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While the accessible pores render an enormous variety of functional-
ities to the bulk of metal-organic frameworks (MOFs), the outer
surfaces exposed by these crystalline materials also offer unique
characteristics not available when using conventional substrates. By
grafting hydrocarbon chains to well-defined MOF thin films (SURMOFs)
prepared using layer-by-layer methods, we were able to fabricate
superhydrophobic substrates with static water contact angles over
160°. A detailed theoretical modelling of the hydrocarbon chains
grafted on the outer SURMOF surface with well-defined spacing
between anchoring points reveals that the grafted hydrocarbon chains
behave similarly to polymer brushes during wetting, where conforma-
tional entropy is traded with mixing entropy. The chains are coiled and
can access many different conformations, as evidenced directly by
infrared spectroscopy. The entropic contributions from the coiled state
lead to a pronounced reduction of the surface free energy, rendering
superhydrophobic properties to the functionalized SURMOFs. On the
other side, the water adhesion strength could be decreased by increas-
ing the surface roughness on the nanometer scale.

Introduction

Metal-organic frameworks (MOFs) are crystalline, porous net-
works composed of inorganic metal nodes and organic linkers."
These reticular materials have garnered considerable attention
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New concepts

Our paper introduces an innovative and unique approach for creating
superhydrophobic surfaces using MOF thin films. This technique
employs porous coatings, a fresh idea for achieving hydrophobicity.
Although the wetting properties of MOF powder particles have been
explored, applying monolithic MOF thin films for this purpose is a
groundbreaking concept. Our method produces superhydrophobic sur-
faces with contact angles significantly higher than those of other coatings
with similar roughness. Moreover, we can adjust the water adhesion
strength across a wide range.

due to their intriguing bulk properties in various fields, including
gas capture,™ separation,® catalysis,”® and optoelectronics.””®
While many of the desirable properties of MOFs result from the
interior walls of pores (e.g., attractive interaction with CH, or CO,)
or from metal or metal oxo nodes (e.g., H, binding), the external
surfaces exposed by MOFs have received less attention,'® mainly
due to the small size of powder particles typically obtained from
the conventional solvothermal synthesis, which has hindered the
characterization of macroscopic MOF surface properties and
applications. Recently, the availability of methods for growing
high-quality MOF thin films has opened up new possibilities in
characterization, e.g. the application of indentation methods to
determine mechanical characteristics,'" as well as enabling their
integration into (opto)electronic devices."> A particularly interest-
ing feature of the outer surfaces of MOFs is the fact that they
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Scheme 1 The water contact angle (WCA) on a hydrocarbon monolayer
is shown to be substantially increased when instead of the normal close
packing (left) the chains adopt a brush-like structure (right). The C18
hydrocarbon chains have an end-to-end distance of ~2 nm,® which
is much larger than the separation of grafting sites in the SURMOF grid
(~0.8 nm), such that the grafted hydrocarbons form a polymer brush.

expose anchoring sites with distances substantially larger than
those for other types of substrates.

One of the most important properties of surfaces is their
wettability by solvents, most importantly water. The hydropho-
bic effect during the self-assembly of macromolecules has been
recognized as one of the major driving forces in structural
pattern formation as protein folding and the “‘enthalpy-entropy
compensation” mechanism in biomaterials."”"* Inversely, we
demonstrate here that grafting alkyl chains to MOF outer
surfaces yields an unusual form of self-assembled monolayers,
where the hydrocarbon chains adopt a brush-like structure,
to engineer entropic driven superhydrophobic performance.
Similar to the case of polymer brushes, entropy contributions
from the coiled chains cause a large contact angle for ‘“poor
solvents”." In contrast to a “good solvent” scenario where a
polymer brush is stretched upon mixing, for a poor solvent, the
entropic effects feature the formation of collapsed polymer
brushes.'® The key requirement for such brush-like self-
assembled monolayers (SAMs) to be formed is an increased
spacing of the hydrocarbon chains, as schematically depicted
in Scheme 1. While SAMs formed on conventional substrates
with rather close spacing of anchoring sites yield low-entropy
hydrophilic states, large spacings are required to support the
new brush-like state.

We demonstrate the formation of such brush-like SAMs
using a particular, highly water-stable MOF family referred to
as UiO-66. Recently, several groups have reported strategies to
fabricate high-quality thin films of this MOF class," thus
allowing the utilization of the external surfaces of this highly
interesting type of MOF. Recent studies include the fabrication
of hydrophobic MOF particles as detailed by Roland Fischer
and coworkers®® and the exploration of hydrophobization of 2D
MOF nanosheets through surface-initiated polymerization.*'
Superhydrophobic, monolithic MOF thin films with low roughness
have not yet been reported. In this work, we focus on a particularly
attractive member of the UiO-66 family, referred to as UiO-66-NH,
(Fig. 1). The amino functionality exposed by the linkers of this
particular MOF allows attaching further functionalities after MOF
formation using straightforward coupling reactions. Eventually,
this chemical approach allowed us to attain superhydrophobicity
on a crystalline and porous substrate. When we increase the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

(a) (b) . ©

2rs04(0H), & | A M3

BDC-NH, 4}"

Fig. 1 Static water contact angle; snapshots taken from equilibrated MD-
simulations for water droplets and the enlarged structure of UiO-66-NH,.
Top: Static water contact angle of the (a) pristine UiO-66-NH, SURMOF,
(b) SURMOF grafted with perfluorinated chains, UiO-66-NH-CF and
(c) SURMOF grafted with C18 hydrocarbon chains from the experiment
and the simulation. Center: Snapshots taken from equilibrated MD-
simulations for water droplets on the (a) pristine UiO-66-NH, SURMOF,
(b) SURMOF grafted with perfluorinated C18F hydrocarbon chains, and
(c) SURMOF grafted with C18 hydrocarbon chains. Bottom: Enlarged
structure of the UiO-66-NH, (C4gH34NgO32Zr6) SURMOF, formed by
linking Zr-clusters  (ZrgO4(OH)4) with organic linkers BDC-NH,
(CgH7NOy). Explicit hydrogen atoms are omitted for clarity.

roughness from the lowest values possible for such UiO-66-NH,
SURMOFs, 31.4 nm, to larger values, we observe a pronounced
reduction in the water adhesion force as measured using a
dedicated experimental setup. Such low-adhesion superhydropho-
bic surfaces carry enormous potential with regard to achieving
superior self-cleaning performance. In combination with the
low (below 100 nm) roughness such interfaces will prevent the
accumulation of submicron-sized solid particulates—unlike con-
ventional high-roughness superhydrophobic interfaces. In fact,
there are few reports of superhydrophobic surfaces with low rough-
ness in the literature, as shown in Table S1 (ESIf). A notable
example is MOF thin films with a roughness of 80 nm, which
exhibit slippery properties even though the water contact angle is
only 112 degrees.”

Results and discussion

X-ray diffraction (XRD) data recorded for UiO-66-NH,, UiO-66-
NH-C18, and UiO-66-NH-C18F samples revealed that these
SURMOFs (surface-mounted metal-organic frameworks) were
of high quality and exhibited a high degree of orientation.
As shown in the ESIf (Fig. S3a), the XRD peak positions and
intensities were fully consistent with the simulations assuming
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the previously reported UiO-66-NH, bulk structure.** After the
amidation reaction, the XRD patterns displayed no evident loss
in crystallinity, implying that the post-synthetic modification
had no impact on the integrity of UiO-66-NH-C;g (C18@SUR-
MOF). FT-IR spectroscopy was subsequently employed to con-
firm the successful grafting of alkyl chains to the SURMOF
surface. IRRAS data recorded for the C18@SURMOF shown
in Fig. S3b (ESIt) clearly reveals symmetric (2920 cm™") and
asymmetric (2850 cm ") stretching vibrations of alkyl ~CH,-
groups, which were absent in the IR spectra of pristine UiO-66-
NH,. Importantly, the asymmetric and symmetric peaks are
shifted by 5 cm ™" with respect to “normal” C18 SAMs formed on
Au substrates (see Fig. 54 in the ESIt), revealing the presence of a
substantial amount of gauche-conformations in the SAM-forming
monomers.>>”  Furthermore, characterization of the three
sample types—UiO-66NH,, C18@UiO-66NH,, and C18F@UiO-
66NH,—was performed using variable-photon-energy X-ray
photoelectron spectroscopy (XPS) (see Fig. S12, ESIf). Despite
significant charging issues, we determined a ratio of grafted
C18 to C18F chains at 1.4. The lower density of fluorinated chains
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results from their reduced flexibility, which diminishes the effi-
ciency of the amidation reaction.

As evident from Fig. 1a, for the pristine SURMOF, the static
water contact angle is rather small, less than 11°. This strong
wetting is expected, as the partially hydroxylated zirconia
clusters exposed at the UiO-66 outer surfaces should result in
a wetting behavior similar to that of metal oxides.”® Drastic
changes in the wetting properties are observed after grafting
C18 alkyl chains to the crystalline array of anchoring sites
provided at the outer surface of the porous SURMOF substrate.
As shown in Fig. 1c, the surface becomes superhydrophobic,
with a static water contact angle (WCA) of larger than 160°.

The analysis of the current C18@SURMOF system using
atomic force microscopy (AFM, see Fig. 2a) demonstrates that
after the grafting of the hydrocarbon chains the roughness
(arithmetic average, R,) amounts to ~30 nm (see Fig. 2a and
Fig. S5, ESIT). Interestingly, the WCA value amounts to ~154°,
thus demonstrating the superhydrophobic character of these
substrates. To fully characterize surface wetting, it is essential
to measure the contact angle hysteresis, the difference between
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Fig. 2

(a) AFM images comparing the surface roughness of two different C18@SURMOF surfaces. (b) Sequential images showing the static and receding

water contact angles on the C18@SURMOF with an average roughness (R,) of 31.4 nm. The upward arrow indicates the receding of the beaded water
droplet. (c) Sequential images showing the receding contact angle and sliding angle on the C18@SURMOF with a R, of 62.4 nm. The slanting arrow
indicates the rolling of the beaded water droplet. (d) Adhesion force measurement of the beaded water droplet on superhydrophobic C18@SURMOF
surfaces with R, values of 31.4 nm (adhesive) and 62.4 nm (non-adhesive). (e) High-speed digital images depict the bouncing behavior of a water droplet
dropped on the non-adhesive superhydrophobic C18@SURMOF surface with a R, of 62.4 nm.
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advancing and receding contact angles. For our C18@SURMOF
substrates, we found significant hysteresis, with advancing
angles around 163° and receding at 151°. However, increasing
the R, from 31.4 nm to 62.4 nm reduced the hysteresis to below
5°, suggesting a notable decrease in water adhesion strength
with increasing roughness (see Fig. 2b and c).>**°

An independent confirmation of how roughness reduces the
adhesion strength of water droplets (volume = 5 pL; Fig. 2d) was
provided using a force-tensiometer system equipped with a
micro-electromechanical balance.*’ The adhesion decreased
significantly from 106.3 £ 5.4 pN to 16.4 + 4.2 uN as the
roughness increased to 62 nm. Additionally, the substrate
exhibited an extremely low sliding angle (fsx = 1°, see
Fig. 2c), ensuring the effortless and no-loss rolling of water
droplets. Moreover, the dynamics of water droplets impinging
on the SURMOF showed almost complete bouncing back
(Fig. 2e). These results demonstrate the presence of a super-
hydrophobic, non-sticky surface. Notably, such non-adhesive
superhydrophobicity typically indicates the presence of high-
roughness (>100 nm, Table S1, ESI{) substrates with micro- or
nanostructures, where air pockets form between the rough
surface and liquid, creating the Cassie-Baxter state.**">

The WCA values are much larger than those observed on
other hydrocarbon-terminated surfaces, e.g., polyethylene
(96°),%° self-assembled monolayers on Au-substrates (Au-
SAMs) made from alkanethiols (109°-112°),%” alkylsilanes
(80°-120°),*® and polysiloxanes (107°),>° popular materials for
achieving hydrophilic and hydrophobic surfaces.***? Although
the roughness of the present samples (30 nm) is higher than
that of other systems (sub-10 nm), the WCA values are larger
than those of any other substrate with low roughness (below
100 nm) reported in the literature and thus strongly indicates
an unusual mechanism yielding superhydrophobicity.

This conclusion is supported by comparisons with two simi-
lar recently evaluated substrates. Firstly, an alkylsilane-modified
MOF thin film with a roughness of 73.9 nm displayed only
moderate hydrophobicity, achieving a WCA of 112°.>* Secondly,
superhydrophobic MOF powder-based films with a much higher
roughness of several micrometers showed a WCA value of 156°,*>
which is close to the 154.7° of our low-roughness films but
considerably less than the 165° observed in our rough (1 micro-
meter roughness) C18@SURMOF substrates.

Furthermore, the WCA values of our C18@SURMOF thin
films exceeded those of fluoroalkylsilane-coated boehmite
transparent thin films, which have roughness (R,) values
around 100 nm and reported WCAs of 150°.**

In the present case, fluorination—specifically replacing C18
with C18F—leads to a substantial decrease in the water contact
angle instead of the expected increase (see Fig. 1b). This
observation, combined with our other findings, consistently
suggests an unusual microscopic origin of the superhydropho-
bicity observed for the C18@SURMOF substrates. Indeed, an
obvious difference to conventional SAM/Au systems is the
spacing of the hydrocarbon chain anchoring sites. As indicated
schematically in Scheme 1, for SAMs on Au(111), these values
amount to about 0.4 nm,> yielding a tight packing forcing the

This journal is © The Royal Society of Chemistry 2025
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chains to adopt an all-trans conformation. The SURMOF outer
surfaces feature nearly double the chain spacing, allowing more
flexibility for individual hydrocarbon chains. This led us to
believe that the unexpected superhydrophobicity reported here
is due to entropic effects, not static energy, a theory validated by
molecular dynamics (MD) simulations.

To verify the hypothesis that entropic effects are responsible
for the superhydrophobicity reported here, we carried out a
comprehensive series of MD simulations, adhering to schemes
that have been previously established.*”™” For the SURMOF-
based system, the simulations were performed by anchoring C18
hydrocarbons to the points of a grid defined by the NH, groups
exposed at the [001] surface of the SURMOF. The details of the
simulations are described in the ESI.f The wetting simulations
were carried out by placing a droplet of water on the different
substrates. For the C18@SURMOF substrate, the theoretical
results revealed strong hydrophobic interactions, with a WCA
value of 165°, in full accord with the experimental findings.

To validate our theoretical approach, a number of additional
MD simulations were carried out for reference systems. For
alkanethiolate-based SAMs on Au(111), we yielded a contact
angle of 108°, fully in line with previously reported experi-
mental and theoretical values.”® For the pristine, bare SUR-
MOF, a low WCA angle of 16° was observed in the simulations,
consistent with the behavior expected for a metal oxide cluster-
terminated surface (Fig. 1a). In the latter case, snapshots of the
wetting simulations reveal that parts of the water droplet
actually penetrate into the UiO-66-NH, SURMOF, whereas for
the C18@SURMOF, the droplet is repelled from the surface to
maintain its spherical shape (Fig. 3).

After demonstrating that the simulations fully reproduce the
experimental findings, we focused on unraveling the micro-
scopic origins of this unusual hydrophobicity. A detailed ana-
lysis confirmed the earlier findings in the SAM@Au case, in
that the lowest energy state is one in which alkyl chains are
rigidly packed into an array of tilted, by 30°, all-trans chains
with a low density of gauche conformations. Interestingly, in
such SAMs on Au, at elevated temperatures above 80 °C, an
order-disorder transition occurs in the outermost segments.*®
This pre-melting can be described by introducing gauche
defects at the end of chains.

In pronounced contrast, for the case of the C18@SURMOF,
the simulations reveal that the hydrocarbon chains adopt a

Fig. 3 Snapshots of conformations of the water droplets on the grafted
SURMOF with (a) perfluorinated hydrocarbons and (b) C18 hydrocarbons.
The dashed region corresponding to the wetting on perfluorinated hydro-
carbons exhibits pin-and-plug patterns, mixing with CF chains, whereas in
the case of CH chains, the water droplet maintains its spherical shape.
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coiled structure, with the density of gauche defects increased to
2.89 per hydrocarbon chain. This value is almost as high as that
in the high entropy state of free C18 hydrocarbon tangles
solvated in a poor solvent like ethanol.*® As a result of the
repulsive interaction with the water droplet, these grafted C18
“brushes” are distorted to yield dimples (see Movie S1 in the
ESIY). This structural deformation upon contact with water is
accompanied by hydrocarbon chains adopting a more stretched
configuration with a corresponding entropy penalty, where coil-
like hydrocarbon chains trade-off their flexibility to accommo-
date the water droplet. Such dimples were not observed in the
SAM®@Au films supporting a water droplet, as expected from
the fact that hydrocarbon chains are already fully stretched and
tightly packed prior to water droplet deposition.

We, therefore, concluded that entropy contributions must
cause the pronounced difference in wetting between the
spaced-out (SURMOF substrates) and rigidly packed (SAMs on
Au) hydrocarbon chain arrays. This aligns with the finding that
fluorination reduces the large WCA angles. In the C18F@SUR-
MOF, the energy cost of forming gauche defects in perfluori-
nated chains is high, inhibiting coiling essential for the
C18@SURMOF’s superhydrophobicity.

Entropic penalties accompanying the stretching of hydro-
carbon chains have been discussed earlier for polymer brushes
in non-aqueous environments.**”>! In particular, Dimitrov et al.
reported dimple formation when chains in a high entropy state
were brought into contact with a bad solvent.>” The character-
istic protrusion observed here for water (a bad solvent) is in full
accord with this previous work. The crucial role of entropy in
the wetting of related systems, large polymer brushes, was
addressed in a recent paper, by Mensink et al.’® Although in
these previous simulations the number of segments (~1000)
was almost two orders of magnitude larger than here (18), the
analysis of our simulations reveals that the key conclusions
from Mensink et al. also apply to our system. As indicated in
Fig. S7 and S8 (ESI}), despite being a bad solvent, water
partially penetrates the arrayed hydrocarbons, thus reducing
the conformational space available to the polymer chain.

To allow for quantitative comparison, we have computed the
conformational entropy for SAM@Au, the C18@SURMOF,
and C18F@SURMOF (with perfluorinated chains) as defined
by S=—> pilnp;, where p; corresponds to the occurrence

1
frequencies of conformers in Ramachandran plots (Fig. S9,
ESIt). We found that S = 5.3k, 6.47ky,, and 6.97k, for the
SAM, C18F@SURMOF, and C18@SURMOF, respectively.
The largest conformational entropy is thus observed for
C18F@SURMOF films, consistent with the fact that the inter-
action with the “bad solvent” H,O leads to the largest water
contact angles. In the C18F@SURMOF case, forming gauche
defects in CF chains is accompanied by a substantially stronger
energy penalty than for CH chains, thus aligning most CF
groups into a trans conformation. As a result, the influence of
entropy is substantially smaller, as illustrated in Fig. 3 and
Fig. S9 (ESIf). The lower density of gauche defects is also
reflected by an increased adlayer thickness (+0.4 nm) for the
perfluorinated case (Fig. 1 and Fig. S7, ESIt). Additionally, in
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contrast to the Cassie-Baxter wetting state, water molecules are
able to penetrate between CF chains to reach the underlying
SURMOF, to enable wetting in the Wenzel state.>® Here, the
water forms pin-like structures that plug into CF bushes (Fig. 3),
consistent with previous reports on a planar substrate.” As a
result, the less flexible CF chains, with a less intrinsic entropy,
mix better with water. This Wenzel-state wetting results in the
contact angle reduction of the fluorinated SAM on the SURMOF
surface to around 120°.

To summarize, MD simulations reveal the hydrophilic and
hydrophobic characteristics of the pristine SURMOF, C18F@
SURMOF, and C18@SURMOF, respectively. The non-adhesive
superhydrophobic behavior of the C18@SURMOF results from
the high intrinsic entropy in the C18 hydrocarbon chains
grafted at the distances defined by the MOF lattice. Long-
term experiments revealed an impressive stability of this non-
adhesive superhydrophobicity on a low-roughness interface;
even after 90 days no substantial changes in the contact angle
could be observed.

Conclusion

This study reports the successful fabrication of superhydropho-
bic surfaces by grafting C18 hydrocarbon chains to UiO-66-NH,
monolithic MOF thin films. Originally, the SURMOFs showed
strong wetting, with water contact angles (WCAs) below 11°.
However, these surfaces became superhydrophobic after post-
functionalization, with WCAs as high as 165°. Notably, replacing
the C18 chains with their fluorinated counterparts did not
increase but rather decreased the water contact angles, suggest-
ing that the residual 30 nm roughness of the C18@SURMOF
monolithic thin films alone does not account for the exception-
ally high WCA observed. Molecular dynamics (MD) identified
another origin, namely, entropic effects of coiled C18 chains.
In excellent agreement with the experiments, the simulations
yielded a WCA value of 165° for the C18@SURMOF even in the
absence of surface roughness, whereas the perfluorinated cases
exhibited a significantly lower water contact angle of 123°.>* The
entropy-related superhydrophobicity of alkyl-chains grafted to a
grid with large spacing described here should also apply to other
MOF surfaces and will be the topic of further research.

Additionally, it was found that manipulating the roughness
of the SURMOFs could modulate the water adhesion strength.
Low roughness levels (~30 nm) resulted in higher adhesion
strengths, evidenced by notable differences between the advan-
cing and receding contact angles and in the water adhesion
forces (16.4 + 4.2 uN vs. 106.3 £ 5.4 uN). Conversely, increasing
the roughness in the nanometric range significantly reduced
the contact angle hysteresis and decreased the adhesion
strength by roughly an order of magnitude.

Moreover, while the prepared superhydrophobic thin
film repelled beaded water extremely, the droplet of oil readily
spread with contact angles <10°. In the past, such selective
wettability has been strategically utilized for oil-water
separation.” ™’

This journal is © The Royal Society of Chemistry 2025
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Given the plethora of surface structuring techniques avail-
able for SURMOFs, such as photo- and e-beam lithography,
these newly functionalized surfaces are poised to greatly
impact the creation of hydrophilic/hydrophobic nano- or
micro-structured surfaces.® Furthermore, the emergence of
superhydrophobic substrates with low adhesion strength her-
alds various potential applications, notably with regard to the
fabrication of self-cleaning surfaces.>**°
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