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Figure S1. Free body diagram of a nanobubble pinned to a substrate surrounded by water, where h is the 

nanobubble height, Rs is the nanobubble lateral radius, Rc is the radius of curvature, ∆P is the Laplace 

pressure, and is three phase contact line tension.  are the liquid-vapor, solid-liquid, and SLV , ,LV SL SV  

solid-vapor surface tensions respectively. The geometric dimensions used in this figure arise from tip-

corrected AFM measurements as described in the main manuscript. 

 

 

Vertical force balance to estimate Laplace pressure
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Figure S2. TM-AFM scans in air showing roughness plot for a) FTS b) BTS and c) Polycarbonate over a 

scan area of 20 µm x 20 µm. The RMS roughness values are described in Table 1 in the main manuscript.



Figure S3: Figure S3.a) 2 µm x 2 µm tapping mode scan of polycarbonate immersed in air-equilibrated 

water. b) Corresponding phase plot that shows a phase shift of ~8° over nanobubbles, which is 

significantly higher in comparison to the phase shift over the contamination (~0.5° phase shift). The phase 

plot also clearly shows that the scanning was done in the attractive regime as phase > 90° c) Hard contact 

mode scan of polycarbonate substrate in air-equilibrated water does not show any nanobubbles.
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Figure S4. Regime map summarizing Laplace pressure variation of surface nanobubbles as a function of 

macroscopic contact angle. Except for HOPG (◊), where most nanobubbles were introduced via solvent 

exchange, all hydrophilic substrates sustain nanobubbles of Laplace pressure that is higher than 

atmospheric pressure by an order of magnitude (regime 3). Polystyrene (∆)(Contact angle 94° - 96°) has 

nanobubbles spread across regime 2 and as the surfaces become progressively hydrophobic, the Laplace 

pressure distribution is primarily limited to regime 1 and lower levels of regime 2. Nanobubbles formed 

on hydrophilic gold (○) belong to regime 3 when imaged in air-equilibrated water and drop down to 

regime 2 when imaged in 25% ethanol-water mixture. Importantly, the range of observed Laplace 

pressures for similar conditions, including similar surface chemistry, points to the fact that nanobubble 

size and stability hypotheses cannot yet be generalized. Figure S2 shows a broad summary of Laplace 

pressures indicating sizes of nanobubbles for a variety of reported substrates. It is worth noting that even 

for similar substrates, no consensus exists on size and therefore subsequent Laplace pressure for the 

nanobubble observations suggesting that a variety of experimental conditions affect formation, size, and 

eventual stability of nanobubbles. 



Figure S5. Plot of nanoscopic contact angle, θ compared with lateral radius, Rs for nanobubbles formed on 

fluoro-terminated silica (FTS, □), bromo-terminated silica (BTS, O), polycarbonate imaged with air-

equilibrated water (Δ) and polycarbonate imaged after ethanol exchange method (◊). The nanoscopic 

contact angle varies as 25.2° ± 4.2° for FTS, 34.2° ± 7.9° for BTS, 44.1° ± 4.5° for polycarbonate imaged 

with air-equilibrated water and 11.5° ± 1.0° for polycarbonate imaged after ethanol exchange method. 

Also, nanobubbles with Rs< 50 nm on an average have a higher θ compared to those with Rs> 50 nm. 

Moreover, the nanoscopic contact angle for all the bubbles is significantly smaller compared to the 

macroscopic contact angle of a substrate measured via sessile drop method. Previous study by Borkent et 

al.† also provides a literature summary of the value of θ over several substrates such as HOPG, Si – OTS, 

Polystyrene, Gold etc. but not the substrates analyzed in the present study. Also, the effect of ethanol 

exchange on changes to nanobubble morphology is not taken into account. In the present study, it is 

observed that the lateral radius of polycarbonate increases by an order of magnitude after ethanol 

exchange and the nanoscopic contact angle decreases by 32.6°.1Error bars indicate one standard deviation 

of representative parameters.

† B.M. Borkent, S. de Beer, F. Mugele, D. Lohse, Langmuir 2009, 26(1):260-268



Table S1. Reference information for various data points used in plotting the regime map.

Substrate (contact angle °) Laplace Pressure 

[MPa]

Supersaturated Reference

Regime 1

Polystyrene on Silicon (94 - 96) 0.04 No S1

HOPG  (NA) 0.05 Solvent exchange S2

HOPG  (NA) 0.04 Solvent exchange S2

OTS silicon (108) 0.08 Solvent exchange S3

HOPG (NA) 0.08 Solvent exchange S4

decanethiol-coated gold(Adv 110°) 0.06 Solvent exchange S5

OTS on silicon (Adv 112°) 0.09 Solvent exchange S6

Regime 2

OTS on silicon (Adv 112°) 0.14 Solvent exchange S6

Polystyrene on Silicon (94 - 96) 0.14 No S1

TMCS Vapor on Silicon (Adv 74°) 0.14 Using CO2 S7

TMCS Solution on Silicon (Adv 88°) 0.29 Using CO2 S1

TMCS Solution on Silicon (Adv 88°) 0.66 Using CO2 S1

1-octanol esterified silica (Adv 80°) 0.87 Solvent exchange S8

HOPG (NA) 0.16 Solvent exchange S9

Gold (100°) 0.57 No S10

Polystyrene (97) 0.27 No S11

Polystyrene (NA) 0.72 No S12

Polystyrene (NA) 0.22 No S12

HOPG (NA) 0.32 Solvent exchange S13

HOPG (NA) 0.12 Solvent exchange S13

HOPG (NA) 0.33 No S14

HOPG (NA) 0.19 Solvent exchange S15

decanethiol-coated gold (Adv 110°) 0.13 Solvent exchange S5

OTS on silicon (110°) 0.11 No S16

ODT/MHDA (107°) 0.17,0.15,0.144

0.14,0.13,0.12

No S17

Polystyrene on Silicon (95 °) 0.54 No S18



Polystyrene on Silicon (95 °) 0.36 No S18

Gold (80°) 0.96,0.72,0.58,

0.48,0.41,0.36

Solvent exchange S19

Regime 3

1-octanol esterified silica (80 Adv) 1.49 Solvent exchange S8

Polystyrene - film (95) 1.4 No S20

TMCS Vapor on Silicon (Adv 74°) 1.99 Using CO2 S1

ODT/MHDA (86°) 1.2,1.31,1.44 No S17

ODT/MHDA (60°) 4.8,3.6,2.9,2.4,2.1,

1.8,1.6,1.4,1.3

No S17

ODT/MHDA (50°) 14.4, 9.6, 7.2, 5.8, 

4.8

No S17

ODT/MHDA (37°) 2.9, 2.6, 2.4, 2.2, 

2.1

No S17

Gold (80°) 14.4,7.2,4.8,

3.6,2.9,2.1

No S19

Abbreviations

HOPG, Highly ordered pyrolytic graphite; ODT, octadecanethiol; OTS, Octadecyltrichlorosilane; 

MHDA, 16-mercaptohexadecanoic acid; TMCS, Trimethylchlorosilane;  
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