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ABSTRACT: Recent studies have shown that bubbles inside a
volatile liquid can spontaneously grow in the absence of bulk gas
supersaturation through diffusion of air driven by differences in its
partial pressure. Here, we demonstrate a distinct manifestation of
this phenomenon in which perfluorocarbon oil-shell bubbles,
formed following bubble detachment from a perfluorocarbon oil
(PP1, F2 Chemicals)−water interface, become trapped and
spontaneously expand at the water−air interface. Addition of the
anionic fluorosurfactant Capstone FS-60 to the aqueous phase
stabilizes the detached oil-shell bubbles at the water−air interface.
The bubbles spontaneously grow from an initial diameter of approximately 1.5 mm to several millimeters within a few minutes. The
initial growth rate reaches about 11 μm/s, substantially exceeding that observed for bubbles trapped at the PP1−water interface.
Bubble-bursting measurements indicate progressive thinning and eventual depletion of the PP1 shell at bubble radii of approximately
2.5−3.0 mm. Bubble growth nevertheless continues after shell depletion as the system transitions into a surfactant-stabilized foam
bubble containing PP1 vapor. An interfacial air-diffusion model attributes the enhanced growth to the short diffusion path across the
thin liquid film separating the bubble from the atmosphere, driven by the difference in air partial pressure between the PP1-vapor-
containing bubble interior and the surrounding atmosphere. Finally, multiple oil-shell bubbles form self-expanding foam clusters that
continue to grow for hours, increasing their apparent foam volume by more than 2 orders of magnitude. These findings demonstrate
how modifying the mass-transfer geometry of interfacial air diffusion can strongly accelerate bubble growth and enable the formation
of self-inflating bubbles and foams under ambient conditions.

■ INTRODUCTION
Gas bubble growth in liquids is commonly associated with a
supersaturation-driven mass transfer and occurs in many
natural and industrial systems.1−4 Classical examples include
carbonated beverages, boiling liquids, and gas evolution near
heated surfaces.5−11 In such systems, a bubble growth is
typically driven by the diffusion of dissolved gas from a
supersaturated liquid into the bubble interior and it is usually
triggered by rapid external changes in pressure or temperature.
Recently, we demonstrated a different type of spontaneous
bubble growth in volatile liquids possessing both high vapor
pressure and high gas solubility (perfluoro-2-methylpentane,
C6F14, commercially available as PP1 from F2 Chemicals Ltd.),
observed under ambient quiescent conditions.12 In these
systems, the bubble expansion can occur even in the absence of
a bulk gas supersaturation, driven instead by the vapor-
pressure-induced diffusion gradients between the bubble and
the surrounding atmosphere. Similar types of spontaneous
bubble expansion have also been reported in oil-recovery and
oil-separation applications13,14 and for volatile hydrocarbon
vapor-containing self-expanding foams and bubbles.15−17

We demonstrated12 self-inflating bubble growth within pure
PP1 liquid under conditions of free evaporation from an open
container. The spontaneous bubble growth is explained by the

difference in PP1 vapor pressure inside the bubble and that
above the freely evaporating PP1 interface. This pressure
difference promotes diffusion of air into the bubble, leading to
its growth. We also investigated bubble growth in PP1 when
the liquid was in contact with a second air-saturated immiscible
liquid placed above it: either ethanol, which has relatively high
air solubility compared with water, or water, which has much
lower air solubility than PP1. In both cases, the presence of the
upper liquid phase accelerates bubble growth compared with
bubbles in the bulk of freely evaporating PP1, indicating air
mass transfer from the water or ethanol phase into the PP1
phase.
One of the experimental configurations used in our prior

work involved bubbles trapped at the PP1−water or PP1−
ethanol interface, as schematized in Figure 1a.12 Figure 1b
shows a snapshot example of such a bubble. In this
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configuration, the bubble is separated from the upper liquid
phase by a thin PP1 film stabilized by the repulsive van der
Waals forces in the air−PP1−water or air−PP1−ethanol
systems.18 As the bubble grows, it progressively deforms the
PP1−water or PP1−ethanol interface. At a critical size
(approximately 7.0 mm for PP1−pure water and 2.4 mm for
PP1−ethanol), the buoyancy force can no longer be balanced
by the capillary force associated with the curved interface, and
the bubble detaches from the interface and enters the upper
water or ethanol phase. Remarkably, as shown in Figure 1c
schematics and illustrated by the snapshot in Figure 1d, the
bubble entering the upper phase remains wrapped in a thin
shell of fluorocarbon oil (PP1). The stability of this oil shell is
attributed to the repulsive van der Waals forces typical for
studied fluorocarbon oil systems.
Our previous investigation was limited to bubble inflation at

the PP1−water or PP1−ethanol interface up to the moment of
bubble detachment.12 In the present study, we focus on the
newly formed oil-shell bubbles when a surfactant is added to
the aqueous phase, enabling stable bubble attachment to the
water−air interface and its subsequent growth. Note that in
pure water or ethanol, once a freely rising oil-shell bubble
reaches the liquid−air interface, the thin liquid film formed
upon collision ruptures rapidly, causing the bubble to coalesce
with the atmosphere. Video 1 provides a real-time macroscopic
visualization of this rapid collapse of an oil-shell bubble at the
pure water−air interface. However, when an appropriate
surfactant is added to the water phase, a stable foam film
can form, trapping the bubble at the water−air interface. An
additional benefit of the surfactant addition is the reduction of
the water−PP1 interfacial tension, enabling control over the
size of the detaching oil-shell bubbles.19 A schematic of a

bubble trapped at the surfactant solution−air interface is
shown in Figure 1e, together with a representative snapshot of
such a bubble in Figure 1f.
During the expansion of an oil-shell bubble at the surfactant

solution−air interface, the oil shell can completely evaporate,
transforming the oil-shell bubble into a foam bubble floating at
the interface. Such bubbles still contain PP1 vapor in their
interior, as schematically illustrated in Figure 1g and shown in
the example image in Figure 1h.
In contrast to our previous bulk-liquid systems,12 trapping

the oil-shell bubbles at the solution−air interface reduces the
diffusion path for atmospheric air into the bubble to only the
thickness of the thin water/oil film at the bubble cap.
Consequently, air diffusion through this thin film drives
bubble expansion at rates approximately an order of magnitude
faster than those observed in our previous study, ultimately
enabling the spontaneous formation and growth of self-
inflating foam clusters.
In recent studies, Kim and Ananth reported spontaneous

foaming when a thin layer of a volatile hydrocarbon liquid is
spread on an aqueous fluorosurfactant solution.15,16 In their
system, hydrocarbon vapor diffusion within the foam bubbles
drives bubble growth but can also promote bubble rupture.
Here, we demonstrate a different manifestation of this
phenomenon, in which the expanding bubbles possess a
volatile perfluorocarbon oil shell, giving rise to markedly
different physicochemical behavior. Besides their high volatility
and high air solubility, perfluorocarbons are chemically inert,
and once the oil shell has completely evaporated, the
perfluorocarbon vapor is not expected to significantly alter
the water−air surface tension. Furthermore, unlike hydro-
carbon-vapor foams, which are highly flammable, perfluor-

Figure 1. Schematics and high-speed camera snapshots illustrating: (a, b) a bubble trapped at the PP1−water interface; (c, d) an oil-shell bubble
detaching from the PP1−water interface; (e, f) an oil-shell bubble trapped at the water solution−air interface; and (g, h) a foam bubble at the water
solution−air interface following complete evaporation of the oil shell. In all cases, the bubble interior contains PP1 vapor. The high-speed video
snapshots were obtained for the PP1−0.1 wt % FS-60 aqueous solution configuration.
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ocarbon vapors are nonflammable, making such self-inflating
bubbles and foam systems inherently safer.
Here, we present systematic observations and quantitative

measurements of the spontaneous growth of PP1 oil-shell
bubbles when an anionic fluorosurfactant, Capstone FS-60, is
used to stabilize the thin liquid films formed upon the bubble
attachment to the water−air interface. We identify distinct
regimes of bubble growth and discuss the underlying physical
mechanisms. Furthermore, we demonstrate that the oil-shell
bubbles continue to grow after complete evaporation of the
volatile PP1 shell, and that when multiple bubbles are released
at the water−air interface, they spontaneously assemble into
foam clusters that continue to expand for hours, resulting in an
orders-of-magnitude increase in foam volume. These findings
demonstrate that modifying the interfacial air diffusion
geometry can considerably accelerate bubble growth, providing
a simple strategy for engineering rapidly expanding bubbles
and self-inflating foams.

■ MATERIALS AND EXPERIMENTAL METHODS

Materials
The perfluorocarbon liquid used in this study was FLUTEC PP1 (F2
Chemicals Ltd.), composed primarily of perfluoro-2-methylpentane
(C6F14). The PP1 liquid density is 1.71 g/cm3 and the dynamic
viscosity is 0.78 mPa·s. The saturation vapor pressure of PP1 is 27 kPa
and the vapor density is 0.013 g/mL. The surface tension of the liquid
PP1-air interface was measured to be 12.4 mN/m. All cited properties
correspond to atmospheric pressure and 25 °C, which is close to the
laboratory temperature.
The water used was purified in a Millipore apparatus, with an

internal specific electrical resistance of no less than 18.4 MΩ/cm.
Ethanol of >99.7% absolute grade was purchased from Sigma-Aldrich.
At room temperature and atmospheric pressure, the air solubility per
100 mL of liquid is highest in PP1 (44.2 mL of air volume),
intermediate in ethanol (14.6 mL), and considerably lower in water
(1.6 mL).20

The surfactant used was Capstone FS-60, a water-soluble anionic
fluorosurfactant commonly employed as a high-performance wetting
and leveling agent in aqueous formulations. Unless otherwise
specified, experiments were performed at a surfactant concentration
of 0.1 wt %. The static surface tension of the aqueous surfactant
solutions, measured using the Wilhelmy plate method, was
approximately 30.1 ± 0.5 mN/m at 0.001 wt % FS-60 and 17.2 ±
0.1 mN/m at 0.1 wt % FS-60. The static interfacial tension, σ, was
measured at 25 °C by the Du Noüy ring method on force tensiometer
K100 (Krüss, Germany) equipped with a platinum−iridium ring. The
measured values were: σ = 51.2 ± 0.1 mN/m in the case of PP1−
water interface; σ = 5.9 ± 0.1 mN/m for PP1−ethanol interface. The
interfacial tension for PP1−FS-60 water solutions is measured by the
drop shape analysis, and the interfacial tension is about 20 mN/m at

0.001 wt % FS-60. Above the critical micelle concentration, σ = 3.6 ±
0.1 mN/m for PP1−0.1 wt % FS-60 water solution.

Experimental Setups and Protocols
A general schematic of the experimental setup used to monitor bubble
growth is shown in Figure 2a. Most experiments were conducted in an
optical glass cell (Hellma Analytics) with a cross-section of 5.0 × 5.0
cm and a height of 5.0 cm, equipped with a glass cover lid. Prior to
each experiment, the glass vessel was plasma cleaned and thoroughly
rinsed with deionized water. The PP1 liquid was poured into the
bottom of the cell to form a layer approximately 1 cm thick. On top of
this layer, a 1−2 cm thick layer of water, ethanol, or, in most
experiments, a FS-60 aqueous surfactant solution was carefully
deposited. Following deposition of the upper liquid layer, a larger
needle syringe was used to suck the interface and remove excess
droplets and bubbles from both the PP1−water solution and water
solution−air interfaces, thereby ensuring bubble clean interfaces prior
to the experiments. During the experiments, the top of the container
was kept closed in order to maintain saturation of water vapor in the
air above the liquid.
Using a fine-needle syringe, a fresh millimeter-sized air bubble

(≈0.5 to 1.0 mm) was released below the PP1−water solution
interface. The bubble rose and became trapped at the PP1−water
solution interface, as schematized in Figure 1a and illustrated in
Figure 1b. Following detachment from the interface, the oil-shell
bubble (Figure 1c,d) rose further and became trapped at the water
surfactant solution−air interface (Figure 1e,f). The subsequent
growth of the oil shell bubble and its transition into a foam bubble
at the water solution−air interface (Figure 1g,h) was monitored and
recorded.
The bubble detachment from the PP1−water solution interface and

the subsequent growth of the oil shell bubbles at the top water
solution−air interface was monitored and recorded using a high-speed
camera (Photron SA5) equipped with a long-distance magnifying
objective providing 1.5× magnification, resulting in an image
resolution of approximately 19 μm/pixel. High-speed videos were
typically recorded at 1000 frames per second (fps) for capturing the
bubble detachment and free-rise processes, and at 60 fps for
monitoring the longer-term growth of the oil-shell bubbles. The
shutter speed was set to 1/5000 s in all experiments to minimize the
motion blur and to improve the image sharpness and contrast.
In selected experiments, bubble growth at the water solution−air

interface was also monitored using the optical imaging system and
software of a DSA100E drop shape analyzer (Krüss, Germany), as
employed in our previous study.12 This system enabled long-term
tracking of bubble growth with optical magnification, providing an
image resolution of approximately 18 μm/pixel.
One experimental challenge in the monitoring bubble growth at the

water solution−air interface was the high mobility of the bubbles and
their tendency to migrate toward the cell walls. Whenever possible,
the bubbles were tracked using the three-dimensional translation stage
of the high-speed camera setup. As a result, some of the recorded
videos may appear slightly jittery due to manual tracking adjustments.

Figure 2. (a) Schematic of the experimental setup used for bubble observations. (b) Schematic of a bubble trapped at the air−water solution
interface, consisting of an upper spherical-cap foam-film region (red) and a lower part immersed entirely in the aqueous phase (blue). The typical
upper image is focused on the spherical-cap foam-film region, while the lower image is focused on the bottom part of the bubble.
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The bubble growth was characterized in terms of the effective
bubble radius, R, defined as the radius of a spherical bubble having the
same volume as the observed bubble. As schematized in Figure 2b,
bubbles trapped at the water solution−air interface consist of two
parts: an upper spherical-cap region wrapped by a thin liquid film and
a lower part immersed entirely in the aqueous phase. When only the
upper part of the bubble is visible, the invisible lower part immersed
in the aqueous phase is reconstructed numerically by solving the
Young−Laplace equation. Conversely, when the lower part of the
bubble is observed, the shape of the upper part is reconstructed by
determining the best fit to the measured lower bubble profile. Details
of the bubble at interface profile reconstruction and the volume
determination can be found in our prior work.12

■ RESULTS AND DISCUSSION

Pure Water or Ethanol System vs Aqueous Surfactant
Solution

Our primary focus in the present study is the expansion of
surfactant-stabilized PP1 oil-shell bubbles trapped at the
water−air interface. For comparison, we first briefly illustrate
the behavior of oil-shell bubbles in the absence and presence of
surfactant.

As established in our previous study, bubbles trapped at the
PP1−water or PP1−ethanol interface spontaneously grow and
eventually detach from the interface while remaining
encapsulated by a thin PP1 oil shell.12 The stability of this
oil shell is associated with the repulsive van der Waals
interaction characteristic of the air−PP1−water/ethanol
systems.15 In contrast, hydrocarbon oils generally have a
higher refractive index than water (e.g., n = 1.43 for
tetradecane), which leads to different interaction re-
gimes.18,21−25 Here, we focus on the subsequent behavior of
these oil-shell bubbles after they rise through the upper liquid
phase and reach the liquid−air interface.
Video 1 shows a macroscopic example for the PP1−pure-

water system. Following detachment from the PP1−water
interface, the oil-shell bubble rises through the water phase and
rapidly coalesces upon reaching the water−air interface. Video
2 and Figure 3a−e show the corresponding process for the
PP1−ethanol system. After detachment, the oil-shell bubble
rises through the ethanol and rapidly coalesces at the ethanol−
air interface, leaving small PP1 droplets that fall back into the
liquid.

Figure 3. (a−e) Snapshots from Video 2 showing the evolution of a PP1 oil-shell bubble in the PP1−ethanol system: (a) just before detachment,
(b) during detachment, (c) free rise, (d) collision with the ethanol−air interface, and (e) after coalescence, with two PP1 droplets falling
downward. (f−g) Snapshots from Video 3 showing the evolution of a PP1 oil-shell bubble in the PP1−0.001 wt % FS-60 aqueous solution: (f) just
before detachment, (g) during detachment, (h) free rise, (i) collision with the water−air interface, and (j) stabilization at the interface without
coalescence.
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The rapid coalescence of the oil shell bubbles at the pure
water−air or ethanol-air interface is expected, because for the
PP1-water−air or PP1-ethanol-air film, the van der Waals force
is now attractive and there are no other repulsive forces strong
enough to stabilize the film, e.g., electric double layer
repulsion. Additional factor for the fast coalescence of the
bubble with the interfaces is the mobility of the pure water−air
and ethanol−air interfaces26 as well as hydrophobic attraction
in the case of oil−water−air films.27
In contrast, addition of the anionic fluorosurfactant FS-60 to

the aqueous phase prevents immediate coalescence and allows
the oil-shell bubble to remain trapped at the water−air
interface. Video 3 and Figure 3f−j illustrates this behavior for a
low FS-60 concentration of 0.001 wt %. At this concentration,
the reduced PP1−water interfacial tension results in detach-
ment at a smaller bubble radius, approximately R = 1.75 mm
compared to R = 3.50 mm in pure water. Following
detachment and free rise through the aqueous phase, the oil-
shell bubble becomes temporarily stabilized at the water−air
interface rather than immediately coalescing.
The stability of the air−PP1−water−air film in the presence

of surfactant is attributed to adsorption of the anionic

surfactant at both water−air and PP1−water interfaces,
resulting in reduced interfacial tensions and electric double
layer repulsive stabilization of the film. In the example shown
in Video 3, the low surfactant FS-60 concentration of 0.001 wt
% allows the bubbles to remain trapped at the interface for up
to 60 s before collapsing. Increasing the concentration to 0.1
wt % of FS-60 provides longer-term stabilization of the film
and enables systematic investigation of the self-inflation of
bubbles trapped at the water−air interface.
Oil-Shell Bubbles at the Water Solution (0.1 wt %
FS-60)−Air Interface
In this set of experiments, we investigate the inflation of oil-
shell bubbles after they become trapped at the water−air
interface. To enable systematic measurements, the surfactant
concentration (FS-60) is fixed at 0.1 wt %. At this surfactant
concentration, corresponding to interfacial tension of 3.6 ± 0.1
mN/m, the initial radius of the oil-shell bubbles is
approximately R = 0.75 ± 0.5 mm.
Video 4 shows the formation and detachment of an oil-shell

bubble from the PP1−0.1 wt % FS-60 solution interface.
Videos 5−8 then examine the subsequent bubble growth under

Figure 4. (a, b) Bubble at the PP1−0.1 wt % FS-60 water-solution interface shortly after becoming trapped at the oil−water interface (a) and just
before detachment (b). (c−f) Snapshots from Video 4 showing details of bubble detachment from the interface (c−d) and subsequent free rise (f),
recorded at a frame rate of 5000 fps.

Figure 5. (a, b) Snapshots from Video 5 comparing a bubble without an oil shell trapped at the FS-60 aqueous solution−air interface (left) with an
PP1 oil-shell bubble (right) after settling at the interface: (a) at the beginning of the recording and (b) approximately 66 s later. (c, d) PP1-oil shell
bubble under a glass slide inside the water solution phase at the beginning of the recording and 20 min later showing no volume increase. (e, f)
Snapshots from Video 6 comparing the growth of PP1 oil-shell bubbles in a PP1-vapor-enriched atmosphere (left) and in normal air (right): (e) at
the beginning of the recording and (f) approximately 65 s later.
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different configurations: comparison with an ordinary air
bubble (Video 5), the effect of PP1-vapor-enriched air (Video
6), extended growth at the water solution−air interface (Video
7), and long-term growth after attachment to the vessel wall
(Video 8).
Before detachment, the bubble grows at the PP1−0.1 wt %

FS-60 solution interface at approximately JR = dR/dt = 2.4 ±
0.2 μm/s (Figure 4a,b). This value is close to the characteristic
growth rate previously measured for bubbles at the PP1−pure
water interface, JR = 1.7 μm/s.12 The interfacial air diffusion
mechanism responsible for the bubble growth at the PP1−
water interface was discussed in detail in our previous
investigation.12 Video 4 and Figure 4c−f show the subsequent
bubble detachment and formation of the freely rising oil-shell
bubble. During detachment, the bubble pinches off a thin PP1
thread and rapidly relaxes to a stable shape. A slight downward
deformation remains at the bottom of the rising bubble,
indicating a thicker oil layer in this region.
Video 5 provides a proof-of-concept demonstration

comparing an ordinary air bubble released into the aqueous
surfactant solution without the PP1 layer and subsequently
trapped at the water−air interface compared to an oil-shell
bubble trapped under the same conditions. Figure 5 shows
snapshots from this video at the beginning (Figure 5a) and
toward the end of the recording (Figure 5b). The video clearly
shows that, whereas the ordinary bubble exhibits no
measurable growth, the oil-shell bubble undergoes a significant
expansion over the real-time duration of the recording (66 s)
from R = 0.75 mm to R = 1.6 mm. This observation confirms
that the bubble growth is driven by the presence of the oil
shell.
In another experiment, a horizontal glass slide was placed

inside the aqueous solution phase. After detachment from the
interface, the oil-shell bubble became trapped beneath the glass
slide, as shown in the snapshot in Figure 5c. Figure 5d shows
the same bubble 20 min later. No measurable bubble growth

was observed during this period. This result indicates that, for
bubbles trapped at the water−air interface, air diffusion toward
the bubble occurs through the thin liquid film separating the
upper part of the bubble from the air phase above it.
To further verify that the driving force for bubble expansion

is the difference in air partial pressure between the bubble
interior and the atmosphere above the bubble, we performed a
control experiment in which a small vial containing PP1 was
placed above the aqueous solution inside the closed
observation cell. Evaporation of PP1 from the vial increased
the PP1 vapor concentration in the air above the bubble,
thereby reducing the air partial-pressure difference driving air
diffusion into the bubble.
Video 6 compares the growth of oil-shell bubbles in the

presence of PP1-vapor-enriched air (left) and in normal air
(right). Figure 5e and f show snapshots from the beginning
and the end of the recording, respectively. The video clearly
demonstrates that the presence of PP1 vapor above the bubble
strongly suppresses bubble growth. In the PP1-vapor-enriched
atmosphere, the bubble radius increased only from R = 0.8 mm
to R = 1.1 mm, whereas in normal air the same bubble
expanded from R = 0.8 mm to R = 1.7 mm over the same
period. It should be noted that the air above the bubble was
not expected to become fully saturated with PP1 vapor because
the observation cell could not be completely sealed. The top
cover had to be opened repeatedly during the experiment to
introduce fresh bubbles into the PP1 phase, allowing some
exchange with the ambient air. Consequently, bubble growth
was significantly reduced but not completely suppressed, as
would be expected under fully PP1-vapor-saturated conditions.
This experiment provides strong support for the proposed
interfacial air diffusion mechanism, in which the air partial-
pressure difference across the thin liquid film is the driving
force for spontaneous bubble inflation.
Video 7 tracks the growth of a bubble at the interface over

an extended period of 420 s. As mentioned in the Experimental

Figure 6. (a−d) Time-sequence snapshots from Video 7 showing the growth of a PP1 oil-shell bubble at the 0.1 wt % FS-60 water solution−air
interface. (e−h) Time-sequence snapshots from Video 8 showing the growth of wall-attached foam bubble. Note that the focal plane in Video 8 is
at the vessel wall, showing the foam bubble meniscus in contact with the wall rather than the thin liquid film (bubble cap) separating the floating
bubble from the atmosphere. In each snapshot from Video 7a−d and Video 8e−h, the corresponding real time from the video beginning is
indicated.
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section, one of the main challenges in tracking bubble growth
over long times is the high transverse mobility of bubbles at the
water−air interface and their tendency to migrate toward the
cell walls. Consequently, Video 7 provides the longest
continuous observation of bubble growth obtained before the
bubble migrated to the wall of the observation cell.
Figure 6a−d presents time-lapse snapshots extracted from

Video 7, illustrating the bubble growth process. As the bubble
expands, it progressively emerges above the interface driven by
the buoyancy, and by the end of the recording a spherical
foam-bubble dome is clearly formed (Figure 6d). Figure 7a

tracks the effective bubble radius as a function of time,
extracted from Video 7. The initial bubble radius is

approximately R = 0.75 mm, increasing to about R = 3.6
mm by the end of the recording.
The graph in Figure 7 reveals two distinct regimes of bubble

growth. In the initial, steeper regime, corresponding to growth
from R = 0.75 mm to R = 3.0 mm (from 0 to 300 s), the
measured radial growth rate is approximately JR ≈ 11.1 ± 0.4
μm/s. This rate significantly exceeds the growth rate observed
for bubbles at the PP1−water solution interface (approx-
imately 2.4 μm/s). Subsequently, the bubble growth rate
decreases to approximately JR ≈ 3.0 ± 0.3 μm/s. The
reproducibility of the oil-shell bubble growth measurements
is demonstrated in Supplementary Figure S1, which compares
the results from three independent experiments.
As was seen toward the end of Video 7, the soap bubbles

tend to migrate toward the vessel walls. The bubbles then
become attached to the vessel wall without bursting. Once
attached to the wall, the bubbles are observed to continue
expanding over extended periods of time (hours). An example
of this behavior is shown in Video 8, where a wall-attached
bubble continues to grow with snapshots from this video
presented in Figure 6e−h. Eventually, the bubble slips along
the wall and attaches to another bubble located in the corner of
the cell (Figure 6g). The final part of the video, captured after
a time lapse of approximately 50 min, demonstrates the
continued expansion of the wall-attached bubbles (Figure 6h).
The initial bubble size is R = 0.75 mm while the final bubble
size observed in Video 8 reached about 1.5 cm in length,
corresponding to an increase in bubble volume of approx-
imately 2 orders of magnitude. Clusters of such bubbles form a
foam layer, which is discussed in the “Self-expanding foam”
section.
Bubble in Emulsion Droplet

An alternative approach to studying the oil-shell bubble
expansion at the interface is to use bubbles seeded within
emulsion droplets. As in our prior study, bubbles are seeded in
the emulsion droplet during the droplet impact on the water
interface.12 This bubble is caught at the center of the droplet
impact.28 In the present experiment, the bubble seeded
emulsion droplets are deposited onto the PP1−water solution

Figure 7. Effective bubble radius, R, as a function of time, t, for
bubbles at the 0.1 wt % FS-60 water solution−air interface: oil-shell
bubble data extracted from Video 7 (squares), and bubbles inside
small (diamonds) and large (triangles) emulsion droplets, both
extracted from Video 9. Error bars represent the uncertainty in the
determination of the effective bubble radius. The reproducibility of
the oil-shell bubble growth measurements is demonstrated by
multiple independent experiments, shown in Supplementary Figure
S1.

Figure 8. (a−d) Time-sequence snapshots from composite Video 9 showing the growth of bubble inside small emulsion droplets (a−d) and large
emulsion droplets (e−h). In each snapshot from Video 9, the corresponding real time from the video beginning is indicated. The snapshot in (d) is
taken after a time lap of about 177 s from the end of the video.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.6c03871
Langmuir 2026, 42, 31793−31806

31799

D
ow

nloaded from
 pubs.​acs.​org/​langd5/​article-pdf/​42/​43/​31793/​68901410/​acs.​langm

uir.​6c03871.​pdf by guest on 08 N
ovem

ber 2026

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_009.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_009.mp4
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_010.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_010.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6c03871/suppl_file/la6c03871_si_010.mp4
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871?fig=fig8&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.6c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interface. Due to the presence of surfactants, the droplet does
not coalesce with the interface. As the encapsulated bubbles
gradually inflate, the droplets become buoyant and rise,
eventually settling at the water−air interface.
Video 9 compares the evolution of a bubble within small and

large emulsion droplet. The initial bubble diameters are
approximately 0.25 mm and 1.2 mm, respectively. In both
cases, the bubble in emulsion droplet at water solution−air
interfaces expansion proceeds in a manner similar to that
observed for oil-shell bubbles. Figure 8a−d present a time-
sequence of snapshots for the bubble in the smaller emulsion
droplet, while Figure 8e−h shows the corresponding sequence
for the larger emulsion droplet.
Figure 7 presents the time dependence of bubble effective

radius for the small and large emulsion droplets in comparison
to the oil-shell bubble. In both cases, the initial growth rate is
slower than that observed for oil-shell bubbles formed by the
transition through PP1-water solution interface. This is
attributed to the fact that, at early stages, the bubbles inside
emulsion droplets configurations are less buoyant as a whole
than the oil-shell bubbles resulting in comparably smaller thin
film areas facing the air. However, the growth rate of the larger
bubble eventually accelerates and reaches values close to those
measured for the oil-shell bubbles at the top interface.
Remarkably, even the bubble in the small emulsion droplet

exhibits accelerated growth over time, ultimately reaching a
final diameter of approximately 5.0 mm, corresponding to an
increase in volume of more than 3 orders of magnitude (Figure
8d). In the case of the smaller droplet, it is evident that the oil
phase evaporates completely at an early stage of the growth
process. In contrast, for the larger droplet, the oil phase
remains clearly visible at the lower part of the bubble until the
end of the recording. In the next section, we quantify the
evaporation of the oil shell.
Oil Shell Evaporation

The bubble growth is driven by both air diffusion through the
thin liquid film and evaporation of PP1 vapor into the bubble.
The PP1 saturation vapor pressure is about 27 kPa or about
27% than that of the atmospheric pressure, Patm = 100 kPa.
Over time, PP1 evaporation progressively depletes the oil shell,
which may eventually disappear completely. One way to
monitor the progression of oil-shell evaporation is to observe
the oil droplets left behind following bubble bursting.
Occasionally, the bubbles burst at different stages of their

growth, most likely due to contamination at the interface. In
such cases, a small oil droplet (or two) is observed to fall
downward, which is presumed to originate from the bubble’s
oil shell. As the bubble size increases, the remaining droplet
size decreases, consistent with the progressive evaporation and
depletion of the oil shell during bubble growth. Remarkably,
above a critical bubble size (approximately R = 3.0 mm), no
droplet emission is observed, indicating that the oil shell has
been completely depleted. Video 10 illustrates this effect by
comparing the bursting of a smaller bubble (left side, R = 1.1
mm) with that of a much larger bubble (right, R = 3.5 mm).
Figure 9 presents snapshots from this video, showing the
bubbles immediately before and after bursting for the smaller
bubble (Figure 9a,b) and the larger bubble (Figure 9c,d).
Small PP1 oil droplets are clearly observed falling dawn after
the bursting of the smaller bubble, whereas no such droplets
are observed following the bursting of the larger bubble.

Figure 9e shows the dependence of the effective radius of
the falling PP1 droplets, Rd, on the effective bubble radius at
the moment of bursting, R, obtained from multiple experi-
ments. The trend of decreasing droplet size with increasing
bubble size is clearly evident. The straight line represents an
empirical linear fit to the data and predicts complete
evaporation of the oil shell at a bubble radius of approximately
R = 3.5 mm, in good agreement with the experimental
observations. This result is also consistent with the decrease in
bubble growth rate observed once the bubble radius exceeds R
= 3.0 mm in Figure 7.
From the measured droplet sizes, it is possible to estimate

the bubble volume at which the oil shell completely evaporates
under the assumption that the bubble interior remains fully
saturated with PP1 vapor. Taking the largest measured PP1
droplet, corresponding to the bursting of the smallest bubble
(Rd = 0.3 mm, R = 0.8 mm), we estimate that the oil shell
becomes fully depleted at a bubble size of approximately, R =
2.5 mm. Similar results were obtained using other droplet/
bubble sizes, e.g., R = 2.5 ± 0.2 mm. Considering the
approximate nature of this analysis and the dynamic character
of the bubble growth process, these values are in good
agreement with the experimental observation that no oil
droplets are emitted when bubbles larger than approximately R
= 3.0 mm burst. Together, these results place the radius at
which the oil shell is fully depleted in the range of
approximately R = 2.5−3.0 mm. Future studies using more
advanced experimental techniques, such as fluorescence
labeling or refractive-index imaging, could provide a more
precise determination of the oil-shell depletion point.

Figure 9. (a−d) Snapshots from Video 10 showing the bubbles
immediately before and after bursting for the smaller bubble, R = 1.1
mm (a, b) and the larger bubble, R = 3.5 mm (c, d). Two PP1
droplets are observed falling after the bursting of the smaller bubble,
whereas no droplets are observed following the bursting of the larger
bubble (the small black dot is a bubble which rises up). (e)
Dependence of the falling droplets effective radius, Rd, on the busted
bubble radius, R. The straight line represents an empirical linear fit to
the data. The error bars reflect the precision with which the droplets
and bubbles radius is determined.
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In conclusion, our results indicate that for bubble sizes
exceedingly R = 2.5 to 3.0 mm, the oil shell has completely
evaporated. Nevertheless, the bubbles continue to grow even
after the shell has fully evaporated, ablate at a slower rate. At
this stage, the system transitions from an oil-shell bubble to a
conventional surfactant-stabilized foam bubble at the water−
air interface, distinguished by the presence of PP1 vapor within
the bubble interior.
Interfacial Air Diffusion Mechanism for Oil-Shell and Foam
Bubbles at Water Solution Interface
The bubble growth in multicomponent liquid systems has been
widely studied for solutions containing nonvolatile solutes29,30

as well as volatile liquid mixtures.31−34 Here, we discuss the
interfacial air diffusion mechanism in the case of volatile oil-
shell bubbles trapped at the water solution−air interface and
the subsequent formation of floating foam bubbles containing
volatile oil vapor (PP1 vapor in the present study).
A simplified schematic of an oil-shell bubble sitting under

the water solution−air interface is shown in Figure 10. The

bubble is characterized by an effective radius, R, and a two-
layer thin liquid film hemispherical cap with a total thickness h
= hw + hp, where hw and hp are the thicknesses of the aqueous
and PP1 layers, respectively. As experimentally demonstrated
(Figure 5), air diffusion toward the bubble occurs exclusively
through bubble cap thin liquid film area.
The diffusion coefficient of the PP1 vapor molecules in air,

Dvb, is equal to 6 × 10−6 m2/s. For a bubble of radius R = 0.75
mm the corresponding characteristic diffusion time, R2/Dvb, is
approximately 0.09 s. This is more than 2 orders of magnitude
shorter than the characteristic bubble-growth time (tens of
seconds to minutes). Therefore, as long as the oil shell has not
completely evaporated, vapor diffusion within the bubble is
sufficiently rapid to maintain the PP1 partial pressure close to
its saturation value, justifying the assumption of vapor−liquid
equilibrium used in the model.
In conventional foams, bubble growth or shrinkage is

typically governed by Laplace-pressure differences between
neighboring bubbles, which drive gas diffusion from smaller,
high-pressure bubbles to larger, low-pressure bubbles.35−38

However, for the parameters of the present system, the Laplace
capillary pressure, pc inside the bubble can be estimated to be
negligible compared to the atmospheric and PP1 vapor

pressure. Using characteristic values for the water solution
surface tension, σ = 18 mN/m, and the bubble radii, R > 0.75
mm, in our experiments, we estimate that pc = 2σ/R < 0.05
kPa. This is negligible compared to the atmospheric pressure,
Patm ≈ 100 kPa, and the PP1 saturated vapor pressure of about
27 kPa. Therefore, under the ambient quiescent conditions of
the experiments, the total pressure inside the bubble can be
approximated as equal to the atmospheric pressure:

= + = +P p p p patm vb ab vs as (1)

Here, pvb and pab are the partial pressures of PP1 vapor and
air inside the bubble, respectively. Under present experimental
conditions, the air above the aqueous surface is assumed to be
fully saturated with water vapor. We also assume that the PP1
vapor diffusivity through the water film to be negligible. Thus,
pvs and pas denote the partial pressures of water vapor and air
above the solution surface. Assuming full saturation of the
bubble interior with PP1 vapor, pvb ≈ 27 kPa, giving pab ≈ 73
kPa. Above the water, pvs ≈ 3 kPa and therefor pas ≈ 97 kPa.
This results in a characteristic air partial-pressure difference:

= =p p p P0.24 24 kPaa as ab atm (2)

This substantial partial-pressure difference drives continuous
diffusion of air through the thin liquid film into the bubble,
resulting in spontaneous bubble inflation.
For foam films, the molar air flux per unit bubble area, Ja, can

be described by the solution−diffusion model:

=J P p h( / )a h a (3)

where Ph is the air permeability coefficient of the liquid film
and h is the foam-film thickness. The permeability coefficient is
given by Ph = DS, where D is the diffusion coefficient of air in
the liquid film and S is the solubility of air in the liquid. This
formulation is commonly used to describe gas transport
through foam films.35,36

In our case, the film consists of two layers, h = hw + hp where
hw water-layer thickness and hp the PP1-layer thickness.
Because the air solubility in the PP1 film is much higher than
in water, approximately 27 times higher,20 while the air
diffusion coefficient is similar in both liquids, the permeability
coefficient of water is much smaller than that of PP1.
Furthermore, the PP1 film thickness in the bubble cap region
is governed by the short-ranged repulsive van der Waals forces
and is expected to be comparatively smaller than the water-film
thickness, which is stabilized by the longer ranged repulsive
electric double-layer forces. Therefore, as a good approx-
imation, the overall mass-transfer resistance is controlled
primarily by the aqueous layer, and eq 3 is evaluated using the
water effective permeability coefficient and h ≈ hw.
When considering the diffusivity and solubility of air in

water, we keep in mind that the air is a gas mixture comprised
primary of nitrogen (N2 ≈ 78%) and oxygen (O2 ≈ 21%).
Accordingly, weighted-average values are used in the model.
The effective diffusion coefficient of air in water is taken as, D
≈ 2 × 10−9 m2/s, while the effective molar solubility of air in
water is approximated as, S ≈ 1 × 10−5 mol m−3 Pa−1. Using
the relation Ph = DS the corresponding air permeability
coefficient is estimated as, Ph ≈ 2 × 10−14 mol m−1 s−1 Pa−1,
which is used in the present model. We also note that higher
surfactant concentrations can increase the air solubility, S,
through micellar solubilization,39 and recent measurements of
thick fluorosurfactant films have demonstrated strongly

Figure 10. Simplified schematic of a PP1 oil-shell bubble at the water
solution−air interface with indicated partial air and vapor pressures
inside and outside the bubble. The bubble is characterized by an
effective radius, R, and an upper thin liquid film of total thickness, h =
hw + hp, where hw and hp are the thicknesses of the aqueous and PP1
layers, respectively. The partial pressure of air inside the bubble is
approximately pab ≈ 73 kPa, whereas the partial pressure of air above
the bubble is approximately psb ≈ 97 kPa. This creates a partial air-
pressure difference of Δpa ≈ 24 kPa, which drives air diffusion
through the thin liquid-film cap and the associated bubble expansion.
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enhanced permeability above a critical permeability concen-
tration several times the critical micelle concentration
(CMC).40 However, at the relatively low surfactant concen-
tration used here (0.1 wt %, approximately twice the CMC),
the effect of micellar solubilization on air transport is expected
to be small.
From the mass balance describing bubble growth, the bubble

radius growth rate is given by

=R t R T p Jd /d ( / )g ab a (4)

where Rg = 8.314 J mol−1 K−1 is the universal gas constant, and
T = 298 K is the room temperature. Combining eqs 3 and 4
yields

=R t R TP p p hd /d ( )/( )g h a ab (5)

This relation connects the experimentally observed bubble
growth rate with the relevant physical properties of the system,
namely the gas permeability coefficient, the partial pressure
difference across the film, bubble internal air pressure, and
foam-film thickness.
To check the consistency of the model, eq 5 can be

rearranged to estimate the unknown film thickness, h, using the
experimentally measured bubble growth rate:

=h R TP p p R t( )/( (d /d ))g h a ab (6)

From the experimental data shown in Figure 7 extracted
from Video 7, the effective bubble-radius growth rate is
approximately dR/dt ≈ 11 μm/s for bubble size between R =
1.0 to 2.5 mm, during the stage in which the oil shell has not
yet evaporated. However, because gas diffusion occurs only
through the foam-film cap region of the bubble, and because
approximately half of the bubble surface is submerged in this
size range, the local growth rate associated with diffusion
through the active foam-film area should be taken to be about
twice the apparent effective growth rate. Therefore, in the
estimate using eq 6, we use dR/dt ≈ 22 μm/s as the effective
local bubble growth rate through the foam-film cap.
Substituting the parameters into eq 6, namely RgT Ph ≈ 4.95

× 10−11 m s−1, Δpa ≈ 24 kPa, pab ≈ 73 kPa, and dR/dt ≈ 2.2 ×
10−5 m s−1, gives h ≈ 0.7 μm. An average foam-cap water-film
thickness of less than one micron is reasonable for a large
aqueous film stabilized by repulsive electric double-layer forces.
At the same time, we recognize that this represents only an

average value over the spatial and temporal evolution of the
film during bubble expansion. Thus, this estimate supports the
overall consistency of the proposed model rather than
providing independent validation. A more quantitative
validation could be achieved in future work by directly
measuring the thin liquid-film thickness using interferometry,
as previously demonstrated for bubbles approaching a flat glass
surface.41 Such measurements, combined with the measured
bubble growth rate, could also provide an independent
estimate of the effective liquid-film permeability, Ph.
It is important to note that, prior to evaporation of the oil

shell, bubble growth results from the simultaneous mass
transfer of air into the bubble and evaporation of PP1 into the
expanding bubble volume in order to maintain PP1 vapor
saturation. Equation 4 represents the mass balance of air in the
bubble. Under the condition that the vapor inside the bubble
remains saturated with PP1 vapor, the corresponding mass
balance for PP1 gives dR/dt = (RgT/pav) Jv, where Jv is the PP1
vapor molar flux per unit bubble area. Equating the two
expressions for dR/dt yields Jv/Ja = pvb/pab = (0.27Patm)/
(0.73Patm) ≈ 0.37.
Next, we consider bubble expansion after the oil shell has

completely evaporated and the bubble has transitioned from an
oil-shell bubble to a foam bubble containing PP1 vapor. After
complete evaporation of the PP1 oil shell at an effective bubble
radius, RP, experimentally RP ≈ 2.5 mm, the number of PP1
vapor moles inside the bubble becomes fixed. Consequently,
the PP1 vapor partial pressure decreases as the bubble volume
increases according to, pvb = 0.27Patm (Rp/R).

3 Assuming that
the total pressure inside the bubble remains approximately
atmospheric, Patm, then, pab = Patm − pvb, and the driving
pressure difference for air diffusion becomes approximately
Δpa ≈ pvb. Substituting these expressions into eq 5 gives

=R t R TP h R R R Rd /d ( / )((0.27( / ) /(1 0.27( / ) ))g h p p
3 3

(7)

For, R > Rp, the denominator varies comparatively weakly,
and therefore the bubble growth rate can be approximated as

>R t R for R Rd /d ( )p
3

(8)

indicating that the bubble expansion rate decreases rapidly
with increasing bubble size after complete evaporation of the
oil shell.

Figure 11. (a−c) Snapshots from Video 11 illustrating the formation of a bubble cluster by continuous injection of small bubbles below the PP1−
water solution interface. The injected bubbles coalesce beneath the interface before detaching as larger oil-shell bubbles. (d) Phone-camera image
of an oil-shell bubble cluster accumulated at the water solution−air interface following continuous bubble injection.
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Taking the experimental value Rp = 2.5 mm, bubble radius of
R = 3.5 mm corresponds to R/RP = 1.4. According to eq 7, this
gives dR/dt ≈ 0.30 (dR/dt)Rp. This estimate is in reasonable
agreement with the experimental data in Figure 7, extracted
from Video 7, where dR/dt decrease from approximately 11
μm/s at R = 2.5 mm, to approximately 3 μm/s at R = 3.5 mm.
This agreement further supports the consistency of the
proposed physical picture.
We expect the general trend predicted by eq 8, namely that

the bubble growth rate scales approximately as, dR/dt ∼ R−3 to
also hold for bubbles within a foam-bubble cluster. However,
the situation in clustered foams is considerably more complex
because of the heterogeneous foam structure and the coupled
gas transfer between neighboring bubbles. A more complete
description would therefore require the development of a more
sophisticated model together with dedicated experiments.
Expanding Foam Bubble Clusters

Finally, we demonstrate the potential of oil-shell bubbles to
form self-expanding foams. The experiments are conducted in
a crystallizer dish with a diameter of 14 cm and a depth of 7
cm. As in the single-bubble experiments, a ∼1 cm thick layer of
PP1 is placed at the bottom of the dish, and ∼2 cm of the
aqueous solution is carefully added on top.
To rapidly generate multiple bubbles, air was continuously

injected into the PP1 phase using the fine needle syringe. The
oil-shell bubbles forming in that way are illustrated in Video
11, with representative snapshots shown in Figure 11a−c.
During this bubble generation, multiple smaller bubbles
coalesce beneath the PP1−water solution interface until a
sufficiently large bubble detaches. Due to the dynamic nature
of the process, the bubbles produced in this manner are
generally larger (about 2 mm in diameter) than the
spontaneously detaching bubbles described earlier. They also
carry a larger oil cap beneath them, similar to the behavior

observed for bubbles originating in emulsion droplets.
Although bubble production by continuous injection is less
well controlled than the spontaneous detachment mechanism
at the PP1−water solution interface, it enables rapid generation
of large clusters of relatively monodisperse bubbles, such as the
cluster shown in Figure 11d.
An important precondition for foam bubbles long-term

stability is that the vessel lid is closed shortly after bubble
deposition, to maintain high water-vapor saturation in the air
above the foam. We also observe that a single bubble floating
at the interface is less stable than a cluster of bubbles.
Furthermore, clusters that accumulate at the vessel wall exhibit
enhanced long-term stability.
Figure 12a shows a snapshot of a bubble cluster at the vessel

wall shortly after formation. Video 12 is a composite time-lapse
recording that follows the subsequent self-expansion of this
cluster. The video shows the bubble cluster at 3 min (Figure
12a), 6 min (Figures 12b) and 10 min (Figure 12c) after
formation, clearly demonstrating continuous growth. Figure
12d is a side view image of a similar bubble cluster after 60
min. Although some foam films collapse over time, the
remaining bubbles continue to expand, resulting in an overall
increase in the foam volume by more than 2 orders of
magnitude within 60 min. At the beginning of the video, the
bubble size within the cluster is approximately 3 mm,
increasing to about 2 cm by the end of the recording.
A further example is shown in Figure 12e, where another

batch of bubbles was left overnight. The side-view image shows
the formation of coarse foam with bubbles of approximately 3
cm in size, filling the entire volume of the vessel. As noted
above, the oily shell has completely evaporated at a much
earlier stage. These observations demonstrate that even low
concentrations of PP1 vapor are sufficient to sustain the
diffusion mechanism over extended periods. It also indicates

Figure 12. (a−c) Snapshots from Video 12 showing the expansion of a foam-bubble cluster approximately 1 min (a), 4 min (b), and 10 min (c)
after the cluster became attached to the vessel wall. (d, e) Side-view images of representative foam-bubble clusters after approximately 1 h (d) and
12 h (e) of expansion. The images illustrate the continued growth and coarsening of the foam long after the initial formation of the bubble cluster.
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that the foam films are significantly more permeable to air
molecules than to PP1 vapor molecules.
The foam expansion results presented herein are included

primarily to demonstrate the capability of this approach to
create self-expanding foams. Future work will focus on
quantifying the process, optimizing the volatile oil−surfactant
system, improving long-term foam stability, and exploring
potential practical applications of these self-expanding bubble
and foam systems.

■ CONCLUSIONS
In this work, we investigated the spontaneous growth of
perfluorocarbon oil-shell bubbles formed after the bubble
detachments from a PP1−aqueous surfactant solution interface
and subsequent trapping at the water−air interface. The
addition of the anionic fluorosurfactant FS-60 stabilized the
thin liquid film separating the bubble from the atmosphere,
enabling long-term observation of the bubble growth. The oil-
shell bubbles exhibited spontaneous inflation, increasing from
submillimeter dimensions to several millimeters within a few
minutes. The initial growth rate of approximately 11 μm/s was
substantially higher than that observed for bubbles trapped at
the PP1−water interface. Comparison with ordinary air
bubbles and with oil-shell bubbles trapped in the bulk aqueous
phase confirmed that the growth originates from the volatile
PP1 shell and is driven by air diffusion through the thin liquid
film covering the bubble. Furthermore, control experiments
performed in a PP1-vapor-enriched atmosphere confirmed that
the bubble growth is governed by the difference in air partial
pressure between the bubble interior and the atmosphere
above the bubble.
Analysis of the bubble bursting events and the size of the

falling oil droplets showed that the oil shell progressively
evaporates during bubble growth and becomes completely
depleted when the bubble radius reaches approximately 2.5−
3.0 mm. Despite the disappearance of the oil shell, the bubble
growth continues. At this stage, the system transitions into a
surfactant-stabilized soap bubble at the water−air interface
containing PP1 vapor in its interior. To explain this behavior,
we extended the interfacial air diffusion model developed in
our previous work.12 The model shows that the difference in
the air partial pressure between the PP1-vapor-saturated
bubble interior and the humid atmosphere above the aqueous
phase generates a driving force for continuous air diffusion into
the bubble. The resulting partial-pressure difference of
approximately 24 kPa provides a strong driving force for the
spontaneous bubble inflation.
Finally, we demonstrated that multiple oil-shell bubbles can

form self-expanding foam clusters. The foam continued to
grow for hours, increasing its volume by more than 2 orders of
magnitude even after complete evaporation of the oil shells.
Unlike conventional foam coarsening, which is driven by
Laplace-pressure differences between neighboring bubbles, the
growth observed here is driven by vapor-pressure-induced air
diffusion from the atmosphere into the bubbles.
These results reveal a new route for generating self-inflating

bubbles and foams under ambient conditions and provide new
insight into mass-transfer-driven bubble dynamics in volatile
liquids with high vapor pressure and high gas solubility. More
broadly, the ability of trace amounts of volatile vapor to sustain
long-term bubble and foam expansion under ambient
conditions may open new opportunities for the development
of self-inflating soft materials and related functional systems.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.6c03871.

Figure S1: reproducibility of oil-shell bubble growth
(PDF)
Video 1: phone-camera video showing the detachment
of an oil-shell bubble from the PP1−pure water interface
and its rapid coalescence at the water−air interface, real-
time duration: 4.1 s (MP4)
Video 2: high-speed video showing the detachment of
an oil-shell bubble from the PP1−ethanol interface, its
free rise, and subsequent coalescence at the ethanol−air
interface, real-time duration: 0.678 s (MP4)
Video 3: high-speed video showing the detachment of
an oil-shell bubble from the PP1−0.001 wt % FS-60
aqueous solution interface, its free rise, and subsequent
stabilization at the water solution−air interface, real-time
duration: 0.701 s (MP4)
Video 4: high-speed video showing in detail the
detachment of an oil-shell bubble from the PP1−0.1
wt % FS-60 aqueous solution interface and its
subsequent free rise, real-time duration: 0.134 s (MP4)
Video 5: side-by-side comparison of an ordinary air
bubble without an oil shell (left) and a PP1 oil-shell
bubble (right) trapped at the FS-60 0.1 wt % aqueous
solution−air interface, real-time duration: 66.7 s (MP4)
Video 6: side-by-side comparison of a oil-shell bubble
trapped at the FS-60 0.1 wt % aqueous solution−air
interface in the case of a PP1-vapor-enriched atmosphere
(left) and in normal air (right), real-time duration: 65.0 s
(MP4)
Video 7: the growth of a PP1 oil-shell bubble at the FS-
60 0.1 wt % aqueous solution−air interface, real-time
duration: 450 s (MP4)
Video 8: the growth of a foam bubble attached to the
vessel wall, real-time duration: 303 s (MP4)
Video 9: the growth of bubbles inside a small (left) and
a large (right) emulsion droplet at the FS-60 0.1 wt %
aqueous solution−air interface, real-time duration: 363 s
(MP4)
Video 10: the bursting of a smaller bubble (R = 1.1 mm,
left) and a larger bubble (R = 3.5 mm, right) at the FS-
60 0.1 wt % aqueous solution−air interface, real-time
duration: 2.5 s (MP4)
Video 11: the formation of a PP1 oil-shell bubble cluster
at the FS-60 0.1 wt % aqueous solution−air interface by
continuous injection of small bubbles below the PP1−
water solution interface, real-time duration: 2.0 s (MP4)
Video 12: phone-camera time-lapse video showing the
expansion of a foam-bubble cluster approximately 1 min
(0−6 s), 4 min (6−10 s), and 10 min (10−14.5 s) after
the cluster became attached to the vessel wall (MP4)
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