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During bubble formation, a thin layer is created by the physical effects of a gas being trapped. This
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phenomenon is observed in polymers too, allowing the creation of a similar layer that is destroyed

once bubbles collapse. Spin coating, vapor deposition, sputtering, or solution flotation are examples
of techniques used to fabricate polymeric thin films using complex, expensive, or specific equipment.
Additionally, manipulating thin bubble layers can be extremely hard. Here we show that polymer
bubbles produced under water can create nanometer-thick polymer layers by popping them on the
water surface. Our results showcase the formation of nanometric films by bursting bubbles made of

polymethylmethacrylate. Moreover, we developed nanocomposite layers of equivalent thicknesses,

incorporating luminescent nanoparticles. Lastly, we achieved a sensor approach by sample collection

on the bubble surface within a medium through bubble dragging. We foresee a universal method in

the field of polymers, including semiconductor ones, with applications in sensing, transistor manu-

facturing, and cationic traps for quantum computing.

Keywords: Nanofilms; Nanolayer; Bubbles; Nanocomposites;
Nanofabrication

1 Introduction

For centuries, the formation and bursting of bubbles have capti-
vated observers, as these phenomena spontaneously occur in na-
ture. This includes instances like aquatic plants generating oxy-
gen at a faster rate than its dissolution in water, the release
of gases like methane from the depths of lakes®™, and even sim-
ple and artificial situations, such as blowing a chewing gum to
produce a bubble®. Bubbles have been studied in detail from
their formation to their bursting, which has driven technolog-
ical advances in areas such as remediation of aquatic environ-
ments©8, drug delivery in medicine®19, bubble-up in chemical
synthesis™ 2 and controlled mechanics in soft robotics®3.
Despite the relevance of bubbles in nature and their thin
layer™15 information regarding nanometric-thick polymeric lay-
ers from bubbles is scarce. Only theoretical’® or uncontrolled
experimental’” demonstrations are found in the literature. Nu-
merical methods describe roughly the bubble geometry, while ex-
perimental evidence produces layers with wrinkles caused dur-
ing polymerization or as a consequence of the collection process,
and uncontrolled thickness1Z12, Recent work by Qian and He
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demonstrated the formation of nanoscale polymer membranes us-
ing a bubble-spinning approach, where mechanically expanded
bubbles are ruptured and collected on a solid substrate. While
this strategy highlights the potential of bubble-mediated thinning,
it relies on externally induced deformation and results in frag-
mented membrane structures,17

Beyond bubbles, there are other technologies to achieve
nanometric-thick polymeric layers2%23, For example, spin coat-
ing creates polymeric thin layers with relevant applications (e.g.
diode fabrication2? and transistor manufacturing, but suffers
from notable polymer loss and considerable time consumption
due to solvent evaporation and baking steps.

Inspired by bubbles, we developed a simple method for craft-
ing ultra-thin and ultra-smooth (wrinkle-free) polymeric layers
using polymethylmethacrylate (PMMA) bubbles over the water
surface, creating an alternative approach based on a liquid-liquid
interfacial system, where polymer bubbles formed under water
undergo spontaneous thinning driven by solvent evaporation and
interfacial tension gradients. This process enables the formation
of continuous, ultrathin, and homogeneous polymeric layers, of-
fering improved structural control and expanding the potential of
bubble-assisted nanofabrication. These layers were characterized
across a wide spectrum of solvent—polymer blend concentrations,
enabling controlled thickness and homogeneous roughness. In
this work, we address the challenge of achieving continuous and
controllable nanometric polymer films using a simple and scal-
able approach. We investigate how interfacial phenomena govern
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Fig. 1 Formation process of polymeric bubbles in two liquid phases (A-H). A) Start (t = 0): no air is introduced into the polymer. B) Air penetration
into the polymer layer. C) 1.29 s after air introduction, the bubble begins to form a neck between the air volume and the polymeric body. D) 1.33 s
from formation, the bubble reaches its characteristic shape. E) The interplay between water pressure and Archimedes forces tightens the neck, yielding
the characteristic bubble geometry. F) The bubble rises through the water, forming a fine thread that connects it to the polymeric phase. G) The
thread ruptures and the bubble fully detaches from the polymeric phase. H) Arrows indicate the presence of the polymeric fiber. Inset: Field-emission
scanning electron micrograph of the polymeric fiber. (I1-14) Artistic representation of the bubble formation.The characteristic bubble diameter is

approximately 7 mm.

film formation and hypothesize that the liquid-liquid configura-
tion enables controlled thinning prior to rupture. This hypothesis
is tested through systematic variation of polymer concentration
and quantitative characterization of film thickness and morphol-
ogy using FESEM-FIB and TEM. Additionally, we propose two
applications. The first involves creating a nanocomposite layer
consisting of luminescent nanoparticles in a polymer matrix, with
potential applications in wearable sensors or integrated photonic
circuits. The second demonstrates dragging and collecting lumi-
nescent nanoparticles dispersed in water.

2  Results

2.1 Bubble formation

We conducted experiments with four different concentrations
(1%, 5%, 10%, and 15%) of PMMA dissolved in chloroform
(CHCl3) at room temperature. In each experiment, 0.5 mL of
polymer solution was deposited at the bottom of a beaker previ-
ously filled with 200 mL of Milli-Q® water. A bubble was formed
by introducing air (0.2 mL) through a syringe into the polymer
sample (see Methods, Section. The experiments revealed suc-
cessful bubble formation within the polymer solution indepen-
dently of concentration, followed by detachment into the aqueous

2| Journal Name, [year], [vol.], 1

medium. The formation and evolution of the polymeric bubble
can be interpreted in terms of capillary and viscous effects. The
pressure difference across the bubble interface is governed by the
Young-Laplace equation:

_
"R

AP

where ¥ is the surface tension and R is the bubble radius. This
pressure difference controls the curvature and mechanical sta-
bility of the bubble as it forms and rises through the aqueous
medium.

As the bubble evolves, the polymeric film undergoes progres-
sive thinning. This process can be qualitatively described using
lubrication theory, where the temporal evolution of the film thick-
ness 4 is influenced by viscous flow and pressure gradients within
the film.

In the present system, solvent evaporation plays a key role.
Since chloroform preferentially evaporates into the gas phase, the
polymer concentration in the film increases over time, leading to
a rise in viscosity and partial solidification of the interface prior
to rupture.

In Fig. [1} the bubble formation process is shown. It involves
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three materials in two phases of matter (gas, liquid, and liquid).
Phase one comprises trapped air. Phase two encompasses the
polymer solution, and the second liquid phase is the aqueous
medium. To examine and corroborate the presence of a poly-
mer layer between the water—gas interface, a high-speed camera
operating at 1350 frames per second captured the bubble forma-
tion process according to the setup explained in Supplementary
material Fig.1.

In Fig. [IA, two components are prominently observed: poly-
mer solution and water. Fig. [IB-H illustrate bubble formation by
elongation of the polymer solution, where a discernible meniscus
corroborates that the bubble wall is made of liquid polymer. The
geometry evolution has been described for visco-elastic materi-
als26"28 and is determined by equilibrium forces including the
surface tension of the three media2. The surface tension of
PMMA in chloroform is approximately 22-44 mN m~! depending
on concentration, whereas the surface tension of water is much
higher (72 mN m™!), so the solvent tends to cover the aqueous
interface to minimize surface energy=%sl. Fig. shows the
polymeric fiber connecting the detached bubble with the poly-
mer source; this micrometric fiber (4 um in diameter) is under
investigation in separate work.

Fig.[I[1-14 show an artistic representation of the time evolution
of the bubble wall thickness and stability as a result of thermody-
namic imbalance in the vapor pressure of chloroform®2 toward
the gas medium inside the bubble. Since chloroform is almost
immiscible in water (only 0.8% by weight)@, it favors evapora-
tion into the gas phase inside the bubble rather than diffusion into
water. Therefore, the inner portion of the bubble wall increases
viscosity or partially solidifies throughout the bubble lifetime.

2.2 Layer formation and characterization
The rupture of the polymeric bubble and subsequent layer forma-
tion can be understood as a consequence of film instability once
a critical thickness is reached. In thin liquid films, rupture is typ-
ically driven by capillary instabilities and intermolecular forces,
which become dominant at nanometric thicknesses.?#

After rupture, the retraction and expansion of the film are
driven by surface tension forces. This process can be described
by the Taylor—Culick velocity:3>

2y

ph

where v is the retraction velocity, p is the density, and 4 is the
film thickness.

In our system, the expansion of the polymeric layer over the
water surface is additionally influenced by differences in interfa-
cial tension between the polymer solution and the aqueous phase,
promoting spreading and the formation of continuous films.

It is important to note that these models were originally de-
veloped for simple liquid films. In the present case, additional
factors such as solvent evaporation, increasing viscosity, and the
presence of a liquid-liquid-gas interface introduce further com-
plexity. Therefore, the above framework should be understood as
a qualitative approximation of the mechanisms governing bubble
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Fig. 2 lllustration showing the formation of a thin layer when a bubble
bursts. A) PMMA bubble with air inside at time O before bursting. B)
Instant when the bubble breaks at 160 ms. C) At 188 ms, the layer begins
to expand. D) The polymer layer reaches maximum expansion at 421
ms. E) Artistic explanation of evaporation and solidification when the
bubble emerges at the surface. F) Representation of the moment when
the bubble bursts. G) Instantly, when the bubble collapses and begins
expansion. H) Beginning of spreading on the water surface.

rupture and layer formation.

Bubble bursting led to thin layers on the liquid surface. Fig.
illustrates layer formation, supported by artistic images for clari-
fication. At time zero (Fig.[2A), the bubble just before bursting is
shown, displaying fast solidification at its surface due to solvent
evaporation (see Fig. [2E-H and Supplementary Video “Bursting
bubble.avi”). At 160 ms, the bubble bursts (Fig. ). Up to this
point, the pressure of the aqueous medium on the gas volume en-
closed by the polymer is greater than the external air pressure on
the outer bubble surface. Consequently, the outer part toward the
atmosphere solidifies faster than the submerged section, making
rupture prone to initiate from the submerged region (Fig.[2F). Be-
tween 188 ms and 421 ms, differences in surface tension between

Journal Name, [year], [vol.], 1 |3
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Fig. 3 A-D show cross-sections of the polymer layer at 1, 5, 10, and 15% cut and measured by FESEM-FIB. E-H show a curling-assisted thickness
estimation for sample 1 (1% PMMA): E) onset of cracking; F) curling under prolonged exposure; G) coiling enabling thickness measurement; H)
digital zoom with measurement. |-L show surface images at 500 nm and 20 nm scales indicating homogeneity.

water and submerged polymer drive spreading of the polymeric
layer, tending to expand to cover as much aqueous surface as
possible (Fig. —H). In other visco-elastic bubbles (glycerine),
rupture starts at the top rather than the bottom; this particularity
is not observed in PMMA bubbles here.

The fabricated layer was collected from the aqueous medium
using Water-Assisted Layer Transfer, enabling deposition on di-
verse substrates and transfer between aqueous solutions3249,

For characterization (Methods, Section , field-emission
scanning electron microscopy combined with focused ion beam
(FESEM-FIB) yielded average thickness values of 18.2+2.4 nm
(1%, Fig.[3), 35.1+2.3 nm (5%, Fig. [3B), 55.3+2.4 nm (10%,
Fig.[3[C), and 65.8+3.4 nm (15%, Fig.[3D), showing the thickness
trend with concentration. We also tested polystyrene to explore
generality: 5% polystyrene in chloroform produced a 364+3.8
nm layer (Supplementary material Fig. ??), consistent with its
higher surface tension (63.3 mN mfl) relative to PMMA (22—
44mNmD.

In addition to FESEM-FIB, we propose an alternative thick-
ness estimation using transmission electron microscopy (TEM)
and digital analysis. For the 1% sample, prolonged exposure led
to cracking and curling, generating regions perpendicular to the
imaging plane suitable for thickness estimation (Fig. [BE-H). A
maximum magnification of 500 nm (40k) at the coiled region pro-

4] Journal Name, [year], [vol.], 1ﬁ

vided an estimated thickness of 22.4+2.2 nm (Fig. ), in good
agreement with FESEM-FIB (18.2+2.4 nm). TEM surface anal-
ysis (Fig. [3]-L) shows a homogeneous polymer layer even at 20
nm scale (x800k), without particulate or filamentous structures
(in contrast to literature2l), supporting a reproducible fabrication
method.

It is worth noting that the morphology of the polymeric lay-
ers obtained in this work differs significantly from previously
reported bubble-based membrane fabrication approaches. In
bubble-spinning methods, such as that reported by Qian and He,
membrane formation typically results in fragmented structures
with pronounced wrinkling due to mechanical deformation and
rapid rupture.

In contrast, the layers produced here are continuous and ex-
hibit a high degree of surface homogeneity, as confirmed by TEM
analysis, without the presence of wrinkles or filamentary features.
This difference highlights the role of the liquid-liquid interfacial
mechanism in enabling controlled and uniform nanometric film
formation.

2.3 Applications

The method is applied to (a) fabrication of a layered nanocom-
posite and (b) dragging of nanoparticles dispersed in water.
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Fig. 4 A) Polymeric layers fabricated with 10% PMMA solution containing luminescent nanoparticles dispersed in chloroform. B) Polymeric layers
fabricated with 10% PMMA in chloroform while the aqueous medium contained luminescent nanoparticles. Al) HRTEM image of nanocomposite
layers on holey grids. A2) Nanoparticles in the nanocomposite at x800k. A3) Emission spectrum of the nanocomposite layer (inset: nanoparticle
spectrum in solvent, red line). B1) Layers after dragging nanoparticles, deposited on holey grids. B2) Dragged nanoparticles at x800k. B3) Emission

spectrum after dragging (inset: nanoparticle spectrum in solvent, red line).

2.3.1 Fabrication of layered nanocomposite

A nanocomposite layer (PMMA + luminescent nanoparticles) was
fabricated as described in Methods (Section[3:3.1)). Fig.[4A shows
TEM imaging of a nanocomposite layer consisting of PMMA and
neodymium-doped lithium yttrium fluoride core-shell nanocrys-
tals (4 at.% Nd3*:LiYF, @LiYF,) deposited on a holey copper grid.
Sub-20 nm rhomb-shaped nanocrystals are observed at x800k
magnification (Fig. [4A2; Supplementary material Fig. ??), con-
firming incorporation within the polymeric nanolayer. Thickness
estimation yielded ~53 nm, comparable to the 10% PMMA layer
without nanoparticles (55.3+2.4 nm), indicating reproducibility.

The Nd-doped nanoparticles absorb around 800 nm and emit
between 1040 and 1060 nm (Fig. EAB; inset shows reference
emission of nanoparticles in chloroform). The nanocomposite
layer was excited at 793 nm and emission was collected between
1040 and 1060 nm (Fig. @\3), revealing characteristic Nd3+
bands despite the thin film thickness.

2.3.2 Dragging of nanoparticles dispersed in water

We tested dragging of specimens dispersed in the aqueous
medium following Methods (Section [3.3.2)), using the same Nd-
doped nanoparticles dispersed in water. After bubble collapse,
nanoparticles were found associated with the polymeric layer
(Fig. [4B2), demonstrating an approach for depositing nanopar-
ticles on a surface with potential sensing utility (cf.4L). The pres-
ence of nanoparticles is confirmed by morphology (Fig.[4B2) and

by emission bands (Fig. @33). Similar effects have been demon-
strated for microscopic particles, but not at the nanoscale.

3 Materials and Methods

In this section, the fabrication of polymeric nanolayers is detailed,
along with two application examples. Layers were fabricated us-
ing powdered polymethylmethacrylate (PMMA, Sigma-Aldrich)
and chloroform (99.91% in ethanol, Sigma-Aldrich). Milli—Q®
water (200 mL) from a Milli-Q® EQ 7000 system was used. For
deposition, 1 mL syringes were employed. For bubble formation,
a needle with an inner diameter of 0.127 mm and a 1 mL syringe
were used to introduce air into the polymer solution, generating
the bubble and, upon bursting, the nanolayer.

3.1 Layer fabrication

Polymeric samples dissolved in chloroform were prepared with
a total volume of 5 mL each. PMMA amounts corresponding to
1%, 5%, 10%, and 15% by weight were weighed and gradually
dissolved in chloroform under mechanical stirring until homoge-
neous solutions were obtained.

For each experiment, 0.5 mL of the polymer solution was de-
posited at the bottom of a beaker containing 200 mL of Milli-Q®
water (see Fig. ). Bubble formation was induced by injecting
approximately 0.2 mL of air using a syringe equipped with a nee-
dle of inner diameter 0.127 mm, positioning the needle tip within
the polymer solution.

Journal Name, [year], [vol.], 1 |5
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Fig. 5 Schematic representation of: A) polymeric nanolayer fabrication method; B) polymethylmethacrylate nanocomposite fabrication (PMMA +
Nd-doped nanoparticles); C) dragging of Nd-doped nanoparticles dispersed in water.

All experiments were conducted at room temperature (23 °C).
Upon air injection, a bubble was formed (Section [2.1), rising
through the aqueous medium and generating a nanometric layer
upon rupture at the water surface.

3.2 Layer characterization

Two analyses were performed to assess thickness and surface
quality.

For FESEM-FIB analysis, layers were transferred onto silicon
wafers and coated with a 40 nm Au layer (Spin Coating Auroa
SP200) to protect the polymer surface. Selected regions were
further protected with Pt prior to cross-sectioning using a focused
ion beam (FIB), enabling direct thickness measurements.

For TEM analysis, layers were collected on copper holey grids
and analyzed to evaluate surface morphology, structural homo-
geneity, and the presence of nanoscale features.

3.3 Application of the method

Two applications are shown: fabrication of layered nanocompos-
ites as an alternative to conventional approaches (e.g. mixing,
and fabrication of polymeric nanometric layers enabling targeted
nanoparticle capture.

6| Journal Name, [year], [vol.], 1ﬁ

3.3.1 Fabrication of layered nanocomposite

As depicted in Fig. [5B, a 4 mM solution of neodymium-doped
core-shell nanoparticles (4 at.% Nd3*:LiYF, @LiYF,) dispersed in
chloroform was prepared. The nanoparticle dispersion was ho-
mogenized prior to use. The fabrication procedure followed Sec-
tion [3.1] using PMMA at 10% by weight.

3.3.2 Fabrication by dragging of nanoparticles

Nd-doped nanoparticles (4 mM of 4 at.% Nd3*:LiYF;@LiYF,)
were dispersed in Milli-Q® water. To improve dispersion stability,
2 mL of acetone was added to the system.

To generate polymer bubbles free of nanoparticles, 5 mL of 10%
PMMA solution was introduced into the aqueous phase contain-
ing nanoparticles. Bubble formation and subsequent rupture en-
abled the interaction between the polymeric layer and dispersed
nanoparticles (Fig. [5[C).

3.3.3 Characterization of nanoparticle-containing layers

Nanoparticle-containing layers were characterized by TEM to
evaluate nanoparticle incorporation and spatial distribution.

Luminescence analysis was carried out using a fiber-coupled
diode laser (BWT) operating at 793 nm to excite Nd>* ions. Emis-
sion spectra were collected using an optical spectrum analyzer
over the range of 1040-1070 nm.
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Conclusions

In conclusion, a reproducible method for the fabrication of nano-
metric polymeric films based on the formation and bursting of
polymer bubbles at the water surface has been demonstrated. Us-
ing polymethyl methacrylate as a model system, films with thick-
nesses between approximately 18 and 66 nm were obtained by
varying the polymer concentration.

The resulting layers were found to be continuous across the an-
alyzed regions (tens to hundreds of micrometers) and exhibited
consistent thickness and morphology, as confirmed by FESEM-FIB
and TEM analysis. At the nanometric scale, TEM observations re-
vealed smooth surfaces without visible wrinkles, discontinuities,
or particulate aggregation, supporting the claim of structural ho-
mogeneity.

These results indicate that the method enables the formation
of smooth layers with controlled thickness without the need for
complex fabrication equipment or additional processing steps.

Film formation is governed by solvent evaporation, surface-
tension imbalance, and viscoelastic stabilization of the bubble
wall, and the applicability of the method was verified through the
fabrication of luminescent nanocomposite films and the collection
of nanoparticles dispersed in water.

Compared to previously reported bubble-based membrane fab-
rication methods, the present approach introduces a fundamen-
tally different mechanism based on liquid-liquid interfacial phe-
nomena rather than mechanical deformation. This enables the
formation of continuous, ultrathin, and structurally homogeneous
polymeric films with tunable thickness.

Furthermore, the ability to incorporate functional nanoparti-
cles and to actively collect dispersed species from the surround-
ing medium extends the concept beyond fabrication, positioning
this method as a versatile platform for nanocomposite engineer-
ing and sensing applications.
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