0.018 mmol), sulfamic acid
(H3NO3S, 28 mg, 0.288 mmol) and sodium chlorite (20 mg,
0.288 mmol) in a 6: 1 THF/H,O mixture (12 mL) were stirred at
room temperature, and avoiding direct light exposure, for 12 h.
The crude product was evaporated to dryness, and repeatedly
washed with 1:1 MeOH/H,O mixture, to obtain 30 mg of pure
product (84%) as blue-green solid. HR-MS (MALDI-TOF, dithranol):
mjz [M]" caled for Cy,;HogNgO16Si 1983.6904; found 1983.6744.
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'H NMR (400 MHz, CDCl,)  8.20 (8H, m, H-Pc), 7.79 (4H, d, J:
8.3 Hz, H-Ar), 7.36 (24H, brs, H-Ar), 7.02 (4H, d, J: 8.3 Hz, H-Ar), 6.46
(4H, d, J: 8.3 Hz, H-Ar), 5.14 (4H, d, J: 8.3 Hz, H-Ar), 2.42 (48H, s,
16 x CHj). UV-vis (THF): /pmax, N (log &) 366 (4.89), 424 (4.46), 623
(4.49), 666 (4.52), 692 (5.33).

Preparation of Zn-SiPc 2 and Zn-SiPc 4

Syntheses of the SURMOFs are carried out following the pre-
vious procedure. Ethanolic solution of 1 mM zinc acetate and
20 puM SiPc 2/4 solutions (in ethanol) were sequentially depos-
ited onto the precleaned substrates (cleaned by UV-ozone, Si or
quartz glass) 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.
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