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An unexplored strategy for controlled surface patterning with
porphyrinic metal—organic frameworks (MOFs), integrating atomic
layer deposition (ALD) and pseudomorphic replication (PMR), is
presented. Surface patterning with a sub-micrometer size resolution
is enabled by translating ALD-patterned Al,O3 into a MOF pattern in
the presence of a porphyrinic linker.

Metal-organic frameworks (MOFs) are composed of metal-based
secondary building units (SBUs) that are interconnected by organic
linker molecules to form three-dimensional porous structures with
high internal surface areas. Due to the modular nature to mix and
match SBUs and linkers, MOFs are highly versatile, and have
found applications in, for example, gas separation and storage,
catalysis,”™ and sensing.® Opportunities to further exploit the
unique properties of MOFs for advanced applications would be
enabled by precise patterning of MOFs on specific substrates. In
general, the intentional arrangement of surface structures has
been shown in the past to allow for customized material design,
with applications in electronics, materials science, medicine, and
other industries.”** In analogy, assembling MOFs in a defined
surface pattern would create precise spatial arrangements to
achieve specific function.”*'* Recognizing this largely untapped
potential, MOF patterning has started to attract attention, and
various approaches have been described to-date (Fig. 1)."> Amongst
them, top-down approaches start from a homogeneous MOF layer
from which specific parts are etched away by, for example, direct
X-ray or electron-beam lithography.'® Other examples include
photoacid-induced etching'” or crosslinking-induced patterning
through photo- and electron-beam lithography.'® In printing
approaches, inks from pre-formed MOFs are applied to the sub-
strate in defined patterns.'® Bottom-up approaches use methods to
predefine areas for localized MOF growth, such as seed crystals.>’
MOF surface patterning is however still in its infancy, and the
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development of novel MOF patterning strategies is clearly
motivated.

A hitherto unexplored strategy for surface patterning is the
concept of pseudomorphic replication (PMR). Derived from
geology, ‘pseudomorph’ refers to a process where one material
retains the structure of another despite having undergone a
transformation. What makes PMR particularly interesting is its
potential for adaptation and application in the field of
chemistry.>>* In the context of MOFs, PMR has been explored
as a technique to create specific 3D architectures around shape-
directing templates,>*** opening up possibilities for tailoring the
properties of these intriguing materials. In terms of surface
patterning on flat substrates, PMR may offer opportunities to
grow MOFs from precursors that are deposited at defined posi-
tions on a substrate. Atomic layer deposition (ALD) of metal
oxides would be ideally suitable for this purpose as this method
allows the spatially defined deposition of metal oxides, which
may provide the cations for SBU formation and MOF growth.
Moreover, ALD is a well-established technique for the precise
fabrication of thin films on various surfaces, and is already
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Fig. 1 Schematic representation of different possibilities to create MOF-
patterned surfaces with top-down or bottom-up approaches: (i) patterned
etching of a homogeneously coated surface,'®~*8 (ii) “printing” the pattern
with MOF ink,° (iii) seeding crystals,® and (iv) patterning of a growth-
directing reagent applied by atomic layer deposition (ALD), followed by
pseudomorphic replication (this work).
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2627 yUnlike conventional methods that

utilized in patterning.
deposit materials in bulk, ALD operates at an atomic, layer-by-
layer scale and allows for meticulous control over the surface
pattern of the deposited materials. The opportunity to administer
different types of precursors leads to a range of ALD-deposited
materials that can potentially be utilized for further processing
such as PMR. Furthermore, metal oxide coatings administered by
ALD were shown to be translated into MOF layers before.>**’

In this work, the possibility of MOF surface patterning based
on PMR from a defined metal oxide pattern that was obtained
by ALD is investigated. The patterned metal oxide substrate was
created with a mask during the ALD process (Experimental and
Fig. S1, ESIY). More specifically, spatially separated stripes of
Al,O; on silicon substrates were exposed to a porphyrinic linker
solution to induce MOF growth through PMR. From the
description of PMR as a dissolution and recrystallization pro-
cess at a solid-liquid interface,* three fundamentally different
reaction outcomes are plausible. As schematically depicted in
Fig. 2, uniform MOF film growth across the entire substrate
(outcome (i) is expected from decoupled dissolution of the
metal oxide and MOF formation, thereby losing the spatial
information that was introduced during ALD. Outcome (ii) is an
intermediate scenario in which the ALD pattern can still be
observed, but lacks spatial precision. Finally, outcome (iii) is
the desired case, where MOF growth exclusively occurs at the
areas that were covered with the metal oxide during ALD. This
outcome also implies that the metal oxide may not be fully
dissolved, and the cations assemble the SBU before they diffuse
away from the substrate. Herein, we show compelling evidence
that the micrometer-sized pattern from the ALD can directly be
translated into MOF growth with a sub-micrometer size resolu-
tion, which is in the same size domain as the size of the MOF
crystallite.

A MOF with porphyrinic linkers and Al**-hydroxo/oxo cluster
SBUs that can be constructed from ALD-patterned Al,O; was
chosen for this study. Deposited Al,O; has a thickness of 5 nm,
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Fig. 2 Schematic representation of patterned MOF growth. A substrate is
coated with a metal oxide through atomic layer deposition (ALD), followed
by pseudomorphic replication (PMR) to facilitate the transformation into
the MOF-coated sample. Three potential outcomes may be expected: (i)
complete loss of spatial information, (ii) leakage around the edges of the
metal oxide pattern, or (iii) MOF growth only observed where the substrate
was covered with metal oxide.
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Fig. 3 SEM image of an as-synthesized Al,(OH),CuTCPP@Si material. The
scale bar indicates 200 nm. Inset: Cross-section SEM image showing a
uniform height of the MOF crystallites of 60 nm. The scale bar indicates
100 nm.

as expected from 50 ALD cycles. For the PMR, silicon substrates
with deposited Al,O; were subjected to microwave-induced MOF
syntheses at 140 °C for 10 min in the presence of the porphyrinic
linker CuTCPP (5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
copper(u)) to form the composite material Al,(OH),CuTCPP@Si.

In order to assess general MOF growth under these conditions
and to characterize the MOF morphology, Al,(OH),CuTCPP@Si
was first grown on homogeneously Al,Oz-coated silicon. Scanning
electron microscopy (SEM) images revealed homogeneous cover-
age of the complete surface with platelet-like crystals (Fig. 3),
consistent with earlier studies of a related material with Co-
porphyrinic linkers.”> As shown in the inset of Fig. 3, the Al,O;
is converted to MOF platelets of circa 60 nm height that stand
upright on the underlying substrate (Fig. S2, ESIT). The extent of
aluminum oxide conversion is assumed to be complete, in analogy
to a literature report that described a nearly linear correlation
between the Al,O; layer and resulting MOF thickness.*® The X-ray
photoelectron spectroscopy (XPS) survey spectrum (Fig. S6, ESIT)
showed signals for Cu 2p and N 1s, with the Cu 2p high-resolution
spectrum confirming Cu(u)-typical satellite features (Fig. S7a,
ESIf).*' X-ray diffraction further confirmed the crystallinity of the
MOF (Fig. 510, ESIY).

Having established general MOF growth on homogeneously
Al,O;-coated silicon substrates, the surface patterning was inves-
tigated on Al,O;-patterned substrates. The success of MOF sur-
face patterning via PMR was investigated by comparison of SEM
images of the ALD-coated substrate (Fig. 4a—c) with those of the
corresponding MOF-coated sample (Fig. 4d-f). Important to note
is that all SEM images in Fig. 4 were obtained from one and the
same wafer on which the same spot was located for meaningful
comparisons. Fig. 4a-c shows SEM images of the Al,O;-coated
silicon substrate at different magnifications. A pattern of stripes
that is created through the mask in the ALD is clearly visible. The
white regions of the image arise from the non-conductive Al,O3
surface, while the dark parts represent the conductive bare
silicon surface, as indicated. Zooming in on the stripes allows
the determination of their width to be 33.3 um (Fig. S3c, ESIt), as
well as the identification of small distinct imperfections of the
ALD pattern on the 1 um scale (Fig. 4c). After SEM analysis, the
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Fig. 4 SEM images of an Al,Oz@Si substrate (a)-(c) and of the same sample after pseudomorphic MOF synthesis as a MOF@Si material (d)—-(f). The scale
bars indicate 100 pm (a) and (d), 20 um (b) and (e), and 2 pm (c) and (f), respectively.

wafer was exposed to the PMR procedure as described above. As
expected, the optical contrast between the MOF@Si composite
and the Si substrate in the SEM images (Fig. 4d-f) is less
prominent than that between the AlL,O;@Si and Si, because
both MOF and Si are conductive.

The observed MOF pattern after PMR is identical to that of
the original Al,O; after ALD, proving that the overall pattern is
retained during the PMR process. Furthermore, the width of a
silicon stripe was measured before and after PMR at three
different points resulting in a mean distance of 33.3 pm and
33.4 um, respectively (Fig. S3c and d, ESIt). Thus, no obvious
diffusion of dissolved AI*" from the AlL,O; stripes is observed,
and the ALD pattern is conserved. The ALD blueprint is directly
translated into a MOF pattern as the metal oxide acts as a
growth-directing reagent.

To establish the resolution limit that can be achieved with
the synergistic ALD/PMR approach, the edges of the pattern were
examined more closely (Fig. 4f). At this scale, the individual MOF
platelets become clearly visible, in analogy to the observation in
Fig. 3. While the MOF-silicon interface is an almost perfectly
straight line, reflecting the ALD pattern (Fig. S4, ESIT), even the
smallest features are translated from Al,O; into Al,(OH),CuTCPP.
This is visualized in a distinct shape that was chosen in the ALD-
patterned substrate (Fig. 4c and f). A direct comparison of the spot
before and after MOF growth highlights the conservation of the
shape during PMR (Fig. S5¢, ESI). Zooming in on the detail in
Fig. 4f, it is possible to determine its dimensions to be 1.65 pm
and 1.47 um (Fig. S5d, ESI1).** These findings show that the ALD
blueprint is conserved and translated into the MOF pattern with a
sub-micrometer resolution. The Al,O; SBU precursor is acting as a
growth-directing reagent and the synthetic PMR clearly follows a
concerted dissolution and crystallization mechanism, where the
pattern is preserved. For future studies, this means that the size of
the MOF crystallites may ultimately determine the resolution limit.
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Further validation that the MOF is only grown where Al,O;
had been deposited was obtained from XPS analysis with X-ray
induced secondary electron imaging (Fig. S8, ESIT). With a beam
diameter of 10 pm, it is possible to measure survey spectra
specifically of the silicon stripe and the MOF area. Two repre-
sentative measurements are depicted in Fig. 5 (Fig. S9, ESIt). The
spectrum recorded within a silicon area (blue) shows a strong Si
2p signal as well as the typically expected signals for C 1s and O
1s due to contaminations and surface silicon oxides, respectively.
This demonstrates that there is indeed no MOF growth on bare
silicon where no Al,O; had been deposited by ALD. In contrast,
the spectrum recorded within the MOF-overgrown area (red)
shows signals for Cu 2p and N 1s that arise from the
Cu-porphyrin MOF. The peak in the C 1s region is of higher
intensity than that of the Si stripe, and also assigned to the
porphyrinic linker. At the same time, the Si 2p signal is com-
pletely absent, consistent with XPS being a surface-sensitive
method that will not penetrate the sample to sufficient depth
to show the underlying silicon substrate.

In summary, it is shown that the spatial accuracy of the ALD
process can be retained during PMR, thereby offering a promis-
ing approach for controlled bottom-up surface patterning with
nm-sized MOF crystals. It is demonstrated that the PMR is
confined to the area of the metal oxide, which thus determines
the sites of MOF growth. This implies that the metal oxide does
not simply dissolve during PMR, but stays preserved within at
least a few tens of nm and is translated into the MOF crystal-
lites. The resolution of the ALD/PMR integrated approach is
either given by the resolution of the ALD pattern or by the
crystallite size of the MOF after PMR, whichever is limiting.
This approach holds significant potential for advancing surface
patterning techniques, offering a pathway for the patterning of
surfaces with different MOF structures for application in, for
example, catalytic tandem reactions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 X-ray photoelectron spectra of an AlL(OH),CuTCPP@Si composite
within a silicon (blue) or a MOF-overgrown area (red). The asterisk (*)
marks overlapping Cu 3p and Al 2p signals. The inset shows the X-ray
induced secondary electron image obtained to locate the measurement
points. The scale bar indicates 100 pm.
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