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Abstract

Whereas nanobubble stability on solid surfaces is thought to be based on local surface structure, in
this work, we show that nanobubble stability on polymer brushes does not appear to require
contact-line pinning. Glass surfaces were functionalized with copolymer brushes containing
mixtures of hydrophobic and hydrophilic segments, exhibiting water contact angles ranging from
10 to 75°. On unmodified glass, dissolution and redeposition of nanobubbles resulted in
reformation in mostly the same locations, consistent with the contact line pinning hypothesis.
However, on polymer brushes, the nucleation sites were random, and nanobubbles formed in new
locations upon redeposition. Moreover, the presence of stable nanobubbles was correlated with
global surface wettability, as opposed to local structure, when the surface exceeded a critical water
contact angle of 50 or 60° for polymers containing carboxy! or sulfobetaine groups, respectively,
as hydrophilic side chains. The critical contact angles were insensitive to the identity of the
hydrophobic segments.
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Surface nanobubbles are small, stable gas pockets that may be present at a solid-liquid
interface, with dimensions on the order of tens of hanometers in height and hundreds of
nanometers in diameter.23 The presence of gas has been confirmed by a variety of
characterization methods, including atomic force microscopy,1# attenuated total reflectance
infrared spectroscopy,® total internal reflection microscopy (TIRF),8 and others.”-12
Nucleation of surface nanobubbles generally occurs through supersaturation of gas at a
liquid—solid interface, through either direct immersion of a surface in water? or solvent
exchange from a solvent with higher gas solubility.13 This process is followed by growth
from dissolved gas controlled by either gas saturation or temperature.14-16 For a small radius
of curvature, the high Laplace pressure would predict that very high supersaturation ratios
would be required for stability, yet despite Laplace pressures estimated at tens of
megapascals, surface nanobubbles have been recorded to be stable for days at a time,? thus
appearing to defy conventional interfacial thermodynamics.3:17:18

One of the key hypotheses for nanobubbles’ exceptional stability is pinning of nanobubble
contact line due to surface topography or the presence of contaminants.8 Pinning, or
fixation of the contact line by a topological defect, is a commonly found when liquid is
added to an air-solid interface through either liquid transfer or nucleation.19-21 Under
supersaturated conditions,22 one might expect a coarsening process, as observed for bubbles
dispersed in a bulk liquid, where large (less-curved) bubbles grow at the expense of small
(more-curved) bubbles and there is no stable bubble size. However, if a bubble’s contact line
is pinned, then bubble growth increases curvature. Experimentally, it has been rigorously
shown that nanobubbles can be stable under these conditions.22:23

On solid surfaces, there is considerable experimental evidence to support the pinning
hypothesis.16:24 For example, whereas surface-bound nanobubbles would be expected to be
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spherical caps, irregular shapes have also been imaged that could be explained by
topography in the underlying surface structure. Pinning would also help to explain apparent
discrepancies in observations of nanobubble stability on various solid surfaces. In general,
nanobubbles have been found to be stable on hydrophobic and unstable on hydrophilic
surfaces;10 however, various groups have reported the presence of stable nanobubbles on
gold surfaces with receding contact angles ranging from 107 (hydrophaobic) to 15°
(hydrophilic).25:26 Many studies have shown that whereas alkylated silica serves as a
convenient surface for nanobubble study, nanobubbles have also been detected on bare glass.
6 The effect of surface roughness is also debatable: Although defect sites appear to promote
stability, nanobubbles have also been found on hydrophilic, flat mica.2” In addition,
nanobubbles have been observed on highly ordered pyrolytic graphite (HOPG) but not
amorphous glassy carbon.28 Interestingly, McKinley and coworkers showed that
nanobubbles could be confined to hydrophobic domains on a photopatterned polymer
surface,2% but to our knowledge no systematic study has been performed describing the
effect of copolymer structure on nanobubble stability.

In this work, we present evidence that nanobubbles can indeed be stabilized on
homogeneous dynamic copolymer brush surfaces, even in the absence of strong pinning
sites. Because macromolecules can continuously reconfigure their conformations to balance
osmaotic pressure and chain entropy, structural defects necessary for pinning are transient, if
present at all. Thus, whereas nanobubbles repeatedly form in the same locations on silane-
functionalized glass (presumably at defect sites that promote strong pinning), here we show
that on polymer surfaces they form in random locations with no correlation to previous
nucleation events. The hydrophobicity of the brushes was systematically adjusted by
synthesizing copolymers with a controlled ratio of hydrophilic to hydrophobic side chains.
Interestingly, we found that a critical hydrophobicity (as determined by water contact angle)
was required for nanobubble stability on these polymer surfaces, the value of which
depended on the underlying polymer structure. Above this contact angle, hundreds of
nanobubbles were imaged over a 1000 zm? area, but below this angle no nanobubbles were
found. Even partially wetting surfaces, in some cases with receding contact angles <50°,
were found to stabilize nanobubbles. Thus, in contrast with typical solid surfaces that
possess defect sites that are unpredictable and difficult to control, the conditions under
which nanobubbles are stable on copolymer brushes are repeatable and tunable. The ability
to understand and control surface nanobubble stability will have an impact on the design of
materials for a wide range of important applications, including froth flotation,30-33 surface
cleaning,343> hydrodynamic boundary slip,36 photoacoustic imaging,3” enhanced adhesion,
and nonfouling surfaces.38:39

To obtain fine control and consistency over surface properties, polymers were grown directly
from surfaces using atom transfer radical polymerization (ATRP). ATRP utilizes a copper-
bromide equilibrium to eliminate termination steps, thereby assuring a copolymer brush with
consistent composition. Polymers grown on a surface by ATRP have been shown to be
consistent in composition and molecular weight dispersity with those found in the same
polymers synthesized in bulk, so accurate predictions can be made about the resultant
surface properties.%0 To allow polymerization from the surface, cleaned glass slides were
functionalized with 3-aminopropyltriethoxysilane (APTES) and a-bromoisobutyryl bromide
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(BIBB) in successive steps, resulting in the formation of surfaces with 6~ 60 and 75°,
respectively. Successful conjugation was also confirmed by ellipsometry measurements of
analogous reactions on a silicon wafer, which showed successive increases in surface
thickness of 2.0 to 3.5 and 1.3 nm for APTES and BIBB, respectively. Each advancing
contact-angle measurement was run in at least three locations on each surface, where error
was ~5° for most surfaces.

Once the surfaces were prepared, nanobubbles were formed by a solvent-exchange method
on functionalized glass surfaces and imaged in situ by TIRF microscopy, which allowed
imaging directly in the flow chamber during solvent exchange (Figure S1). To confirm the
presence of nanobubbles, glass coverslips (40 x 22 x 0.1 mm) were first methylated with
hexamethyldisilazane (HMDS) to create a hydrophobic surface that has been reported to
support nanobubble stability.1041 The coverslip was then placed in a flow chamber and
mounted on the TIRF microscope stage (Figure S1). An air-saturated ethanolic solution of
AlexaFluor 488 (AF488) was flowed onto a glass surface, followed by exchange with air-
saturated water. The rapid decrease in air solubility from ethanol to water caused nucleation
of gas pockets on the surface. These gas pockets prevented AF488 intrusion, which created
voids in the TIRF microscope image (Figure 1 and Figure S2). AF488 was an ideal choice
because of its net negative charge, low surface activity, and stability against photobleaching.
Several previous reports utilized Rhodamine 6G as a fluorescent contrast marker;8:42-44
however, in our experiments, the positively charged Rhodamine 6G appeared to adhere to
the negatively charged glass surfaces, and it was difficult to determine whether the
nanobubbles were forming on the functionalized glass or on adsorbed rhodamine islands
(Figure S3). Images were analyzed using an edge detection MATLAB code. Because of
concerns about achieving accurate nanobubble size measurements near the diffraction limit,
nanobubble count per area was used as a metric for evaluating nanobubble stabilization
rather than area fraction or nanobubble size.

The differences between nanobubbles formed on organosilane-functionalized glass as
compared with polymer brushes were elucidated by a series of repeated nanobubble
deposition and dissolution experiments. After nanobubbles were deposited by solvent
exchange from air-saturated ethanol to water, the process was reversed by exchanging with
ethanol again, followed by an exchange with degassed water, which was expected to result in
bubble dissolution. No nanobubbles were found after surface immersion in degassed water,
which was consistent with previous reports.1? This observation confirms that the features
observed in microscope images were indeed composed of gas rather than a contaminant or
silicone oil from the syringe and tubing assembly.1045 When the methylated glass surfaces
were subsequently exposed to air-saturated ethanol and air-saturated water, the nanobubbles
reformed in the same or similar locations as prior to degassing, as shown in representative
images (Figure S4). Using an algorithm to colocalize the two images, the Pearson
correlation coefficient (PCC) for the nanobubbles reforming on a methylated glass surface
was found to be 0.69 (Figure 2), indicating a strong inclination to form bubbles in the same
locations. This observation was consistent with studies by Lohse and coworkers, who
showed that nanobubbles appeared in the same locations on methylated glass surface even
after cavitation with high-intensity focused ultrasound.6 Importantly, the same solvent-
exchange process performed for surfaces with methacrylic acid-co-methyl methacrylate
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(MAA-co-MMA) polymer brushes led to the formation of nanobubbles in apparently
random locations (Figure 2, PCC = 0.16). We hypothesize that defect sites on silane-
modified silica surfaces were present that were conducive to nanobubble stabilization, and
these isolated sites consistently stabilized bubbles in independent depositions. In contrast,
polymer brushes fully covered the surface, as supported by film thicknesses from 7 to 80 nm
(Table S1), and provided a much more homogeneous substrate, consistent with the
molecular-level dynamic nature of polymer chains; any defects that might have stabilized
nanobubbles were expected to be transient and to heal over time.

To determine the relationship between nanobubble stability and surface hydrophobicity, we
synthesized brushes composed of random copolymers of methacrylic acid (MAA) and
methyl methacrylate, adjusting the feed ratios from 0 to 100 to achieve a range of receding
water contact angles (&) from 30 to 70°, respectively (Figure S5). Dynamic contact-angle
measurements showed a difference of about 25-35° between advancing and receding contact
angles, which is consistent with literature reports for measurements on copolymer surfaces
(Figure S6).4748 When surfaces with MAA-co-MMA were subjected to solvent exchange,
nanobubble stability was only supported once a critical surface hydrophobicity was reached
(Figure 3). For ten MAA-co-MMA surfaces with 6 < 44°, none had more than one
nanobubble. In contrast, for the 13 surfaces analyzed for 8> 50°, all but one had at least 450
nanobubbles per 1000 zmZ2. The presence of the AF488 did not affect the measured contact
angle (Figure S7). The four surfaces measured between 44 and 50° showed various
nanobubble counts over a 1000 zm? area, including (44°, 10), (47°, 249), (50°, 0), and (51°,
177); from these results, we assign a critical contact angle of 48 + 5°. Data obtained using
different synthesis batches and on different days still exhibited the same critical surface
hydrophobicity, and nanobubbles were detected at the same locations 3 h postdeposition
(Figure S8).

To ascertain the effects of polymer chemistry on nanobubble stability, polymers with
zwitterionic side chains were employed in place of negatively charged MAA monomers;
sulfobetaine methacrylate (SBMA) was copolymerized with MMA to form SBMA-co-
MMA copolymers in a range of contact angles from 5 to 90° (Figure S5). When
nanobubbles were formed on these surfaces, a similar trend appeared as for the MAA-co-
MMA surfaces. In particular, for < 55°, nine surfaces showed zero or one nanobubble, and
one surface had 30 per 1000 zm?2 (Figure 3). When 8> 60°, six of seven surfaces showed
>270 nanobubbles per 1000 zm?, whereas the other had only 36 nanobubbles per 1000 zm?.
As for the previous copolymer study, this result was obtained over different synthesis
batches and performed on different days, showing the reproducibility and self-consistency of
this system. Taking contact-angle measurement error into account, these surfaces appear to
show a critical contact angle of ~62 + 5°, which was 10-15° higher than for the MAA-co-
MMA.

To test the potential effects of surface charge, we synthesized copolymers containing
positively charged 2-(dimethylamino)-ethyl methacrylate (DMAEMA) as a hydrophobic
component. Although DMAEMA contains a basic amine group, which has been utilized by
others for inclusion of positive charge at neutral pH,*® we found that DMAEMA
copolymerization with either MAA or SBMA increased surface hydrophobicity, likely due
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to the increased alky! fraction of DMAEMA relative to the hydrophilic monomers. The
results with DMAEMA matched closely with those using other copolymers. SBMA-co-
DMAEMA exhibited a critical contact angle of ~62 + 5°, consistent with SBMA-co-MMA.
For comparison, surfaces functionalized with MAA-co-DMAEMA showed a critical contact
angle between 40 and 55°. Unfortunately, this value could not be narrowed further due to
contact-angle measurement uncertainty near this value, but this contact angle was generally
consistent with the results found on MAA-co-MMA brushes. The self-consistency between
experiments suggests that the hydrophilic component in the copolymer played a significant
role in determining nanobubble stability on copolymer surfaces. As to the effect of
hydrophilic side chain structure, Zhang and coworkers have suggested that water adsorbs
strongly to SBMA zwitterions; perhaps this adhesion may induce an additional enthalpic
penalty to water removal during nanobubble formation, thus requiring additional surface
hydrophobicity to stabilize nanobubbles.5 Whereas we do not have additional evidence to
support this hypothesis, this theory is consistent with the observation that SBMA surfaces (8
< 10°) are more hydrophilic than MAA surfaces (8~ 30°) (Figure S5).

Finally, the effect of surface charge was investigated as a potential factor in nanobubble
stabilization, which is a plausible hypothesis given that bare bubbles in solution possess a
negative zeta potential due to water ordering at the surface.>1-5> Because we prepared
brushes with a wide range of cationic, neutral, and anionic side changes, we were able to
empirically differentiate the potential effects of hydrophobicity and charge. The polymer
brush surfaces were synthesized on standard glass microscope slides to allow measurement
of surface zeta potential. By varying monomer composition, we obtained a large range of
zeta potentials, from —40 to +25 mV (Figure S9). Interestingly, there did not appear to be a
common critical zeta potential, suggesting that the charge was not as important a factor as
surface hydrophobicity (Figure 4).

In this work, copolymer brushes were synthesized on surfaces to show how changes in
surface hydrophobicity and surface charge affect nanobubble stability. Copolymers
consisting of hydrophobic and hydrophilic monomers were grown from surfaces using
ATRP. Nanobubbles were formed on these surfaces using a solvent-exchange method. After
removing nanobubbles by water degassing, the new nanobubbles were found to form in
different spots than those found originally, indicating that nanobubble stability was not
dependent on underlying surface structure. By tuning the ratio of hydrophobic to hydrophilic
monomers in the copolymers, it was found that nanobubbles required a critical
hydrophobicity, as determined by contact angle, to maintain stability, and that the critical
value of contact angle depended primarily on the detailed chemistry of the hydrophilic side
chain. Surface charge was not correlated to nanobubble stability. This study suggests that
nanobubbles on dynamic polymer surfaces do not require pinning for stability, which
indicates a mechanism separate from nanobubbles on solid surfaces. Currently, we
hypothesize that the dynamic polymer chains are able to distort their equilibrium packing to
allow the nanobubble to adopt very low curvatures while preserving an equilibrium contact
angle; however, testing this hypothesis will require further study. Taken together, these
results have important implications for surface adhesion, membrane fouling, and other
applications.
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Figure 1.
TIRF images of nanobubble formation and dissolution on MAA-co-MMA surface. Images

were acquired during the following sequence (note: all liquids contain AlexFluor488): rinse
with ethanol (A), exchange to air-saturated water (B), exchange with ethanol and exchange
to degassed water (C), exchange with ethanol and finally exchange with air-saturated water
(D). Scale bar = 10 gm for all images.
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Figure 2.
Overlay of TIRF images for (left) methylated and (right) copolymer surfaces with

nanobubbles formed (green), dissolved, and redeposited (red). Images have been Gaussian
blurred and false colored; pixels with colocalization are white or yellow. The copolymer
shown is MAA-co-MMA; PCC = Pearson correlation coefficient.
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Nanobubble density versus advancing contact angle for (A) MAA-co-MMA, (B) SBMA-co-
MMA, (C) MAA-co-DMAEMA, and (D) SBMA-co-DMAEMA surfaces. Insets:
representative TIRF images for each surface. Scale bar = 10 ym.
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Figure4.

Nanobubble density versus zeta potential of glass coverslips with copolymer coatings. The
polymer coating formulations are the same as those shown in Figure 3.
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