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Abstract 

The interaction of air bubbles with surfaces immersed in water is of fundamental importance in 

many fields of application ranging from energy to biology. However, many aspects of this topic 

such as the stability of surfaces in contact with bubbles remain unexplored. For this reason, in this 

work, we investigate the interaction of air bubbles with different kinds of dispersive surfaces 

immersed in water. The surfaces studied were polydimethylsiloxane (PDMS), graphite and single 

layer graphene/PDMS composite. X-ray photoelectron spectroscopy (XPS) analysis allows 

determining the elemental surface composition while Raman spectroscopy was used to assess the 

effectiveness of graphene monolayer transfer on PDMS. Atomic force microscopy (AFM) was used 

to study the surface modification of samples immersed in water. The surface wettability has been 

investigated by contact angle measurements, and the stability of the gas bubbles was determined by 

captive contact angle (CCA) measurements. CCA measurements show that the air bubble on 

graphite surface exhibits a stable behaviour while, surprisingly, the volume of the air bubble on 

PDMS increase as function of  immersion time (bubble dynamic evolution). Indeed, the air bubble 

volume on the PDMS rises by increasing immersion time in water. The experimental results 

indicate that the dynamic evolution of air bubble in contact with PDMS is related to the 

rearrangement of surface polymer chains via the migration of the polar groups. On the contrary, 

when graphene monolayer is present on PDMS it acts as absolute barrier suppressing the dynamic 

evolution of the bubble and preserving the optical transparency of PDMS. 
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Introduction 

Wettability of surfaces is widely studied in literature because the wetting characteristic of materials 

is crucial for many applications such as microfluidics, self-cleaning surfaces, water-repellent 

surfaces, bacterial adhesion, ophthalmic membranes, and microelectronic1-11. Moreover, liquid-solid 

interaction has attracted scientific interest in the field of nanoscience e,g Rafiee et al. studied the 

water transparency of 2D materials12,13. Most scientific studies focused on the interaction of water 

drops on a surface and in air environment; only a few papers studied the complementary system 

composed by a bubble of gas in contact with surfaces immersed in liquid media.14,15. However, 

bubble in contact with surface immersed in liquid could have an enormous impact in many fields, 

for example, on the embolism evolution investigation. Avoiding the intravascular gas bubble is vital 

to the health. Indeed, embolism is one of the main causes of neurocognitive dysfunction in 

cardiopulmonary surgery. Suzuki and Eckmann studied the adhesion force of air bubbles in the 

microvessel (arteriole) of mesenteric tissue 16. They observed that the adhesion force depends 

residence time and on the presence of endothelium, thus being related to the physic-chemical 

structure of the internal surface. Another interesting example where the bubbles in contact with a 

surface can play an important role is a direct methanol fuel cell. Indeed, the behaviour of the CO2 

bubbles in contact with materials immersed in liquids is a key factor to improve the performance of 

the device 17. The high methanol flow rate results in small discrete CO2 gas bubbles and short gas 

slugs that increase the cell performance. However, the adhesion of the gas bubbles on the surface of 

materials immersed in water is not entirely understood, and an example is the unexpected 

nanobubbles stability on graphite immersed in water 18,19. The thermodynamic properties, stability, 

the role of surface structure/chemistry and the role of chemical nature of the bubbles in many 

liquid-solid systems are still poorly understood.  

The intermolecular forces in the gasses are due to the non-bonding interactions as induced dipole–

induced dipole interactions, known as dispersion force 20. In order to study an homogeneous system, 

herein we exploit captive bubble contact angle measurements (see supplementary information) to 

characterize the interaction of the gas bubbles with different kinds of dispersive surfaces: PDMS 

(polymer chains), graphite (rigid honeycomb structure), and graphene on PDMS (honeycomb 

structure + polymer chains). PDMS and graphite are reported in the literature as dispersive surfaces, 

and they are interesting from the technological point of view because of being widely used in many 

applications and studies 21-24. The PDMS, in particular, is used as an electrical isolator, as a 

structural material for microfluidic devices, or as a gas-permeable membrane 25,26. In many 

applications, PDMS remains for a long time immersed in contact with water and often in contact 
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with air bubbles. The interaction of PDMS surface immersed in water was extensively studied in the 

literature 27-31, on the contrary studies regarding the bubble behaviour in contact with PDMS surface 

were not reported. In this work, we studied the interaction of PDMS immersed in water in contact 

with air bubbles. The behaviour of PDMS is compared with results obtained on graphite. Graphite 

shows a dispersive surface, like PDMS, but it is characterized by a lamellar crystalline lattice. In 

addition, graphite has a 2D parent system, namely graphene, constituted by a single layer of sp2-

hybridized carbon atoms arranged in six-membered rings in a honeycombed network 32-35. Due to 

this peculiar structure, graphene can be used as a thin blanket to protect a surface of materials from 

the environmental conditions 35-39. For this reason, we covered the PDMS surface with a graphene 

layer, and we studied the influence of the graphene layer on gas-surface interactions. In the first part 

of the paper, we describe the surface chemistry, wettability and surface tension of PDMS and 

graphite. In the second part of the manuscript, we studied the interaction of the bubble with PDMS 

and graphite immersed in water. Finally, the interaction of the air bubble with a single layer 

graphene on PDMS surface (graphene/PDMS) is presented and we the results compared with the 

bare PDMS material. 

 

Experimental Section 

Materials 

PDMS membranes were prepared by mixing the polymer base and the curing agent (Sylgard 184, 

Dow Corning) with 10:1 mixing ratio (oligomer: curing agent) and degassing in low vacuum for 

1 h. The mixture was then poured into PMMA molds with an area of 2 cm2 and  depth of 1mm 

(fabricated by milling machine) and cured in a convection oven following two different thermal 

treatment. One set of samples was cured for 1 hour at 60°C (bare PDMS sample) while another set 

was cured for 30 min at 60 C. This soft curing step was performed to allow a partial crosslinking of 

the material, that produces a soft hardening of the membrane. As already reported by Lamberti et 

al.26 This strategy allows facilitating the subsequent bonding of the PDMS membrane with other 

surfaces, permitting the later graphene transfer. The growth of single-layer graphene is performed 

using a cold-wall Chemical Vapor Deposition (CVD) system. The synthesis procedure is carried out 

on high-quality copper foils and foresees the catalytic decomposition of carbon precursor (CH4) in a 

high-temperature deposition process (1000 °C) in the reactive H2/Ar atmosphere (Ar/H2/CH4 partial 

pressure: 80:10:10). The growth process can guarantee the controlled formation of single-layer 

graphene with reduced defectiveness. The graphene/Cu substrate is transferred on the partially 

reticulated PDMS surface, obtaining an excellent adhesion between the elastomeric substrate and 
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the G/Cu film during the final reticulation procedure performed for other 30 min at 60°C. Cu layer 

is then removed in acidic FeCl3 solution in water (2.25 M for 1 h).  

Graphite samples were prepared by mechanical exfoliation of Highly Oriented Pyrolytic Graphite 

(HOPG) graphite (Goodfellow Cambridge). The thickness of exfoliated graphite was 14 microns; 

the lateral size was 10 mm X 10 mm, and the resistivity was 8*10-5 Ohm*cm. The contact angle on 

the PDMS and graphene/PDMS surface has been measured on the sample as received (aged 

surfaces). 

 

Methods 

The surface free energy was calculated by contact angle measurements following Owens-Wendt 

approach 54. The total surface energy γs in the Owens-Wendt approach is defined as the sum of 

polar and dispersive components indicated as γs
p and γs

d, respectively: 

𝛾𝑠= 𝛾𝑠
𝑝 + 𝛾𝑠𝑑 , (1) 

where, the dispersive component is due to London interactions and polar components are the sum of 

hydrogen, polar, inductive and acid-base interactions. By the Owens-Wendt method, the surface 

energy can be estimated by the following equation: 

(1 + cos 𝜃)𝛾𝑙 = 2 �𝛾𝑠𝑑𝛾𝑙𝑑 + 2�𝛾𝑠
𝑝𝛾𝑙

𝑝 , (2) 

Where 𝜃 is the contact angle, γl the total surface tension of liquids, γl
d is the dispersive component 

of the fluids and γl
p is a polar component of the fluids. Due to two unknown parameters (γs

p and γs
d) 

in Equation 1, the contact angle has to be measured using two liquids with known properties, one 

dispersive liquid and one polar liquid. In this study, static contact angle measurements for surface 

energy estimation were performed with milliQ deionized water and diiodomethane. These two 

liquids have been used since diiodomethane has only dispersive component, water has a dominant 

polar component. The total surface energy of liquids and their polar and non-polar components are 

listed in Table 1.  
Table 1. Surface energy components of the probe liquids (mJ/m2). 55 

 

 

 

 

 

Liquids γl γl
d γl

p 

Water 72.8 21.8 51 

Diiodomethane 52.8 52.8 ≈0 

Total surface tension γl, the dispersive components γl
d and the 

polar components γl
p of the liquids in mJ/m2. 
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The bubble contact angle was measured using a cell of a plastic cuvette (1.5 × 1.5 cm) filled with 

deionized water, (see supporting information S1). The examined materials were immersed in the 

liquid and air bubbles were placed under the surface of the tested materials using a calibrated 

syringe. The evaluation of the bubble volume has been done using Drop Analysis software 56. 

The chemical structure and composition of the samples were studied by X-ray photoelectron 

spectroscopy (XPS). XPS spectra were recorded with a Kratos Axis Ultra DLD system. Each 

sample was characterized acquiring wide spectra 1250 eV–0 eV. The morphology and thickness 

were studied using Atomic Force Microscope (AFM) from. NT-MDT, equipped with a special head 

for measurements in liquid. The AFM has been used to operate live imagining in di-ionised water 

as well as in air condition using silicon probe (model: CSG01), with nominal radii < 10nm. The 

imaging and measurements were carried out in contact mode in liquid environment for the samples 

immersed in water for 24hrs and 48 hrs at room temperature (25 to 30 oC). Raman analysis was 

performed using a Renishaw InVia Reflex micro-Raman spectrometer (Renishaw plc, 

Wottonunder-Edge, UK), equipped with a cooled CCD camera. A laser diode source (λex=514.5 

nm, power ~5 mW) was used, and samples inspection occurred through a microscope objective 

(50X), with backscattering light collection. 

 

Result and Discussion  

The surface chemistry of exfoliated graphite (EG) and polydimethylsiloxane (PDMS ) provided by 

XPS analysis is summarized in Table 2. The survey spectra of XPS on EG show, as expected, the 

presence of carbon and a small amount of oxygen, due to contamination. The surface chemistry of 

the PDMS indicates the presence of Carbon, Oxygen and Silicon. The percentage of carbon and 

oxygen on PDMS is less than the theoretical value (50 and 25%, respectively) while the proportion 

of silicon is slightly higher of theoretical one (i.e. 15%). The unbalanced surface stoichiometry is 

typical of slightly aged PDMS as reported in the literature 40. 

Table 2. Chemical surface composition and surface energy of graphite, PDMS and graphene-PDMS.  

 XPS 

Atomic percentage %  

Surface Energy (Owens-Wendt) mJ/m2 

 Carbon Oxygen Silicon Total Dispersive polar 

PDMS 53.5 ±0.5 26.86 ±0.3 19.6±0.2 25.8 (±2.5) 25.7 (±2.4) 0.1(±0.1) 

Graphite 98.5±0.9 1.5±0.1 - 52.2 (±3) 50.8 (±2.8) 2.2(±0.2) 

PDMS+Graphene 54.2±0.4 26.3 0.2 19.4±0.2 33(±2) 32.9(±1.9) 0.1(±0.1) 
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Through drop shape angle measurement, we found an average water contact angle of 80° ± 2 on 

graphite, typical of slightly aged graphite 41 and and 107°± 2 on PDMS. (the authors underline that 

some samples of PDMS show a C.A of 105± 2). The diiodomethane, which is a dispersive liquid, 

showed contact angles lower than 10° on graphite and higher than 60° on PDMS. The total surface 

energy of graphite was 52.2 mJ/m2, and more of the 95% of surface energy was due to dispersive 

components. Only a small component of the surface (4.4%) derived from the polar component; the 

polar component was probably due to the contaminations, as corroborated by XPS findings. The 

PDMS shows a surface energy value lower than graphite, as indicate by the contact angle of 

diiodomethane, i.e. 25.5 mJ/m2. Similarly, the graphite has dispersive components on PDMS is 

more than 99% of surface energy, and only a negligible percentage of the surface energy is due to 

polar interaction. The interaction of air bubble with the surface has been studied using captive 

bubble contact angle. Subsequently, exfoliated graphite was then immersed in water and the 

interaction of air bubbles with the surface has been studied using CCA. The air captive contact 

angle on graphite was around 82° and as already reported by the authors it remains stable as a 

function of immersion time 42. The bubble contact angle stability appears in contrast to the trend 

reported in the literature with sessile contact angles 41,43-45, since the immersion procedure tends to 

keep the surface cleaner thus reducing airborne contamination to that deriving from the small 

volume of the bubble. In the same way, we also estimated the volume of the bubble, using Drop 

Analysis software 53.  

 

 

 

 

 

 

 

Figure 1. Air bubble volume on (a) graphite and (b) Captive Contact Angle on PDMS as a function 

of the time. 

Figure 1a shows the time evolution of volume of the bubble in contact with graphite surface; the air 

bubble volume on graphite remains within the experimental error constant. The bubble test has been 
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performed on PDMS surface. We observed an increase of the captive contact angle from 78° to 88°, 

an instability of contact angle in the first 20 minutes, after an increase and finally a stabilisation of 

the CCA at 83-84°, see figure 1b. The initial increase of CCA is probably due to presence of surface 

contaminations. The reduction in CCA, after initial stage, was expected since Hillborg et al. 46,27. 

and Gustavsson et al. 28 reported the variation of sessile contact angle after the immersion of PDMS 

in water. They reported that reduction of hydrophobicity on PDMS is due to the migration of the 

polar group at the surface of polymer when the polymers are immersed in water, moreover the 

permeation of water induces also the formation of polar Si-OH groups due to hydrolysis of PDMS 

backbone 47. In this experiment, surprisingly, we also observed an increase in the bubble volume 

(see Figure 2a). The starting volume was 1.69 mm3 while after 5 hours the volume became 2.03 

mm3, i.e. an increase of 21 %. To corroborate this result, the immersion time was extended up to 46 

hours. After 46 hours, we measured a contact angle of 82.5° and a volume of 4.03 mm3. that means 

an increase of 238%. The inset of the figure 2a shows the images of the bubble at the beginning of 

the test and after 46 hours. The red line in the picture reported in figure 2.a indicates the original 

bubble profile. The variation of the bubble volume means that there is a source of gas. The source 

of gas can be endogenous as gas in water or PDMS or exogenous as the air flow from outside of 

captive bubble cell. Therefore in first approximation the source can be (a) due to the coalescence of 

microbubbles/ nanobubbles dissolved in water, or (b) it related to surface phenomena of PDMS 

and/or (c) related to the permeation of the gas from the external side of PDMS exposed to the 

atmosphere to the side exposed to the water. Considering the experimental conditions, we could 

exclude the permeation of the gas due to a differential pressure between the external pressure and 

bubble pressure since inside the bubble there is a small positive overpressure. The overpressure 

inside the bubble was estimated by Young-Laplace equation and was around 40 mbar 48. We cannot 

ignore the fact that the increase of bubble volume can be due to the coalescence of microbubbles 

but the stability of bubble volume on graphite indicate that the coalescence of micro-nanobubbles in 

first approximation is negligible. The variation of PDMS captive contact angle, reported in figure 

1.b, indicates a change in surface chemistry. 
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Figure 2 Variation of bubble contact angle after immersion in water (a) and variation of the polar 

and dispersive components before and after soaking procedure (b) on PDMS and sketch of bubble 

dynamic evolution on PDMS (c). 

 

To better understand the surface modification during the immersion, we estimated the polar 

components present on the surface of PDMS before and after the immersion/soaking procedure 

using Owens – Wendt method. The results show that before immersion, the surface of PDMS was 

totally dispersive and after 5 hours of immersion 10% of the surface shows a polar behaviour, 

indicating, as reported by Kennan 49 Hillbolrg et al. 46 27, a migration of polar groups on the surface 

when the PDMS is contact with water (figure 2b). The migration of polar groups in polymer chain 

a b 

Bubble Dynamic Evolution 

Air entrapped 

Water 

PDMS 

Polar groups Bubble 

c 
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can promote the rotation and the movement of the chains of PDMS. PDMS has a porous structure, 

and the air is entrapped in these pores.Therefore the rearrangement and movement of polymer chain 

promotes the transport of the air from the polymer structure to the PDMS external surface; this 

process is accomplished by the percolation of water inside the first layers of PDMS due to diffusion 

process 27. Ismail et al. 50, in fact, revealed that centralized oxygen molecule from water could 

diffuse through methyl terminated PDMS that causes “caging” and “hopping” phenomenon. The 

diffusion of water in the first layers of PDMS, that is a source of degradation of PDMS backbone, 

can help the removing of air from polymer pores 28. The air molecules that are coming from PDMS 

structure, due to the geometrical constraint of CCA system, (surface in contact with bubble and 

water under the pdms sample) are obligated to move on the surface of polymer until they nucleate 

in a bubble (see Figure 2.c). As a result of the rearrangement, surface structure of PDMS in water 

act as a small source of the flux of gas that can inflate the bubble. We noted that in the interior 

region of the bubble, due to the high relative humidity, there are condensed drops. (see Supporting 

information). The formation of a thin layer of condensed water can promote, as in immersion in 

water, the migration of polar groups on the polymer chains.  To verify the hypothesis that the 

inflating mechanism is due to surface modification induced by water, we deposit a 2D layer of 

graphite, i.e. single-layer graphene, as a barrier on PDMS. The graphene layer was employed to a) 

have a rigid surface to avoid the dynamic rearrangement of the surface b) to inhibit the interaction 

of water and polar groups and diffusion of water. In figure 3 Raman spectra and the drop shape 

contact angle on PDMS coated with graphene are reported. As-deposited graphene on copper foil 

shows the presence of the G band at ~1580 cm-1 (due to the first order inelastic scattering process 

involving the degenerate iTO and iLO phonons at the G point, E2g mode) and of the 2D band at 

~2700 cm-1 (related with the second-order zone-boundary phonons). The D peak at ~1350 cm-1, 

related with the defectiveness of the hexagonal carbon lattice, is not revealed in the spectrum. The 

described features are superimposed to a luminescent behaviour, related to the metallic supporting 

substrate. The intensity ratio between the G and 2D peaks mirrors the high quality of the graphene 

film. The transfer of graphene on PDMS does not dramatically affect the quality of the graphene 

layer. By contact angle, we observed a sensible reduction of water contact angle on 

graphene/PDMS, from 107° to less than 100°, a wetting more similar to that of graphite surface. 

The increasing of the surface energy as indicated in Table 2, and the presence of the G and 2D 

peaks in the Raman spectra confirm that graphene layers cover the surface. It is interesting to 

observe in the image photograph (inset Figure 3b), the graphene/PDMS sample preserved its optical 

transparency, in agreement with low optical absorption of a single layer of graphene. 
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Figure 3. Raman spectra of graphene on Cu (black line) and PDMS (blue line) (a), and image of 

graphene/PDMS (b), graphene /PDMS sample remains transparent. 

Figure 4a shows the bubble volume normalized to the initial volume of the bubble, on PDMS 

surface and on graphene/PDMS. The comparison clearly shows that in the system composed by 

graphene/PDMS the bubble size remains unchanged. The captive contact angle of graphene/ PDMS 

surface is reported in Figure 4b. We observed an initial increase of captive contact angle on the 

surface from 78° to 87°. Similarly, to PDMS, we could expect that the variation in the early stage of 

the experiment is due to the contaminations 42,43. After the initial stage, the CCA remains 

unchanged because the water cannot physically pass through the graphene barrier layer to 

continuously promote the migration of polar group, this is corroborated by the stabilization of 

bubble contact angle at 86°. 
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Figure 4. Bubble behavior on 

graphene/PDMS surface, the relative volume 

of the bubble as a function of immersion 

time(a) and CCA on graphene/PDMS (b). 

To understand better the morphological 

changes of surfaces at the nanoscale in the 

water we characterized the materials using 

AFM equipped with a head for measurements 

in liquid. The interface of DI water over 

PDMS was analyzed through AFM in contact mode operation, and live imaging was carried out in 

water. Figure 5 is showing the AFM image of PDMS (a, b, c) and Gr/PDMS (d, e, f) in the air and 

water. In air condition, roughness (rms) of PDMS and Gr/PDMS was measured as 2.6 ±0.33 nm and 

7.9 ± 0.8 nm respectively. Higher roughness of the graphene covered PDMS is achieved by the 

presence of graphene wrinkles, Figure 5 (a, d). The topography of PDMS gradually changes in 

water medium with the progression of time. Roughness has been increased up to 5 times at different 

time intervals up to 48 hours after the immersion (see Supplementary information). The AFM 

results in combination with the result of surface polarity (figure 2.b) confirm that on PDMS there is 

a rearrangement of polymer chain due to the migration of polar group that induce, with inevitable 

diffusion of water, a sensible modification of morphology. Nevertheless, the topology of the 

graphene covered PDMS remain un-effected in the similar conditions. Figure 5 is showing the 

ability of graphene to protect the PDMS substrate from water molecules. A similar phenomenon has 

been observed by B. Wang et al. 51 to protect silica glass surface from corrosion in water through 

implementation of CVD graphene as a barrier. In Figure 6 we reported for PDMS and 

graphene/PDMS the variation of the volume of the bubble versus the change of roughness acquired 

by AFM in liquid. (both parameters have been normalized to 1). We can observe that there is a 

direct correlation between the increase of the roughness and the dynamic evolution of bubble 

volume, see blue dots of PDMS surface figure 6. On graphene/PDMS, no significant variation of 

roughness has been observed, and no sensible change of bubble volume has been recognized 
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Figure 5. AFM topography of PDMS and graphene covered PDMS (Gr/PDMS) in air and water 

condition after 24 and 48 hrs. Inset in panel b) shows the live imaging of the sample immersed in 

water.  

The direct relationship between roughness evolution in water and the trend of bubble volume 

confirms that the dynamic evolution on PDMS is related to rearrangement of surface polymer 

chains as well as the diffusion of water in the polymer structure. The graphene layer inhibits almost 

entirely the interaction of water with PDMS surface and inhibits almost entirely the inflating of air 

bubble increasing the PDMS surface stability, Figure 6b. This behavior is also in line with previous 

reported studies on the permeation properties of single layer graphene as an absolute gas barrier 52. 
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Figure 6 Variation of bubble volumes against variation of roughness during immersion in water; 

roughness has been estimated using AFM in liquid(a). Barrier effect of graphene (b) 

We remark that even if the positive protective effect of graphene on PDMS surface was 

demonstrated, the full comprehension of captive contact angle and the inflating mechanism of the 

bubble in contact with the polymer is not reached. We did not consider, for instance, the effect of 

the evolution of nano/micro corrugation on the captive bubble that could play an important role in 

the assessment of CCA. At the nanoscale, in fact, the modification of morphology of surface can 

change the wetting mode, among the Wenzel mode, Penetrate mode or Cassie Baxter mode and 

therefore can induce different CCA. The authors underline that further investigations, in particular 

using computational modelling, are necessary to obtain a robust assessment of the effect of 

nano/micro corrugation on captive contact angle53. This is corroborated by the fact that captive 

contact angle is many case far by the value measured on the same material by sessile contact angle; 

probably the spread of liquid (penetrate model) and the spread of gas near the triple point have to be 

taken into consideration to obtain a more accurate description of captive contact angle. Further 

work is necessary to understand the dynamic behavior of the bubbles better, but we think that this 

topic could open new opportunities to reduce the risk of embolism in bio-implants. Moreover, we 

believe that the management of dynamic evolution of the bubble by means 2D materials could open 

a new opportunity for nano/microfluidics such as selective permeation of gas and the gas storage at 

the nanoscale. 

. 
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Conclusion 

In this work, we studied the interaction of air bubbles with different types of dispersive surfaces. 

We observed that a bubble on graphite surface shows a stable behaviour. While, we observed that 

the bubble in contact with PDMS shows a dynamic evolution as a function of time of immersion. 

The results obtained on captive contact angle, the morphological evolution of polymer  recognized 

by AFM in liquid and the variationof  thermodynamical properties obtained by  Owens-Wendt 

method  indicated that this response is related to the rearrangement of the polymer structure on the 

surface due to the migration of polar groups on the surface. The polymer chains rearrangement on 

the surface of PDMS and water diffusion, that transfer the air from the bulk of polymer to the 

surface, behaves as supplementary source of gas that inflate the bubble in contact with the material. 

The experiments show that this effect can be entirely avoided using a graphene layer as a barrier 

without loosing the optical transparency in the visible of PDMS material. We remark that more 

work is necessary to understand better the progressive increase of the bubble volume. However, we 

believe that the effect can open new opportunity in nanofluidic fields in which air bubbles play a 

significant role. 

 

Supporting Information 

Further information about sessile contact angle and captive contact angle set-up, the roughness of 

samples immersed in water. 
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