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Abstract: Supramolecular complexation is a powerful strategy for
engineering materials in bulk and at interfaces. Metal-phenolic
networks (MPNs), which are assembled through supramolecular
complexes, have emerged as suitable candidates for surface and
particle engineering owing to their diverse properties. Herein, we
examine the supramolecular dynamics of MPNs during thermal
transformation processes. Changes in the local supramolecular
network including enlarged pores, ordered aromatic packing, and
metal relocation arise from thermal treatment in air or an inert
atmosphere, enabling the engineering of metal-oxide networks
(MONs) and metal—-carbon networks, respectively. Furthermore, by
integrating stimuli-responsive motifs, the MONs are endowed with
reversible superhydrophobic (>150°) and superhydrophilic (~0°)
properties. By highlighting the thermodynamics of MPNs and their
transformation into diverse materials, this work offers a versatile
pathway for advanced materials engineering.

Introduction

Nanostructured composite materials and thin films with controlled
physicochemical properties have found applications in diverse
fields, including bioproduction, surface and particle
engineering,”?! energy and photocatalysis,”® self-cleaning, and
bio—nano interactions and biomedical applications.”® Advances in
metal—-organic nanocomposite materials have been driven by in-
depth mechanistic understandings of their design principles.®
Supramolecular complexation, through the integration of discrete
motifs via diverse intermolecular forces, allows for the
engineering of functional nanocomposite materials.[5¢7] Metal
coordination with organic ligands allows for the engineering of
functional and tailorable organic—inorganic supramolecular
complexes both in bulk as particles®8 and at interfaces as
coating materials.?2° Specifically, metal-phenolic networks
(MPNs)?al represent an emerging platform for coating and
functionalizing diverse substrates by combining the advantages

of metal coordination and the various interfacial interactions
displayed by polyphenols.® %  The dynamic nature of
coordination bonding in MPNs enables the engineering of
responsive interfaces with controlled interfacial properties;?al
however, their supramolecular dynamics remain largely
unexplored, especially in regards to thermodynamic structures.62!
Supramolecular network transformations provide insight into
network dynamics, allowing the tuning of material properties, and
are fundamental for precise molecular engineering and surface
engineering."'l  Investigating the thermal behavior of
supramolecular structures in MPNs is, therefore, fundamental for
the development of MPN-derived functional composite
materials.[2¢:%12]

In the present work, the dynamics of MPN supramolecular
complexes was investigated both computationally and
experimentally in oxidative (air) or inert (argon) atmospheres at
different temperatures (Figure 1). Thin films of MPNs were first
formed on sacrificial templates (CaCOgs) through the one-pot
assembly of metal ions (e.g., Fe"') and a multidentate phenolic
ligand (i.e., tannic acid, TA) (Figure S1), which can transform into
metal—-carbon networks (MCNs) or metal-oxide networks (MONSs)
upon heating under inert or oxidative conditions, respectively
(Figure 1a). Capsules were obtained after template removal, and
the thickness of these hollow structures was tuned by the number
of coating steps. The present study is largely focused on hollow
structures as they provide insight into free-standing networks
through characterization methods that are not readily applicable
to bulk complexes and coatings on planar substrates.
Furthermore, hollow structures are promising in diverse fields
including energy harvesting!"® and drug delivery.['¥ Thin films are
also examined to demonstrate switchable wetting. Thermal
transitions of the amorphous MPNs resulted in the formation of
more highly ordered composite networks, where crystalline
structures were observed. Other changes, including network
porosity, inter-species spacing, and Tm—m stacking, were
investigated both experimentally and computationally. Finally, the
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Figure 1. Design of nanoporous metal-oxide and metal-carbon networks via heat transformation of MPNs. (a) Schematic of the preparation of MPN and its
transformation to MON and MCN upon heat treatment. (b) Representative configuration of MPN in the simulation cell studied. (c) Probability distribution function
(p(r)) of pore size and (d) aromatic ring—ring radial distribution (g(r)) in MPNs upon heat treatment at different temperatures.

structural and configuration/composition transformations of MPNs
allowed for the tuning of surface physicochemical properties,
including reversible surface wettability.

Results and Discussion

To validate the occurrence of network transformations, we first
investigated the molecular dynamics (MD) of MPNs at different
temperatures by computing their supramolecular structures
(Figure 1b; Movies S1 and S2; see Molecular Dynamics (MD)
Simulations in Supporting Information). MPN clusters (i.e.,
FesTA) were generated to represent the basic constitutional unit
of MPNs. This metal-to-TA molar ratio (5:1) was chosen to
represent the bis-complex formed when assembling MPNs based
on ligand-to-metal charge transfer band studies of MPNs and
MPN capsules (Figures S2-S5).82%1 Upon application of heat to
the model system, the MPNs underwent thermodynamic
delocalization within confined space, mimicking the movement of
the intercorrelated MPN clusters. Probability distribution curves of

the MPN clusters revealed their different thermodynamic
behaviors at the different temperatures examined, i.e., 300 K
(room temperature) and 773 K (Figure 1c). The MPN clusters
were largely found at a radial distance of ~22 A at 300 K, which
shifted to a larger value of ~25 A at 773 K, indicating the potential
of tuning local structures (e.g., porosity) of MPNs by heat.

In addition to providing insight into the thermodynamics of MPN
building blocks, MD simulations revealed the aromatic ring—ring
packing by the radial distribution function g(r) (Figure 1d). At 300
K, the aromatic ring-ring packing featured two dominant
interspacing values (i.e., ~6 and ~10 A, corresponding to the
positions of the first- and second-nearest ring neighbors), which
are likely due to the bilayer structure of the aromatic rings that
surround the glucose center of the TA molecule (Figure S1).
Heating at 773 K could overcome the energy barrier of the
network, leading to closer ring—ring packing (the first-nearest ring
neighbors appeared at ~4 A) and broadening of spacing features
(Figure 1d). These observed features indicate the potential of
generating ordered structures upon heating amorphous MPNs.
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Figure 2. MONs. (a) Scanning electron microcopy (SEM) image of CaCOs; template particles and (b) radar map of their size distribution (100 particles); scale bar is
2 pym. (c) SEM image of CaCO3@MON; scale bar is 2 ym. (d) TEM image of Fe203 (MON) capsules (prepared from 3 MPN layers); scale bar is 500 nm. (e) XPS
survey map of Fe20O3 capsules. Inset is the high-resolution XPS spectrum of Fe 2p. (f) High-angle annular dark-field (HAADF) image and elemental mapping of
Fe20; capsules (prepared from 1 MPN layer). A scale bar of 3 um applies to all images in (f).

Besides these thermodynamic structural changes, the
configurations of the basic building blocks were mostly
unchanged, as observed from the radial distribution functions of
Fe-TA, Fe-Fe, and TA-TA (Figure S6). The thermal stability of
the MPNs was also experimentally investigated by thermal
gravimetric analysis (TGA) in argon (Figure S7). A steep weight
loss occurred at ~973 K (700 °C), likely owing to the breakdown
of metal-phenol bonds (thereby loss of organic moieties),
whereas a slower weight loss was observed at ~773 K (500 °C),
likely due to volatile species generated by pyrolysis, indicating a
largely preserved (and carbonized) structural network at ~773 K—
a suitable temperature chosen for the controlled thermal

transformations and MD simulation studies. These preliminary
findings (i.e., MD simulations and TGA) of MPN thermodynamics
provide a strategic basis for engineering advanced nanoporous
structures.

To experimentally study the thermodynamic transformations of
MPNs, monodisperse calcium carbonate (CaCOs;) template
particles®® (D = 1.9 + 0.1 um) were synthesized (Figure 2a and
2b) and coated with MPNs via the addition of metal ions (e.g.,
Fe") and phenolic ligands (e.g., TA) (Figure S8 and
Experimental Procedures in Supporting Information). For the
heating process, 773 K was chosen based on the TGA study and
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Figure 3. MCNs. (a) Thickness measurement of an MCN capsule. Inset is a representative TEM image; scale bar is 500 nm. (b) High-resolution TEM image of an
MCN showing the presence of amorphous (blue) and lattice (orange) structures; scale bar is 5 nm. (c, d) Two-dimensional (2D) contour images (averaged) of
aromatic ring—ring distance (between the mass centers of all possible pairs of rings) versus ring—ring stacking angle within MPNs at 300 K (c) and 773 K (d) based
on MD simulations. The black lines correspond to color levels (i.e., event counts) of 20, 40, 60, 80, and 100, from outer to inner, respectively. The white lines are

for reference.

the MD simulations and because CaCO; is stable at that
temperature (i.e., decomposition of CaCO; into CaO and CO;
occurs at >873 K) (Figure S9). Thus, CaCO; can then be
selectively and completely removed after heating via competitive
calcium binding with ethylenediaminetetraacetic acid (EDTA) to
form hollow structures (Figure 2d). The surface of the MPN-
coated CaCOg; particles displayed nanoporous features after
heating in air at 773 K for 2 h to form MONs (Figure 2c). After
core removal, X-ray photoelectron spectroscopy (XPS) survey
spectra revealed the prevalent presence of Fe and O (intensity
ratio of the core level XPS peaks was 1:1.5 Fe/O) and traces of C
(<1 at.%) (Figure 2e). The multiplet split.in the Fe 2p spectrum at
710-730 eV indicated the presence of a high-spin Fe'" compound,
with characteristic satellite features of Fe 2p at binding energies
of ~724 eV and ~711 eV, which collectively confirmed the
oxidation state of Fe in the MON capsules (i.e., Fe,03).[' Energy-
dispersive X-ray spectroscopy further confirmed the elemental
distribution and elemental content of the resultant MON capsules
(Figure 2f), which demonstrated that the purity of the Fe,O3

capsules was >99.4 at.% with negligible impurities of Ca and C
(Figure $10). Additionally, the thickness of the MON capsules
was easily tuned by the number of MPN deposition steps
performed on the sacrificial CaCO; templates (Figure S11),
where a 3-layered MON resulted in a free-standing hollow
structure with a ~100 nm thick shell (Figure S$12). Additionally,
the MON capsules obtained from amorphous MPN coatings!'®
possessed a more ordered nanostructure (e.g., hematite) when
compared with MONs prepared from free MPN complexes
(without template), as indicated by their respective X-ray powder
diffraction spectra (Figure S$13). This is likely due to the dominant
bis-complex building units (rather than a mixture of mono-, bis-,
and tris-complexes) in the MPNs and their confined structures
(originating from the sacrificial template surface), whereas MONs
produced from free MPN complexes have variable local
nanoporous structures. A series of MON capsules were also
engineered from MPNs containing other metal species (e.g., Ti",
Ce'", Cr'", and Zr"V Figure S14) owing to the strong binding of TA
to transitional metals!® (Figure S15).
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Figure 4. MD simulations of MPN, MCN, and MON systems. (a) Representative conformation of an MPN cluster. (b) Subunit of MCN represented by an oxidized
soot particle. (c) Simulated MON structure. (d) Normalized Fe—Fe radial distributions in MPN, MCN, and MON. Arrows indicate the dominant Fe—Fe spacing. (e)
Simulated average pore (radial) sizes in MPN, MCN, and MON. Error bars are standard deviations of 2000 measurements performed at a radial distance step of
0.05 A in the range of 0-100 A. (f) Experimentally measured pore size distribution of MON nanoporous structures based on >300 nanopores.

The thermodynamic transformation of MPNs was also studied at
773 K in argon. The inert atmosphere enabled the conservation
of carbon species, leading to the formation of MCNs on the
surface of CaCO; (Figure $16). MCN capsules with a shell
thickness of ~100 nm were obtained after CaCO3; removal with
EDTA (Figure 3a, Figure S17). High-resolution transmission
electron microscopy (TEM) images revealed that both amorphous
and ordered lattice structures were present in the MCN capsules
(Figure 3b). The interspacing of the lattice structures was
determined to be ~3.4 A, indicating the formation of graphitized
carbon networks resulting from the thermodynamic reorganization
of MPN building blocks at elevated temperatures!'”! (Figure S18).
The interspacing of the graphitic lattice features determined
experimentally was consistent with the simulation results in
Figure 1d, which indicated that the shortest distance between
adjacent aromatic rings was 4-6 A at 773 K. This finding confirms
the feasibility of molecular design and engineering of highly
ordered materials from amorphous MPNs.

To better understand the resultant local stacking structures in
MCNSs, the ring—ring distance and ring—ring angle were
determined by MD simulations of MPN thermodynamics over
0.10-0.45 ns at 300 K (Figure S19) and 773 K (Figure S20). The
average angle between aromatic rings was 90.1° (with a standard

deviation of 39.5°) at 300 K and the average (center—center) ring—
ring distance was 25.0 + 10.4 A (Figure 3c). Upon heat treatment
at 773 K, the ring-ring stacking features changed minimally, with
average distance and angle of 24.5 + 10.3 A and 89.8 + 39.3°,
respectively (Figure 3d). However, the ring-ring distances
decreased considerably (i.e., <10 A) and a higher fraction of
adjacent rings at roughly perpendicular angles to each other were
observed at the higher temperature (i.e., 773 K) (Figure S$21). For
comparison, the ring-ring stacking in MCNs using iron soot
(FesSoot) was simulated (Figures $22-S24). Likewise, the rings
largely packed to an angle of ~90° but at a closer distance of ~20
A owing to the mass loss during pyrolysis. These results
demonstrate the transformation of amorphous films into more
ordered and functional metal—carbon nanostructures. ¢l

Along with the thermodynamic transformation and network
reorganization, the surface properties of the MPN-coated
substrate changed after heat treatment (Figure S25). The
deposition of MPNs onto CaCO; led to an overall negative zeta
potential, shifting from —26 mV before coating to —47 mV after
coating. Removal of carbonaceous species to form MONs led to
a slightly less negative zeta potential (—15 mV). Decomposition of
the phenolic motifs during the carbonization process in argon to
form MCNss led to a positive zeta potential (20 mV). These results
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Figure 5. Thermo-initiated thin film dewetting and photo-induced switchable surface wettability. (a) Atomic force microscopy (AFM) image and line profile of
a Ti"V MPN coated on a planar silicon substrate; scale bar is 500 nm. (b) AFM image and line profile of TiO- after heat-conversion of Ti"V MPN; scale bar is 2 um.
(c) Wettability of the silane-modified TiO2 surface and its dual responsiveness to UVC light and heat treatment.

show that the surface properties can be reversibly switched by
repeating the MPN deposition and thermal decomposition
process in air or inert conditions™ (Figure $26). Additionally, the
permeability of the MPN, MCN, and MON capsules underwent
considerable changes owing to the transformation of these
networks. Confocal laser scanning microscopy showed that MPN
capsules displayed a size-exclusion effect on fluorescein
isothiocyanate-labeled dextran polymers (FITC—dextranu.) of
varying average molecular weights (M., = 4, 10, 70, 250, 500, and
2000 kDa) and thereby different hydrodynamic sizes (Figure S27).
For example, the MPN capsules were highly permeable (>90%)
to FITC—dextran with a smaller M,, and less permeable as the M,,
increased to becoming impermeable to FITC—dextranggokpa,
consistent with a previous report/?d (Figure $28). In contrast, the
heat-transformed networks (MCN and MON capsules) were

highly permeable (>90%) to all FITC—dextran studied, indicating
that the effective pore size (i.e., equivalent hydrodynamic size of
the permeate) of the MCN and MON capsules was >50 nm in
diameter.

We therefore computed and compared the local network
organization of the different subunits (Figure 4a-c), which
showed that the local density of the transformed networks varied
considerably between the systems (Figure $29). For example,
the metal species were distributed evenly (1.5 Fe per nm® on
average) across the simulation cell of MCNs (Movie S3); however,
after further removal of carbon species at elevated temperatures,
the FeyOs3 clusters moved closer to each other and became
aggregated (Movie S4) leaving most of the simulated cell empty
(i.e., enlarged pore size). The metal components, which did not



decompose during heat treatment, were examined as well as their
dynamics and distribution in the networks (Figure 4d). Fe—Fe
radial distribution functions (normalized by their maximum value)
of the three systems at 300 K revealed that the Fe—Fe distance
gradually decreased as more organic components were removed
upon heat treatment, with their first peaks (i.e., dominant)
appearing at radial distances of 8.5, 3.2, and 2.3 A for MPN, MCN,
and MON, respectively. The thermodynamic reorganization of
Fe—Fe led to the formation of local pores among their constituent
units (Figure 4e), where MONs exhibited the largest pore size
(average radial distance of 48.1 + 1.7 A). This value was >3-fold
higher than the pore size of MPNs (16.5 = 4.4 A) based on the
MD simulations. These simulated results explain the high
permeability of the MON capsules. The pore size within MON
capsules was also analyzed by TEM using both ImageJ analyzer
(Figure S30) and Image Color Summarizer (Figure S31). The
pore size distribution of MONs in Figure 4f indicates that the
average radial pore size was 15 nm with a standard derivation of
8 nm, which is consistent with the value determined from the
permeability studies. Despite the slight inconsistencies between
the simulation data and experiments (owing to the smaller size of
the simulation cell), the current design principle and study
methods could serve as a reference for future nanopore design
and analysis.[' It is also noted that the pore features generated
in MONs are in general larger than many metal-organic
frameworks®%81 or covalent organic frameworks®™81 (e.g., <10
nm) but hold promise for tunable pore sizes by molecular
engineering.

In addition to particle engineering, the thermal transformation of
MPNs offers a route to control the macroscopic surface properties
(e.g., wettability) of materials through changes in the local
roughness.?% A superhydrophilic (water contact angle <10°)
microscopically smooth (root-mean-square (rms) roughness ~0.8
nm) conformal Ti-based MPN film was deposited on silicon wafers
by mixing TA and TiV (Figure 5a, Figure S32). After MPN-to-
MON conversion at 773 K in air, the resulting silicon substrate
became >20-fold rougher (Figure 5b; rms ~20 nm) with a thin
layer (~40 nm) of discrete TiO, particles sparsely covering the
substrate (Figure S$33). The mechanism of TiO, particle formation
(arising from the oxidative decomposition of the conformal MPN
thin film) can be analyzed by its Voronoi diagrami" (Figure S34).
The relationship between the Voronoi area A; and Feret diameter
d; of each particle i can be evaluated according to the mass
balance equation (see details in Figure S35):
P2 3
Ao sa-m®

where 6 and B are the initial thickness and coefficient of materials
loss, respectively, and ps and p; are the density of MPN before
and after thermal treatment. The linear relationship between A;
and d; in logarithmic coordinates (Figure S35) indicated that the
TiO; particles were produced as a result of MPN film contraction
and subsequent oxidative transformation at 773 K. It is noted that
the aforementioned Feret-area relationship can be used for
tuning surface properties (e.g., particle size, roughness, and
porosity) by controlling the parameters of the initial MPN thin films
including thickness, composition, and metal-organic ratios, in
addition to the phase transformation conditions (e.g., temperature,
time, and gaseous media).

The surface wettability of the MON films could be tuned upon
modification with a low-energy silane coupling agent. The
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resultant TiO, surfaces displayed super-repellency to water
(contact angle >160°) with negligible contact angle hysteresis (i.e.,
roll-off angle <5°). Irradiation with ultraviolet light (UVC, 254 nm)
for 60 min led to Ti—O bond rupture and the generation of surface
oxygen vacancies,?? and consequently complete surface wetting
by water (Figure 5c). The super-repellency was restored by
subsequent heat treatment at 100 °C for 10 min. The surface
wettability was efficiently reversibly switched between
superwetting and superhydrophobicity through at least seven
UVC-heat treatment cycles (Figure S$36) with negligible impact
on the film morphology (Figure S37). Moreover, the converted
superwetting can be maintained for a few days by avoiding
heating and light exposure.??? [llumination with UVA (365 nm) for
~2 h did not cause significant wettability changes to the original
super-repellent TiO, surface (Figure S38) but activated the
super-repellency properties of the UVC-degraded TiO; surface
owing to the reconstitution of Ti—O bonds and therefore reduced
surface oxygen vacancies.”® The intrinsic photocatalytic
activities? of TiO,, its photo-responsive wettability, in
combination with the studied structural conversions suggest the
potential applications of these materials in diverse fields including
self-cleaning, photocatalysis, water treatment, and antifogging.

Conclusion

The thermal conversion of supramolecular MPNs was examined
as a versatile platform for the engineering of nanoporous
networks and functional surfaces. The supramolecular platform
underwent selective transformations depending on the
atmosphere used for heat treatment to form MONs (oxygen) and
MCNs (argon). Upon thermodynamic transformation, the resultant
networks featured locally increased ordered structures, an overall
increase in network porosity and permeability, as well as changes
in surface properties (e.g., zeta potential, roughness). When
stimuli-responsive motifs (i.e., TiO;) are combined with
hydrophobic polymers, the resulting MONs displayed controlled
and reversible wetting. The tailorable supramolecular MPN
scaffolds, selective thermodynamic structural transformations,
and access to a series of physicochemical properties of
nanoporous materials demonstrated in this study have
fundamental implications for energy and photocatalysis
applications® and the advanced engineering of functional
materials, e.g., metallosuperstructures,’®! dynamics of complex
systems,/®! energy generators,?®! micropollutant control,?]
bioresponsive  carriers,®!  and  architecture-transformable
materials,['" and may promote advances in supramolecular
assemblies.?%
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Controlled network properties

Supramolecular metal-phenolic networks, consisting of metal ions coordinated with phenolic motifs, can undergo selective
thermodynamic transformations into nanoporous structures, including metal-carbon networks and metal-oxide networks, with tunable
network organization and surface wettability.
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