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Among the critical challenges in metal-organic frameworks (MOFs) thin
film research, achieving high loading while maintaining mechanical flexibility
represents a historical dichotomy.'” Recent advances rooted in reaction-
diffusion instabilities offer an elegant solution by enabling wrinkled architec-
tures that encode compliance within synthesis itself as shown in Figure 1.°
Beyond the synthetic breakthrough, this work signals a conceptual transition,
recasting morphology as a purposeful design parameter in chemical engi-
neering.

STRUCTURAL INNOVATION IN WRINKLED MOF THIN FILMS AND EMER-
GENT ADVANTAGES

MOFs offer exceptional porosity and surface area for advanced technolo-
gies but suffer from inherent brittleness in thin-film configurations. Conven-
tional films frequently fracture under strain, limiting flexible applications. Luo
et al® overcome this through a reaction—diffusion method that directly
programs mechanical compliance into the MOF architecture. This approach
establishes morphology as a functional parameter, creating synthetically
programmed wrinkles that form an inherently compliant bulk structure. Unlike
post-synthetically formed wrinkles, these built-in hinges dissipate stress and
architecturally decouple crystallinity from brittleness, enabling unprece-
dented mechanical performance.

Wrinkled MOF films demonstrate reaction-diffusion engineering through
synthetically programmed Turing patterns. Within a confined reaction zone,
regulated reagent transport generates controlled morphologies. Luo et al.’
establish this as engineered morphology via a kinetic-diffusion regime map,
tailoring geometries to enhance material properties. This framework repur-
poses instability into a design mechanism, aligning MOF fabrication with
biological morphogenesis.

Engineered wrinkles in MOF films create synergistic activity, robustness
and processability. Functioning as hierarchical hinges, they dissipate energy
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through sequential unfolding, converting brittleness into stretchability. Simul-
taneously, the complex topography enhances surface area and transport
pathways, dramatically increasing gas permeance while preserving selectivity.
The Janus architecture maintains porosity and functionality, while film trans-
ferability enables flexible device integration, establishing a new paradigm for
high-performance MOF devices.

This synthesis creates Janus films with a continuous HKUST-1 layer for
transport continuity and a polymer skin for mechanical protection. Analyses
show 96.3 wt% MOF loading and 1473 m? g™' surface area, matching bulk
powders. Unlike conventional composites where polymers sacrifice porosity,
here wrinkles amplify surface area while the Janus structure prevents cracking,
combining bulk-like activity with device-level robustness. This transforms
hybrid films from simple coatings into application-ready materials.

This synthesis strategy, demonstrated with HKUST-1 and successfully
extended to ZIF-65-I, exhibits remarkable generality. Reaction-diffusion
instabilities are not MOF-specific; any framework with asymmetric nucle-
ation and growth kinetics can be guided into wrinkled architectures. This
enables applications ranging from water-stable Zr-MOFs and conductive
MOFs to covalent organic frameworks. Such broad applicability elevates the
approach from a material-specific innovation to a platform-level methodol-
ogy, substantially expanding its potential impact across multiple domains.
Future progress should focus on water-stable and conductive frameworks to
extend relevance to energy, catalysis, and electronics, thereby transforming
this elegant concept into practical utility.

Stress-dissipating wrinkles transform brittle  MOFs into stretchable
constructs, achieving ~41.6% elongation and 53.2% reversible strain. This
orders-of-magnitude improvement over bulk MOFs stems from hierarchical
hinge mechanisms enabling elastic recovery, positioning MOF films for real-
world applications requiring mechanical resilience.
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Figure 1. Molecular design and performance exploration of wrinkling MOF membranes (Reproduced with permission.” Copyright 2024, AAAS).
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MORPHOLOGY AS A DESIGN PRINCIPLE: METHODOLOGICAL
STRENGTHS, PERFORMANCE, AND DEVICE-LEVEL APPLICATIONS OF
WRINKLED MOF FILMS

This work establishes morphological design in transport engineering by
correlating wrinkle geometry with gas permeance and selectivity. Advancing
beyond qualitative kinetic-diffusion models requires predictive frameworks
integrating precursor diffusion, interfacial energies, and geometric descrip-
tors via phase-field simulations. Such quantitative relationships will trans-
form morphological programming into a rigorous discipline, enabling reverse-
engineering of functional architectures for separation, energy, and catalytic
applications.

This work establishes methodological advances through integrated theory,
synthesis, and characterization. The kinetic-diffusion regime map enables
targeted morphology control, while multi-angle mechanical analysis provides
comprehensive resilience assessment. Device-level validation bridges
microstructure with function, setting a new standard for credible morphologi-
cal innovation in hybrid film engineering.

This structural innovation demonstrates exceptional gas separation perfor-
mance. Wrinkled MOF films on porous alumina achieve H,/CO, selectivity of
~15.3 with 6.82x10* GPU permeance, outperforming conventional MOF
membranes. Stacked double layers reach 41.2 selectivity while maintaining
8.46x10° GPU permeance, exceeding Robeson's upper bound. This enhance-
ment results from morphology: increased wrinkle density quadruples effec-
tive membrane area, boosting flux without compromising selectivity. Stable
operation over 150 hours with ~1.5x10° GPU H, permeance confirms dura-
bility. These results establish wrinkles as functional transport enhancers,
providing both high flux-selectivity combination and mechanical stability for
practical membrane applications.

Wrinkled MOF films enable flexible humidity sensors when transferred onto
polymer interdigitated electrodes, demonstrating linear response to 300-1000
ppm water vapor with excellent reproducibility during bending and cycling.
Unlike conventional solvothermal methods that damage electronic
substrates, these transferable films permit solvent-free device integration.
This approach fundamentally decouples MOF synthesis from device fabrica-
tion, overcoming a major barrier to implementing MOFs in flexible sensors,
wearable electronics, and biomedical interfaces.

The practical deployment of wrinkled MOF films necessitates strategic
device integration. For separation, incorporating these morphology-engi-
neered films into hollow-fiber or spiral-wound configurations leverages their
enhanced surface area to boost productivity. In sensing, co-designing wrinkle
motifs with electrode architectures maximizes sensitivity, while advanced
packaging ensures durability in wearable or biomedical environments. This
device-focused approach transforms morphological innovation into func-
tional systems. Future development should prioritize prototypes demonstrat-
ing both enhanced performance and operational reliability, bridging scientific
innovation and practical impact through robust implementation in separation
and sensing platforms.

BALANCED PERSPECTIVE AND FUTURE OUTLOOK

While high static strain tolerance demonstrates initial potential, real-world
flexible devices require endurance through millions of deformation cycles.
The hierarchical architecture enables energy dissipation via hysteretic friction
at MOF/polymer interfaces, viscoelastic polymer damping, and sequential
wrinkle unfolding, collectively inhibiting crack propagation. Advancing toward
commercial viability necessitates establishing standardized fatigue testing
protocols specifying cycling conditions, key performance metrics evolution,
and clear failure criteria. Systematic correlation of wrinkle geometry with

fatigue life will generate essential engineering data for designing devices with
predictable operational lifetimes, bridging laboratory demonstrations and
practical reliability.

Extending this synthesis to water-stable UiO-series MOFs presents critical
synthetic challenges. The high-temperature, modulator-dependent crystal-
lization of Zr-MOFs must adapt to the mild, confined conditions of the reac-
tion-diffusion system. Key hurdles include matching slower nucleation kinet-
ics with precursor diffusion rates and maintaining interfacial adhesion. In
aqgueous environments, while the geometric stress-dissipation mechanism
persists, its efficacy depends on the hydraulic stability of the MOF-polymer
interface. Water-induced plasticization may cause delamination, compromis-
ing mechanical benefits. Future efforts should therefore focus on synthetic
adaptation and engineering hydrolytically stable interfaces through covalent
tethering or hydrophobic matrices, enabling applications in desalination,
catalysis, and biomedical devices.

The demonstration of wafer-scale films confirms feasibility, but industrial
roll-to-roll production requires maintaining uniform reaction-diffusion fronts
across moving substrates. This demands precision slot-die coating for
precursor deposition and multi-zone thermal control for isothermal condi-
tions. Integrating in-line monitoring, such as optical coherence tomography
for morphology and hyperspectral imaging for conversion, which enables
closed-loop control. Coupling real-time data with the kinetic-diffusion regime
map allows dynamic parameter adjustment, transforming morphological
programming from batch processing to continuous manufacturing.  Ulti-
mately, economic viability depends on achieving high reproducibility, yield,
and throughput through such integrated systems.

Luo et al.” achieve a paradigm shift in material design by combining high
MOF loading, tunable wrinkles, and substrate transferability to reconcile
chemical functionality with mechanical compliance. Future progress requires
demonstrating fatigue resistance, expanding framework diversity, and devel-
oping scalable synthesis. Success would transform these films from labora-
tory demonstrations into platform technologies for flexible separations and
wearable sensors, fundamentally reorienting chemical engineering paradigms
by converting instability into a design parameter.
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