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ABSTRACT

Robust polymer nanofilms are increasingly important for applications that require mechanically strong yet compliant membranes
with nanoscale thickness and intimate interfacial contact. While biological membranes naturally combine flexibility, adaptability,
and adhesion, achieving these features in synthetic nanomembranes remains challenging. Here, we report a one-step strategy for
the synthesis of centimeter-scale, freestanding nanofilms via redox-confined interfacial polymerization at a liquid-liquid interface.
Oxidative coupling of a multifunctional thiol monomer is spatially restricted to the aqueous-organic interface, yielding continuous
membranes with precisely tunable thicknesses ranging from tens to hundreds of nanometers. Structural and surface analyses
reveal uniform network formation across all film thicknesses, consistent with a diffusion-controlled growth mechanism. The
resulting nanofilms exhibit high Young’s modulus (425 MPa) and tensile strength (38 MPa), solid-like viscoelastic behavior, and
intrinsic adhesion to artificial skin despite the absence of dedicated bioadhesive functionalization. Together, these results establish
redox-confined interfacial polymerization as a versatile fabrication route to mechanically robust, freestanding nanomembranes
with potential relevance for wearable sensing platforms, therapeutic interfaces, separation membranes, and other applications
requiring strong ultrathin films with intrinsic adhesion.

1 | Introduction mechanically robust, chemically well-defined, and substrate-

independent remain limited [11, 12], particularly when avoiding

Polymer films with nanoscale thickness are attracting growing
interest for applications spanning flexible electronics [1, 2],
energy storage [3, 4], and biomedical interfaces [5-7]. Reducing
film thickness to the nanoscale offers unique advantages, includ-
ing improved compliance with human skin for medical diagnos-
tics and human-machine interactions [8], as well as enhanced
permeability for molecular separation [9, 10], thereby motivating
intensive efforts toward the fabrication of polymeric nanofilms.
However, although numerous methods exist for depositing thin
polymer layers on solid substrates, simple and general methods
to fabricate large-area, freestanding nanomembranes that are

multistep processing. Conventional approaches for producing
freestanding polymer nanofilms typically involve thin-film depo-
sition onto solid substrates, such as spin coating, followed by
sacrificial-layer release [13]. Although effective and widely used,
these methods rely on substrate support during fabrication and
require sequential processing steps, including film release and
transfer. Alternative interfacial assembly strategies, such as layer-
by-layer assembly [14] and Langmuir-Blodgett deposition [15],
enable precise control over nanoscale thickness; however, they
often depend on specific molecular design constraints, including
amphiphilicity or tailored surface activity. Interfacial synthesis
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FIGURE 1 | Synthesisofdisulfide-crosslinked materials by oxidation
reaction of thiols from PETMP. This monomer was previously used to
prepare bulk polymers. Interfacial synthesis at the liquid-liquid interface
provides ultra-thin films with remarkable mechanical properties.

at liquid-liquid or liquid-air interfaces offers a powerful route
to control polymerization within a confined geometry, yielding
films with nanometer thickness [16]. Ideally, the fabricated
membranes should be able to combine flexibility and durability
in order to withstand mechanical stresses without compromising
performance or structural integrity. This is not a simple target
to achieve, especially with conventional polymers, where irre-
versible bond formation often leads to defects in growing films
with no means of error correction. To address this limitation,
dynamic covalent chemistry has emerged as a powerful strategy,
combining the robustness of covalent bonding with reversible
bond exchange. Dynamic covalent linkages, such as boronate
esters (B—0) [17] and imines (C—N) [18], have been exploited
to fabricate polymeric films. In this context, disulfide-mediated
polymerization is particularly appealing. Disulfide bonds (S—S),
ubiquitous in proteins, impart reversible stability and adaptive
behavior in biological systems [19] and endow synthetic polymers
with biocompatibility [20] and recyclability [21]. Their ability to
break and reform under mild redox conditions further broadens
their functionality, enabling materials that couple responsiveness
with mechanical durability [22, 23] and adhesive properties [24].
However, despite their widespread use in bulk polymers and
gels, translating these advantages into thin, continuous films
remains challenging, largely due to poor control over disulfide
crosslinking at the nanoscale, ultimately constraining reliable
film fabrication.

Here, we report the one-step fabrication of freestanding, mechan-
ically robust disulfide-crosslinked films with precisely tunable
nanoscale thickness, driven by oxidative coupling of multifunc-
tional thiol monomers at the interface between two immis-
cible liquids (Figure 1). The films form in situ from pen-
taerythritol tetrakis(3-mercaptopropionate) (PETMP), a widely
used monomer, in the presence of triethylamine (TEA) and
hydrogen peroxide (H,0,). This confined interfacial reaction
enables precise control over crosslinking without the need for
amphiphilic precursors or complex templates. The resulting
disulfide-crosslinked nanofilms exhibit high Young’s modulus,

tensile strength, and adhesion to artificial skin, the latter high-
lighting their mechanical compliance with soft interfaces. This
combination of properties at the nanoscale makes these films an
attractive platform for the development of wearable sensors and
therapeutic interfaces.

2 | Results and Discussion

Figure 2a illustrates the formation of disulfide-crosslinked
nanofilms at the interface between a toluene phase containing
the PETMP monomer and an aqueous phase containing TEA
and H,0,. At this toluene-water boundary, TEA deprotonates
PETMP to generate reactive thiolate species, which are subse-
quently oxidized by H,O, to form disulfide linkages. This spatial
separation of the monomer and oxidant drives a confined inter-
facial polymerization, resulting in the formation of a continuous
crosslinked film. After polymerization, the film was transferred
from the interface and floated on the water surface, allowing
the removal of residual reagents. Figure 2b shows a PETMP-
crosslinked nanofilm about 250 nm in thickness and 5 cm in
diameter, obtained after a 72 h reaction, floating on a water
surface. By increasing the reactor diameter while maintaining
the same reaction conditions, continuous freestanding nanofilms
with diameters up to 10 cm were readily obtained (Figure SI),
demonstrating the scalability of the fabrication strategy. Notably,
despite its large lateral dimensions, the film remains intact and
free of visible defects. The floated film exhibited remarkable
mechanical robustness, as pressing it with thin-tipped tweezers
resulted in only elastic bending without visible damage (Figure 2c
and Figure S2). The films can be readily transferred onto various
substrates, such as glass, silica, quartz, or collected as freestand-
ing membranes. Once transferred onto a paper frame and dried,
the freely suspended nanofilms remained intact, transparent, and
free of visible defects over areas of several square centimeters
(Figure 2d). They also displayed excellent flexibility, maintaining
their structural integrity even under repeated bending. Optical
measurements revealed a high transmittance exceeding 95%
across the 400-800 nm range (Figure S3), consistent with their
smooth surface morphology.

To further demonstrate their robustness, a dried nanofilm was
self-adhered to the end of a plastic tube (1.5 cm in diameter)
and was able to support a 4 mL column of liquid without
rupturing (Figure 2e). The weight of the contained liquid was
approximately 70 000 times greater than that of the freestanding
portion of the nanofilm, distributed over a centimeter-scale area,
highlighting an exceptional load-to-weight ratio. During the test,
the film visibly deformed as the liquid accumulated, evidencing
its flexibility, while the absence of any leakage confirmed its water
impermeability and strong adhesion to the plastic tube.

To optimize film synthesis and gain further insight into the
formation process, nanofilms obtained at different reaction times
were transferred from the reactor to silicon substrates and
characterized using atomic force microscopy (AFM). After 6 h
of reaction, a continuous film with a thickness of 25 nm and a
root-mean-square (RMS) roughness of approximately 1 nm was
obtained (Figure 3a,b). The film thickness increased progressively
with reaction time, reaching 75nm at12h, 96 nm at 24 h, 129 nm at
48 h,250 nm at 72 h, 418 nm at 96 h, and 434 nm at 120 h (Figure 3c
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FIGURE 2 | (a) Schematic of the synthesis of the disulfide-crosslinked nanofilms by oxidation reaction of thiols at the toluene-water interface.
The film forms at the interface between the aqueous phase, containing H,O, and TEA, and the toluene phase containing the PETMP monomer.
(b) Photograph of a nanofilm (5 cm in diameter) transferred from the reaction interface and refloated on a water surface. (c) Demonstration of the
robustness of a floating nanofilm under poking and pressing with tweezers. (d) Freestanding nanofilm suspended on a paper frame, highlighting its
mechanical flexibility and optical transparency. (¢) Nanofilm self-adhered to the end of a plastic tube, supporting a column of water (colored with dye)
without leakage.
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FIGURE 3 | (a) Tapping-mode AFM height image and (b) corresponding thickness profile of a disulfide-crosslinked nanofilm transferred onto a
silicon substrate. The film was prepared using 5 mM PETMP and 10 mM H, 0, /TEA for 6 h. (c) Variation of film thickness and root-mean-square (RMS)
roughness, evaluated by AFM, as a function of reaction time (5 mM PETMP and 10 mM H,0,/TEA). (d) Dependence of film thickness and density on
PETMP concentration (10 mM H,0,/TEA, 72 h reaction). (e) FT-IR spectra of the PETMP monomer and nanofilm. f) XPS S 2p and (g) C 1s narrow-scan

spectra of the nanofilm.

and Figure S4). In all cases, the film surfaces remained compact
and free of pinholes, although a significant number of particulates
were observed on the film for reaction times longer than 72 h. The
mass density, calculated from the mass of the films measured by
quartz crystal microbalance (QCM) after transferring the samples
onto gold-coated QCM crystals, remained constant across all
reaction times, ranging from 1.36 to 1.41 g cm™ (Table S1).
These values are consistent with those previously reported for
polyamide nanofilms measured by QCM, typically in the range of
1.22-1.44 g cm~3 [25]. The water contact angles of the nanofilms

obtained at different reaction times ranged from 65° to 70°,
indicating comparable surface polarity across all samples. This
consistency in both density and wettability suggests uniform
disulfide crosslinking and surface composition throughout film
growth. The influence of the temperature on film growth was also
investigated under the optimized reaction conditions. Performing
interfacial polymerization at 4°C for 72 h produced thinner
nanofilms (172 nm) with higher surface roughness compared to
those synthesized at room temperature (Figure S5 and Table S1),
indicating that lowering the temperature slows the interfacial
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polymerization process. In contrast, no significant differences
were observed in the film density or water contact angle, suggest-
ing that temperature primarily affects the polymerization kinetics
rather than the packing of the resulting disulfide-crosslinked
nanofilms.

The quality of the nanofilms was strongly influenced by the
concentrations of PETMP, TEA, and H, 0, . Systematic variation of
these parameters revealed that optimal conditions were obtained
using 5 mM PETMP in toluene and equimolar concentrations
(10 mM) of TEA and H,O, in water. Increasing the PETMP
concentration from 1 to 10 mM resulted in a gradual increase
in film thickness from 62 to 758 nm (Figure 3d and Figure S6),
indicating that thickness can be precisely tuned by adjusting the
initial monomer concentration. At a low PETMP concentration
(1 mM), the films exhibited surface defects, including holes,
increased roughness (~5.6 nm), and a slightly lower density (1.26 g
cm™3). In contrast, higher PETMP concentrations promoted
faster polymerization, yielding smooth, continuous films. The
influence of TEA concentration on nanofilm formation was also
investigated while maintaining the H,O, concentration constant
(Figure S7 and Table S1). Increasing the TEA concentration from
1 to 100 mM progressively increased the film thickness from
18 to 514 nm, indicating that the basicity of the aqueous phase
plays a key role in regulating film growth. At the highest TEA
concentration, the films exhibited increased surface roughness
(approximately 15 nm), likely due to the deposition of polymer
aggregates formed during the accelerated interfacial polymer-
ization. In contrast, the film density and water contact angle
remained largely unchanged, with only a slight decrease observed
at the highest TEA concentration. These results indicate that
varying the concentration of TEA primarily influences the growth
kinetics while only marginally affecting the packing density and
surface properties of the resulting nanofilms. Decreasing the
concentrations of H,0, and TEA to 5 mM (with 5 mM PETMP)
reduced the film thickness from 250 to 94 nm (Figure S8) and
slightly lowered the water contact angle to 60°, likely due to
incomplete oxidation of PETMP thiol groups, which produced
a more polar surface. As controls, when the aqueous phase
contained only TEA or only H,0,, no film formation occurred
at the interface. The dependence of film thickness on reagent
concentrations indicates that the interfacial polymerization is
governed by diffusion-controlled redox kinetics, where the steady
supply of monomer and oxidant species across the liquid-liquid
boundary determines the rate of network growth. Based on these
results, subsequent characterizations were conducted using 5 mM
PETMP and 10 mM TEA/ H,0, with a reaction time of 72 h, which
consistently produced robust and smooth nanofilms.

The chemical composition of the films was characterized by
Fourier-transform infrared (FT-IR) spectroscopy, elemental anal-
ysis, and x-ray photoelectron spectroscopy (XPS). FTIR spectra
provided clear evidence of complete disulfide crosslinking, as
the S—H stretching band of the PETMP monomer at 2568 cm™
was no longer detectable in the spectra of the resulting films
(Figure 3e and Figure S9), consistent with previous investigations
on bulk PETMP-based polymers [26]. In addition, the C—S
stretching band shifts from 677 cm™ in the monomer to 667
cm~! in the film, consistent with thiol oxidation and network
crosslinking. The persistence of the carbonyl (C=0) stretching
band at 1733 cm™! indicates that the PETMP backbone remains

intact throughout the polymerization process. Elemental anal-
ysis of the films showed good agreement with the theoretical
composition and revealed a lower hydrogen content than that
of the monomer (Table S2), consistent with the formation of
the expected crosslinked disulfide polymer network. The XPS
spectrum of the film further confirms the formation of the disul-
fide crosslinked polymer. The deconvolution of the S 2p region
reveals two components at 163.4 and 164.6 eV, corresponding to
the S 2p;,, and S 2p,;, spin-orbit doublet of sulfur atoms in the
C—S environment (Figure 3f). The C 1s spectrum exhibits four
components assigned to C—C/C—H (285.0 eV), C—S (286.0 eV),
C—O0 (286.6 V), and C=0/0—C=0 (288.8 eV), which, together
with the components observed in the O 1s spectrum (Figure S9),
confirm the expected functionalities of the PETMP framework.

We next investigated the mechanical properties of the nanofilms
to assess their suitability for applications requiring robust,
freestanding materials. The mechanical characterization was
performed on films prepared under the optimized conditions
(5 mM PETMP in toluene, 10 mM TEA/H,0, in water, 72 h),
which yield smooth, continuous freestanding membranes suit-
able for tensile testing over millimeter-scale spans. Films grown at
extended times (>72 h) exhibit increased surface roughness and
were therefore not considered for mechanical testing. Owing to
their nanoscale thickness, tensile tests were performed using a
custom-made platform [27]. This testing device was previously
validated [27] and applied to perform tensile tests on PMMA
nanomembranes (180-280 nm thick) [28] and on covalent organic
framework films with thicknesses below 100 nm and areas of
0.3-0.5 mm? [29, 30], demonstrating its reliability for ultrathin
freestanding films. To enable tensile testing of the disulfide
nanofilms over a large freestanding area, relevant to many
thin-film device applications, the film was transferred onto a pre-
notched silicon substrate featuring two adjacent support pads
(Figure 4a,b), creating a freestanding span of approximately
1 mm (gauge length), while the remaining areas of the film
specimen remained in contact with the underlying silicon (Figure
S10). This configuration defined a freestanding testing area of
about 2 mm?, allowing a more representative assessment of the
film’s mechanical behavior over large areas relevant to practical
applications.’? Figure 4c shows the stress-strain curves of the
disulfide-crosslinked nanofilms. The films exhibited a tensile
strength of 38 + 3 MPa, a failure strain of 16 + 8%, a Young’s mod-
ulus of 425 + 176 MPa, and a toughness of 4.1 + 2.8 MJ m~> (see
Table S3). These values reveal a distinct combination of stiffness,
load-bearing capacity, and extensibility that is rarely achieved in
freestanding nanoscale polymer films.? For comparison, tensile
tests on 30 nm-thick freestanding polystyrene films reported a
Young’s modulus of 2.8 + 0.3 GPa and a maximum stress of
48.7 + 8.9 MPa, with failure occurring at strains below 2.25%
[31]. A 95 nm-thick polydimethylsiloxane (PDMS) film reinforced
with polyurethane nanofibers exhibited a Young’s modulus of
12.5 + 2.6 MPa, toughness of 3.4 + 0.1 MJ m~3, and a maximum
stress of about 10 MPa with ~60% strain at maximum stress [6].
With specific reference to disulfide-based systems, bulk PETMP-
based gels exhibited Young’s moduli roughly three orders of
magnitude lower (0.0271-1.745 MPa) while showing comparable
or slightly higher breaking strains (13.9-30.8%) [32]. Overall, these
comparisons highlight that the disulfide nanofilms developed in
this work combine the strength typical of rigid polymer networks
with the stretchability of soft materials.
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FIGURE 4 | (a)Photograph ofananofilm specimen transferred onto a silicon substrate for mechanical testing. (b) SEM image showing the nanofilm

freely suspended between two silicon pads. (c) Stress—strain curves of nanofilm specimens (five samples tested, each obtained from independent synthesis

batches). Inset: stress-stretch response of the disulfide film under monotonic uniaxial loading fitted with the Ogden model. (d,e) Time-dependent

mechanical behavior of the disulfide film under constant stretch loading (d) and corresponding stress response (e).

Regarding the mechanical response, all stress-strain curves
exhibited a nonlinear regime. To examine this behavior, the ini-
tial, intermediate, and final stiffnesses, defined as the local slope
of the stress—strain curve [33], were analyzed for a representative
sample, yielding values of 274, 25, and 38 MPa, respectively. This
evolution reveals a softening-hardening transition, likely arising
from network rearrangements within the densely crosslinked
disulfide structure. At low strain, reversible network relaxation
and local adjustments of the structure lead to temporary soft-
ening, whereas at higher deformation, the restricted mobility
of the network results in a progressive increase in stiffness
before failure. The experimental stress—strain behavior was well
described by the Ogden model (Figure 4c, inset), which captures
the deformation of isotropic, homogeneous, and incompressible
materials under uniaxial tension [34, 35]. The model yielded
a shear modulus of ~254 MPa for the disulfide nanofilm. To
investigate the time-dependent mechanical behavior, the films
were subjected to a constant strain of 4% while monitoring the
stress evolution. The resulting response (Figure 4d,e) reveals
a solid-like viscoelastic behavior, characterized by an immedi-
ate elastic response followed by rapid stress stabilization. This
behavior can be attributed to stress redistribution within the
densely crosslinked disulfide network, enabling local dissipation
of mechanical stress while preserving the integrity of the film
during sustained deformation.

The nanofilm’s self-adhesiveness, preliminarily demonstrated by
its ability to seal a plastic tube, prompted us to quantitatively
evaluate its adhesion performance on a skin model using an adhe-
sion separation experiment (Figure 5a). This test was designed to
mimic conditions relevant to skin-mounted patches and wearable
sensors, where conformal contact and reliable adhesion to soft
surfaces are essential [36]. Adhesion energy was quantified as
the work of separation per unit area, calculated by integrating
the force-displacement response and normalizing by the contact
area [37]. For the measurement, a disulfide-crosslinked nanofilm
(250 nm thick) was mounted on a plastic frame holder (internal
dimensions of 2 x 2 cm?). The film was then brought into contact
with the skin model under water-wetted conditions over a 1 cm?
area for 5 min (Figure 5a), after which adhesion force-stroke

curves were recorded by lifting the frame with a tensile tester until
complete detachment (Figure 5b).

The disulfide-crosslinked nanofilms exhibited a maximum sep-
aration force of about 13 + 2 mN, a separation stroke of 3.5 +
0.3 mm, and an adhesion energy of 25 + 4 pJ cm™2. To assess
the reliability of our experimental setup, adhesion tests were
performed on pristine PDMS nanofilms (346 nm thick). In this
case, a maximum separation force of 2.7 + 0.4 mN, a separation
stroke of 4.7 + 0.9 mm, and an adhesion energy of 6 + 2 pJ cm™>
were obtained (Figure 5c). This latter value is comparable to pre-
viously reported adhesion energies for pristine PDMS nanosheets
(10.5 WJ cm™2) [37], indicating that the testing methodology pro-
vides measurements consistent with the literature. Notably, the
disulfide-crosslinked nanofilms exhibit more than four times the
adhesion energy measured for the PDMS control under identical
conditions, despite being nearly 300 times stiffer in tension than
PDMS films (Young’s modulus of 1.47 MPa) [37]. The enhanced
adhesion of the disulfide-crosslinked nanofilms compared with
pristine PDMS can be attributed to the combined effects of their
higher surface polarity, ultrathin geometry, and mechanically
robust disulfide-crosslinked network. The significantly lower
water contact angle of the PETMP-based nanofilms (64-70°)
relative to PDMS (109°) promotes stronger polar interactions with
the model skin.

To gain further insight into the adhesion mechanism, adhesion
experiments were performed under different interfacial condi-
tions. To mimic human sweating conditions, the skin model
was wetted with a 0.9 wt.% NaCl solution prior to bringing the
nanofilm into contact and performing the adhesion test (Figure
S11). Under these conditions, the adhesion energy showed only
a slight decrease (19 + 5 uJ cm™2) compared with that measured
on a skin model under water-wetted conditions, indicating that
the presence of ions in solution has no significant influence on
the adhesion process. This observation is consistent with the
nonionic nature of the disulfide-crosslinked nanofilms, suggest-
ing that electrostatic interactions are not a major contributor
to adhesion. The adhesion between the nanofilm and the skin
model is therefore likely mediated by short-range intermolecular
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FIGURE 5 | (a)Photographs of the separation process of a disulfide-crosslinked nanofilm, mounted on a plastic frame holder, from artificial skin
during the adhesion test (scale bar: 5 mm). (b) Force-stroke curves of disulfide-crosslinked nanofilms (250 nm thick) on artificial skin. Five nanofilm

samples were tested, each from an independent synthesis batch. (c) Comparison of the adhesion energy of the disulfide-crosslinked nanofilm and PDMS

films on artificial skin. (d) Adhesion energy of nanofilms as a function of the contact time with the artificial skin prior to detachment. (e) Adhesion energy
of disulfide-crosslinked nanofilms over repeated adhesion-detachment cycles. All adhesion tests were performed under water-wetted conditions.

interactions, such as van der Waals interactions and hydrogen
bonding.

The influence of the contact time between the nanofilm and
the skin model prior to the adhesion separation test was also
investigated. The adhesion energy approximately doubled as the
contact time increased from 30 s to 2 min, whereas extending the
contact time to 5 min produced no further increase (Figure 5d).
These results indicate that adhesion develops rapidly upon
contact and reaches a plateau within a few minutes, consis-
tent with the progressive establishment of intimate conformal
contact between the ultrathin nanofilm and the substrate. This
mechanical contribution increases the effective interfacial con-
tact area, thereby maximizing the non-covalent intermolecular
interactions responsible for adhesion. Finally, the stability of the
nanofilm was evaluated through cyclic attachment-detachment
tests, in which the nanofilm was repeatedly brought into contact
with the skin model for 5 min and subsequently detached using
the adhesion separation test. The adhesion energy remained sta-
ble over five consecutive adhesion-detachment cycles (Figure 5e),
demonstrating that the nanofilms retain their performance dur-
ing repeated use and suggesting that the disulfide-crosslinked
network remains stable under the experimental conditions
employed.

When compared with state-of-the-art engineered adhesive
nanosheets, our disulfide-crosslinked nanofilms occupy a
distinct mechanical-adhesive regime. Polydopamine-modified
PDMS films (650 nm thick) [37] reach adhesion energies of
50.7 WJ cm™? and maximum separation forces of 16.6 + 1.2
mN. Their strong adhesion arises from the combination of
soft elastomeric mechanics (Young’s moduli in the 10-15 MPa
range) and dedicated hydrogen-bonding functionalities such
as catechol groups. Remarkably, despite the absence of specific
bioadhesive functionalization, our disulfide-crosslinked polymer

nanofilms achieve adhesion forces and separation strokes
comparable to those of polydopamine-PDMS nanosheets. This
behavior is consistent with recent findings showing that an
increase of in-plane stiffness in ultrathin films can enhance
adhesion by localizing deformation near the detachment front
and strengthening interfacial interactions [38, 39]. The adhesion
capability demonstrated by our disulfide nanofilms, combined
with their mechanical robustness and nanoscale thickness, gives
them a unique set of properties not achieved by existing adhesive
nanosheets. As such, these films expand the design space
for ultrathin polymer membranes that must simultaneously
provide load-bearing capacity and conformal adhesion to soft
surfaces.

3 | Conclusions

We have demonstrated a straightforward fabrication route for
producing freestanding disulfide-crosslinked nanofilms with
centimeter-scale areas and precisely tunable thicknesses. The
nanofilms are synthesized through oxidative coupling of a readily
available thiol monomer at the water-toluene interface, yield-
ing materials that combine high stiffness (Young’s modulus of
425 MPa) and toughness. The disulfide network imparts solid-
like viscoelasticity, efficient stress redistribution, and strong
self-adhesion capable of sealing macroscopic openings and con-
formally adhering to soft surfaces. These findings highlight
redox-confined interfacial polymerization as a versatile strategy
for generating mechanically robust ultrathin polymer mem-
branes with integrated adhesive and barrier functionality. Such
nanofilms provide a versatile materials platform for flexible, bio-
integrated systems, with potential applications spanning sensing
devices, therapeutic interfaces, wound-sealing films, and related
technologies requiring robust, freestanding ultrathin films. More
broadly, this work establishes a redox-driven approach for
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fabricating polymer nanomembranes under mild, template-free
conditions.

4 | Experimental Section
4.1 | Materials and Reagents

All reagents were purchased from commercial suppliers and
used without further purification. Pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, >95%), hydrogen peroxide (H,O0,,
30%), and triethylamine (TEA) were all purchased from Sigma-
Aldrich Co (St. Louis, MO). PDMS films were prepared following
established procedures reported in the literature [6].

4.2 | Instrumentation
4.2.1 | Atomic Force Microscopy

Atomic force microscopy (AFM) images were taken using an
Agilent 5500 Atomic Force Microscope system operating in
tapping mode.

4.2.2 | Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken on a
Zeiss Sigma HD microscope, equipped with a Schottky FEG
source, one detector for backscattered electrons and two detectors
for secondary electrons (InLens and Everhart Thornley).

4.23 | X-Ray Photoemission Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) measurements were
collected on the dry films using an Axis DLD Ultra instrument
(Kratos, Manchester, UK). The analysis was composed of a
wide spectrum on binding energies ranging from —5 to 1250 eV
using a 160 eV pass-energy range. High-resolution core line
spectra were collected by setting the analyzer pass energy at
20 eV with an energy step of 0.05 eV. Charge comparison was
applied, tuning the compensation conditions to maximize the
peak intensity while minimizing its FWHM. Spectra were aligned
on the binding energy scale, taking the hydrocarbon component
of the C 1s core line at 285 eV. Care was taken to select the
appropriate background subtraction and Gaussian components
for peak fitting.

4.2.4 | UV/Vis Absorption Spectroscopy

UV/Vis Absorption spectra were recorded using a Cary 60 Agilent
spectrophotometer.

4.2.5 | FT-IR Spectroscopy

Fourier transform infrared spectra (FT-IR) were obtained with an

FT-IR Nicolet Nexus 670 spectrometer. All samples were prepared
as KBr pellets. 25 scans were collected with a resolution of 2 cm™.

4.2.6 | Elemental Analysis

Elemental analysis was performed using a Thermo Scientific
Flash 2000 analyzer. The carbon, hydrogen, and nitrogen con-
tents were measured for PETMP as a liquid and for the disulfide
films in the solid form.

4.2.7 | Quartz Crystal Microbalance

Quartz Crystal Microbalance (QCM) was carried out using a Q-
Sense El. A gold-coated QCM crystal (QCX 301 from Q-Sense AB)
was used as the probe. Free-standing nanofilms were transferred
onto the quartz crystal and dried under vacuum. The mass of
the films was calculated from the change in oscillating frequency
[25], and the mass density was calculated using the film thickness
measured by AFM.

4.2.8 | Contact Angle Measurement

Water contact angle measurements were conducted with a Drop
Shape Analyzer (Kriiss, Germany).

4.3 | Methods
4.3.1 | Synthesis of the Nanofilms

An aqueous solution (15 mL) containing hydrogen peroxide
(H,0,, final concentration: 10 mM) and triethylamine (TEA,
final concentration: 10 mM) was poured into a glass reactor
(diameter = 5 cm). Subsequently, a toluene solution (4 mL)
of pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, final
concentration: 4 mM) was carefully layered onto the aqueous
phase using a microliter syringe. The reactor was then sealed,
and the reaction was allowed to proceed at room temperature for
3 days.

4.3.2 | Transfer of the Films

After polymerization, the reactor was placed inside a larger
crystallizing dish, and Milli-Q water was added slowly with
a pipette until the film reached the top edge of the reactor.
Then, the larger dish was filled with water until its level slightly
exceeded that of the reactor, allowing the film to detach and float
on the water surface. The floating film was carefully collected
onto a glass slide, gently rinsed with methanol and water, and
transferred to a second crystallizing dish filled with water. Finally,
the film was collected with a suitable substrate, quartz or silicon,
for characterization, or onto a supporting frame to obtain a
freestanding film.

4.3.3 | Tensile Tests

Tensile tests on the nanofilms were performed using a custom-
made tensile testing platform [27]. This platform combined a
piezoelectric motor-driven linear stage (AG-LS25 from Newport)
with a minimum incremental displacement of 50 nm, and a
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calibrated spring fabricated from a 1 mm-thick polyvinyl chloride
(PVC) sheet. Each nanofilm specimen was mounted on a pre-
notched silicon substrate (3 cm in length and 5 mm in width)
featuring two square silicon pads that acted as spacers, raising
the film above the substrate surface and creating a freestanding
region between them (Figure S10). Prior to testing, the silicon
substrate was fractured into two facing blocks by gently applying
pressure at one edge while secured within a custom-made clamp
designed to prevent undesired movement during fracture [27].
Then, each side of the fractured silicon slice was affixed to the
linear stage and the spring. The clamp was then released, and
the system was positioned under an optical microscope to initiate
tensile measurements. In this configuration, the nanofilm (1.9-
2.5 mm in width) was anchored at both ends to the silicon
pads, forming a freestanding span corresponding to the gauge
length (ranging between 700 and 1100 pum). Tests were performed
under ambient conditions. The actuator applied a monotonic
displacement, inducing motion of the connected silicon block
and, consequently, deforming both the nanofilm and the PVC
spring. In this configuration, the film and the spring acted as two
elastic elements connected in series and therefore experienced
the same load. During tensile testing, optical microscope images
were recorded to monitor the displacement of the two silicon
pads supporting the film, one of which was attached to the
actuator and the other to the spring. Quantitative displacement
analysis was performed after the test using custom-developed
image-processing software written in C that implemented a
fast computation of image correlation. The applied force was
obtained by multiplying the displacement of the silicon block
connected to the PVC spring by the calibrated spring constant.
The stress was calculated by dividing the measured force by
the specimen’s cross-sectional area, determined from the film
width and the thickness measured by AFM. The strain was
defined as the relative displacement between the two ends of
the film normalized by the gauge length. Young’s modulus was
determined as the slope of the initial linear region of the stress—
strain curve, and the toughness was computed as the area under
the stress-strain curve.

4.3.4 | Adhesion Test

The film samples floating on water were transferred to a plastic
frame (internal dimensions: 2 cm X 2 cm). The films adhered
strongly to the frame. The contact area between the film on the
holder and the artificial skin was 1 x 1 cm?, which corresponds
to the dimensions of the skin model. The film was brought into
contact with the skin model for 5 min to ensure initial adhesion.
Then, the frame was lifted at 10 mm/min until complete separa-
tion from the skin, and the force and stroke were recorded by a
tensile tester. The adhesion energy per unit area (uJ cm™2) was
calculated as the area under the force-stroke curve normalized
by the contact area (1 cm?).
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