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Interfacial Polygonal Nanopatterning
of Stable Microbubbles

Emilie Dressaire,* Rodney Bee,? David C. Bell,* Alex Lips,? Howard A. Stone*

1198

Micrometer-sized bubbles are unstable and therefore difficult to make and store for

substantial lengths of time. Short-term stabilization is achieved by the addition of amphiphilic
molecules, which reduce the driving force for dissolution. When these molecules crystallize

on the air/liquid interface, the lifetime of individual bubbles may extend over a few months.
We demonstrated low gas-fraction dispersions with mean bubble radii of less than 1 micrometer
and stability lasting more than a year. An insoluble, self-assembled surfactant layer covers the
surface of the microbubbles, which can result in nanometer-scale hexagonal patterning that

we explain with thermodynamic and molecular models. The elastic response of the interface
arrests the shrinkage of the bubbles. Our study identifies a route to fabricate highly stable

dispersions of microbubbles.

sions, pastes, and dispersions, the structures of

the dispersed and continuous phases play a
critical role in determining the properties of the
material (/). Correlations have been established
between the properties and the size, shape, volume
fraction, spatial distribution, and connectivity of
the dispersed phase (2—4). The metastability of
these two-phase systems adds time dependence to
this list of complex functions: The microstructure
of the dispersed phase continuously evolves toward
lower-energy configurations by minimizing the
interfacial area, which diminishes the long-term
usefulness of two-phase systems. The develop-
ment of models predictive of the time evolution
during coarsening (5, 6) and of slowly aging
systems with jammed interfaces (7, §) are among
the approaches used to overcome this limitation.

The most important and rapid coarsening oc-
curs in gas-liquid two-phase systems with fine
structuring (1 to 10 um), such as contrast agents
for ultrasound imaging, aerated food and per-
sonal care products, and foamed construction
materials (9-11). Because the air/liquid surface
tension produces a pressure that drives bubble
dissolution by gas diffusion into the liquid phase,
the initial structure evolves and larger bubbles
grow at the expense of smaller ones (Ostwald
ripening). The time scale of this separation pre-
vents the preparation of bubbles in the colloidal
range because a micrometer-sized bubble dis-
solves in less than 1 s in pure water (/2). The
lifetime can be increased to hundreds of sec-
onds by the addition of surfactant molecules that
lower the interfacial tension and decrease the
pressure difference (/3). Further improvements
in stabilization have been achieved by coating
the air/liquid interface with ordered nano-
particles (8, /4) or with gelled lipids (15-17);
isolated bubbles with radii mostly greater than
10 um were stable over a period of a few months.

In two-phase systems, such as foams, emul-
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We report very stable gas dispersions ob-
tained using a standard multiphase mixing tech-
nique to trap air into surfactant shells within a
viscous bulk phase (/8). The surfactant solution
was prepared by mixing at 70°C a highly vis-
cous glucose syrup [75 weight percent (wt %)]
with water (23 wt %) and sucrose stearate as the
surfactant (2 wt %; principally a mixture of
mono- and diesters). The formation of the dis-
persion was achieved by aeration, via shearing,
at room temperature for 2 hours. The mechan-
ical entrainment of air was followed by commi-
nution; that is, the reduction in bubble size by
shear-induced breakup.

The gas phase, which occupies about half the
volume of the resulting foam (gas volume fraction ~
0.45), is divided into surfactant-covered bub-
bles, or gas microcells, whose size ranged from

Fig. 1. Low gas-fraction
dispersion of microbub-
bles with nanotextured
surfaces. (A) Cryo-SEM
image of the dispersion
produced by shearing the
surfactant mixture for
2 hours at a shear rate
y =~ 47s”%. The highly
polydisperse population
of bubbles is character-
ized by radii ranging
between hundreds of
nanometers and tens of
micrometers. (B) TEM
image of a micrometer-
sized bubble covered with
hexagons ~50 to 100
nm in diameter. The
platinum shadowing of
the surface replica, un-

hundreds of nanometers to tens of micrometers
(Fig. 1A). The majority of the bubbles have radii
Ry, of about 1 um and are characterized by a
regular nanometer-scale structuring: Hexagonal
domains that buckle outward from the bubble
fully cover the air/liquid interface (Fig. 1B).
These features were best observed with freeze-
fracture transmission electron microscopy (TEM),
as illustrated in Fig. 1C. A distribution of pen-
tagons and heptagons disturb the lattice, which had
typical dimensions such as scale ~50 nm. The
pattern is not an imaging artifact or an isolated
phenomenon because large bubble populations
have been screened by cryogenic scanning electron
microscopy (cryo-SEM), showing that the struc-
ture is systematically visible on these microbubbles
(Fig. 1D) and can appear on larger ones. We char-
acterized the inner bubble structure by cryo-TEM
(Fig. 1E). Direct imaging induces a partial melting
of the air/liquid interface, which reveals a spherical
gas-filled cavity [supporting online material
(SOM) text and fig. S1]. Taken together, the
images of Fig. 1 provide evidence that, in this
system, every microbubble has a nanometer-scale,
nearly hexagonal surface pattern. Individual bub-
bles with some similar qualitative interfacial char-
acteristics, but lacking regularity, have been
observed in phospholipid-coated systems (16, 17).

We describe here the dependence of the pat-
tern size and the bubble radius on the processing
conditions. Results were obtained by analyzing
a few tens of TEM micrographs of freeze-fracture
replicas for each dispersion (/8). By sampling
the mixture at different times during the aera-
tion process, the evolution of the radii of the
bubbles and the domains were monitored (SOM
text and fig. S2). Figure 2, A and B, shows the

1 um

H I wm

der a 45° angle, reveals that the domains are buckled outward. (C) TEM image of a microbubble (radius
Ry, = 1.5 um). The surface structure is regular both in shape (mostly hexagons) and in size (~50 nm); it
includes a distribution of heptagons and pentagons. Patterns may look distorted because they sit on
a curved interface. (D) Cryo-SEM image of the bubbles. The three-dimensional structuring of the
air/glucose syrup interface appears on all of the micrometer-sized bubbles. (E) Cryo-TEM image of
bubbles. The plunge freezing leads to nonspherical shapes. The electron beam partially melts the
surfactant layer, which enables direct visualization of the hollowness of the bubbles.
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evolution of the mean bubble and domain radii
upon shearing and subsequent storage over a
45-day period. After 2 hours of shearing, the av-
erage bubble radius <R,> is reduced from 10 um
to about 1 um. The average scale of the surface
patterns <> continues to increase during the early
times of storage until it reaches a value of ~50 nm
(Fig. 2B). The final bubble radii vary with the
shear rate, with smaller bubbles being produced
at higher shear rates. Nevertheless, the final pat-
tern sizes are ~50 nm, independent of the bubble

size (Fig. 2C). Corresponding TEM images of
the surface patterns when the bubble radii vary
from 500 nm to 3 um are shown in Fig. 2D. We
also made dispersions using different surfac-
tant mixtures with monoester content varying
from 50 to 75 wt %. Over this composition range,
the average bubble radius remains constant
while the pattern size changes by a small amount
(Fig. 2C).

The interface between air and liquid is cov-
ered with surfactant molecules, both mono- and

Fig. 2. TEM study of the A5
evolution of bubble and
pattern sizes. The plots

show the evolution over

45 days of (A) the aver-
age bubble radius <R,>
(18) and (B) the aver-
age pattern size <r>. The
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dashed line indicates the
end of the 2-hour aera-
tion process, after which
the sample is left at rest
at 4°C. During the shear-
ing, <R,> decreases and v ,,| + +.§ |
reaches its final value,
whereas <r> monotonical- 10p ‘

ly increases. After 2 days,
<r> remains =50 nm. t
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denotes time. Error bars indicate the SD of the size distributions. (C and D) Chemical and mechanical
studies of the pattern size. Square symbols correspond to dispersions obtained by shearing different
commercial sucrose stearate mixtures (y = 47 s7™). The monoester concentration is equal to X, 50%;
O, 70%; and M, 75%. The subsequent decrease in sucrose distearate concentration does not affect
<Ry>, but <r> continually decreases. For the largest monoester concentration (75%), we applied
different shear rates, , y ~ 62.7s°%; M, y =~ 475" and ®, y =~ 31.4s™% <r> remains constant and
<R;,> shows a significant decrease upon increase of the ¥, as illustrated by TEM micrographs in (D). Scale
bars, 500 nm. Some replicas show macroscopic folds that are an artifact of the experimental protocol.

Fig. 3. Formation of the
surface pattern. (A) TEM
of a microbubble sam-
pled after 20 min of aer-
ation. The surface is not
fully patterned but shows
no isolated domains. Flat
areas show short creases
oriented away from exist-
ing patterns. (B) TEM im-
age of a microbubble with
nonpatterned areas, which,
according to the shadow-
ing, sit above the pat-
terned areas. (C) TEM of
a bubble prepared in a
less viscous matrix (56
wt % glucose syrup). After
the 2-hour aeration, flat
areas remain. (D) Evolu-
tion from a smooth to a
patterned surface. With a
constant interfacial area,

D Initial smooth bubble
Final patterned bubble

200 nm §%§

the buckling corresponds to a decrease in enclosed volume. (E) Schematic of the interfacial structure. The
domains are modeled with spherical caps whose geometry (a, R.) results from the packing of sucrose
mono- and distearate (red and blue, respectively). (F) Structure of sucrose mono- and distearate (drawn
using Chem 3D Ultra 9 software). At the interface, the molecules can be modeled by a truncated cone
with a hydrophilic base or headgroup of surface area (S) and a hydrophobic base of surface area that is
proportional to the number of Cyg chains (s, monoester; 2s, diester).
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diesters, which are irreversibly pinned because
of their low solubility in glucose syrup. The hy-
drophilic headgroups of the sucrose stearate sit
in the aqueous phase, whereas the hydrophobic
carbonyl chains lie inside the microbubbles. The
observed bulging domains (Fig. 1B) suggest
that the surfactant molecules pack on the inter-
face, with headgroups occupying substantially
more surface area than the hydrophobic chains.
This interpretation is consistent with the dispro-
portionation process that results in the shrinkage
of the bubble and an increase of the interfacial
density of surfactant molecules. At the end of
the aeration process, the mono- and diester mol-
ecules form a highly ordered phase that is natu-
rally bent away from the air phase.

An early stage of the pattern formation is
shown in Fig. 3A. We did not observe individual
condensed phase domains (/7). This indicates
that the polygonal shapes do not result from the
compression or close packing of originally iso-
lated structures. Instead, the smooth surface initial-
ly buckles in a few locations with creases that
initiate domain boundaries growing at 120°; the
hexagonal patterning eventually covers the entire
surface of the microbubbles (Fig. 3, A to C). Thus,
the buckling is posterior to the interfacial conden-
sation. As illustrated by Fig. 3B, the smooth re-
gions (that is, the regions not yet covered with
hexagons) project above the plane defined by the
surrounding patterned area. The interfacial struc-
turing is therefore associated with the reduction of
the volume enclosed in a bubble of fixed surface
area (Fig. 3D). This shrinkage of the microbubbles
is consistent with Ostwald ripening, because these
bubbles are the smallest ones of the dispersion. At
room temperature, the conservation of the initial
bubble surface area is due to the condensation of
the interfacial layer and the irreversible pinning of
the surfactant molecules.

More quantitatively, the surface state is con-
sidered to result from the thermodynamic evolu-
tion of an initially smooth, surfactant-covered
interface. The domain size can be estimated by
minimizing the energy of the microbubble upon
shrinkage, driven by the Laplace pressure p. Each
pattern is modeled as a spherical cap of radius R,
which intersects the bubble surface with a circle
of radius a (Fig. 3E). The total number of do-
mains 7, each of surface area 4 (a, R.), is deter-
mined by conservation of the initial surface area
of the bubble. We assume that the pattern geometry
results from the energetic competition between
the bending elasticity of the interface (bending
rigidity ), the formation of domain boundaries
(line tension ), and the normal pressure-volume
work pJ that accompanies shrinkage (19, 20):

k(2 2V
E(a, R.) _n<AE(ITC - R_sp> + Xna) -pV
(1)

The bending rigidity of condensed monolayers
is typically x ~ 200 kg7 (where kg is the
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Boltzmann constant and 7 the absolute temper-
ature) ~ 8.107'° J (21). The spontaneous radius
of curvature of the monolayer R, depends on
the composition of the layer and the geometry of
the surfactant molecules (22), which are modeled
by truncated cones (Fig. 3F). The composition of
the interface can be estimated from the presence
of lamellae in nonaerated solutions of the same
composition (fig. S3), which yields for the con-
densed phase the value of the packing parameter
(23), the composition, and Ry, = 80 nm (SOM
text). In addition, the line-tension energy is defined
as the product of the line tension (A = kg7 ™' =
21072 J m !, where / is the length of the surfac-
tant molecule) and the domain perimeter; the
reduction by a factor of 2 in Eq. 1 arises because
each boundary is shared by two domains. Finally,
the pV term is approximated with the Laplace
pressure on a micrometer-scale bubble with a sur-
face tension y = 5 x 10 J m™2, which is on the
order of the values measured for highly com-
pressed monolayers such as pulmonary surfac-
tants (24), so p = 10°> Pa. The volume ¥ of the
buckled bubble is estimated as that of the spheri-
cal core (V' = 4nRp) (Fig. 3E).

The energy minimization procedure for a
bubble of R, = 1 um leads to an estimate for the
radius of the domains, ¢ = 40 nm (SOM text),
which lies within the range of the experimentally
measured radii. The model also qualitatively
captures the influence of the surfactant compo-
sition and bubble radius on the pattern size. For
example, increasing the amount of diester in the
initial mixture is expected to lead to an in-
creased concentration of diester molecules at the
gas/liquid interface, and therefore to a larger
spontaneous radius of curvature. The model in

A5}

0.10f

Ng

0.05f

1 2
Rd (um)

turn predicts larger pattern sizes (fig. S4). Sim-
ilarly, the radius of the microbubble is expected
to influence the number of patterns rather than
their size (fig. S5), which is also consistent with
the data (solid symbols in Fig. 2C). Finally, ac-
cording to the experimental observations and to
predictions of the model, the presence of pat-
terns with increasing size during the preparation
of the dispersion and the early time of the storage
(Fig. 2B) can be rationalized either by evolution of
the interfacial composition, which leads to changes
in Ry, or by changes in interfacial properties.

The time evolution of the distribution of bub-
ble sizes has been characterized over 1 year,
using SEM images (Fig. 4A) to estimate bubble
radii (inset in Fig. 4A). The average bubble
radius, Ry, increases from about 0.7 to 3.5 um
while the distribution broadens, with the stan-
dard deviation increasing by a factor of 10.
These observations are consistent with destabi-
lization by Ostwald ripening, which becomes
significant only over long periods of time.

The shrinkage of the microbubbles is driven
by the Laplace pressure due to the presence of
narrow regions between domains that are hy-
pothesized to be in a liquid state. Mass transfer
of the gas can be characterized by a permeabil-
ity or average speed of transport that, through
the bulk phase around a bubble of R, = 1 um, is
approximately D/R, ~ 107 cm s ', where the
diffusion constant of air in glucose syrup D is
estimated using the Stokes-Einstein relation
(SOM text). The surfactant monolayer is ex-
pected to have a higher permeability (1072 to 10>
cm's ') (25) and therefore not limit the shrinkage.
Thus, the time scale for the diffusion-controlled
dissolution of micrometer-size bubbles in glu-

Fig. 4. Stability of microbubbles and chemical modification of surface patterns. (A) Evolution of distributions
of microbubble radii over 1 year. For each histogram, we used SEM images to measure the radii of about 800
disks (Ry), which are the intersections of the bubbles with the plane along which the sample has been
fractured. Ny is the fraction of bubbles that intersect the plane with a radius Ry, which is less than or equal to
the actual radius of the bubble (R,). These distributions are fitted with Gaussian curves, which are used to
extrapolate the distributions of the radii (R,) of the bubbles (inset) (29). N, is the fraction of bubbles with
radius Ry,. Samples of different ages were studied: 2 days (red), 1 week (black), 4 months (green), and 1 year
(blue). The distributions show a modest shift and broadening over time. (B to E) Evolution of pattern structure
upon addition of stearic acid. The TEM micrographs correspond to 1-week-old samples prepared by addition
of (B) 0 wt %, (C) 0.04 wt %, (D) 0.08 wt %, and (E) 0.2 wt % of stearic acid. The pattern evolves, first
showing a size increase (C), then losing the regularity (D), before disappearing (E).

cose syrup is estimated to be about 5 hours
[SOM text (13)], which is indeed the observed
lifetime of SDS-coated microbubbles in glucose
syrup but is orders of magnitude shorter than our
observations (Fig. 4A). Therefore, reduced diffu-
sion due to a viscous bulk phase cannot explain
why the lifetime of microbubbles coated with
mono- and diesters extends to more than a year.

Previous studies have shown that interfacial
elasticity can stop or substantially reduce bubble
dissolution (26, 27). In our system, the bending
elasticity of the domains resists the compres-
sion of the interface upon shrinkage. Hence, we
approximate the arrest of dissolution by diffu-
sion as being when the bubble reaches a radius
R at which the increase in bending energy away
from the initial state balances the work of the
Laplace pressure (SOM text): R% ~ 0.94. This
estimate shows that the buildup of elastic stress
in the membrane arrests the shrinkage of the
microbubbles very early and rationalizes the ob-
served longevity of the dispersion.

According to the molecular model that we
propose, the packing of the surfactant molecules
controls the interfacial pattern structure and the
stability of the bubbles. In order to test this idea
further, we experimentally modified the com-
position of the original amphiphilic mixture by
adding stearic acid. This surfactant molecule has
a smaller headgroup, 0.2 nm? in water (28), but
the same carbonyl chain, Cg, as the sucrose
esters. When the acid concentration increases,
the domains get larger (¢ =~ 80 nm for a stearic-
acid concentration equal to 0.04 wt %) then lose
their hexagonal shape, and finally disappear as
the surface of the bubble becomes smooth (Fig. 4,
B to E). Upon addition of stearic acid, the aver-
age headgroup size of the surfactant mixture de-
creases, which is expected to result in an increase
of Ry, The thermodynamic model predicts an
increase in pattern size, which is consistent with
our observations (Fig. 4, B to E, and fig. S4).

Our preparation and long-term study of mi-
crobubbles in a viscous continuous phase demon-
strate that it is possible to achieve stabilization
of such a dispersion for more than 1 year. The
observed regular surface patterning is the ther-
modynamic signature of the formation of an
elastic, condensed surfactant phase, which also
correlates with the extended stability of the sys-
tem. The nanometer-scale features can be tuned
by modification of the chemical composition of
the interface. Beyond the experimental observa-
tions reported here, our approach will be useful
for designing more complex surfaces by con-
trolling the self-assembly of the surfactant and for
studying the behavior of individual stable bub-
bles of colloidal dimensions.
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The Sensitivity of Polar Ozone
Depletion to Proposed
Geoengineering Schemes

Simone Tilmes,'* Rolf Miiller,? Ross Salawitch®

The large burden of sulfate aerosols injected into the stratosphere by the eruption of Mount
Pinatubo in 1991 cooled Earth and enhanced the destruction of polar ozone in the subsequent
few years. The continuous injection of sulfur into the stratosphere has been suggested as a
“geoengineering” scheme to counteract global warming. We use an empirical relationship between
ozone depletion and chlorine activation to estimate how this approach might influence polar
ozone. An injection of sulfur large enough to compensate for surface warming caused by the
doubling of atmospheric CO, would strongly increase the extent of Arctic ozone depletion during
the present century for cold winters and would cause a considerable delay, between 30 and 70
years, in the expected recovery of the Antarctic ozone hole.

eoengineering schemes have been pro-

posed to alleviate the consequences of

global warming (/-3) by continuous
injection of sulfur into the stratosphere. Volcanic
eruptions in the past have shown that strongly
enhanced sulfate aerosols in the stratosphere result
in a higher planetary albedo, leading to surface
cooling (4). On the other hand, the potential for
exceedingly high Arctic ozone depletion result-
ing from the simultaneous presence of high
surface area density (SAD) of sulfate aerosols
and cold conditions in the polar stratosphere is
known (5, 6) but was not quantified in the con-
tent of geoengineering (/-3).

In this report, the impact of enhanced sulfate
aerosol (due to geoengineering) on future chem-
ical polar ozone depletion is quantified. Our anal-
ysis is based on the past dependence of ozone
loss on aerosol content derived via the combina-

INational Center for Atmospheric Research (NCAR), Boulder, CO
80307, USA. 2Research Center Jilich, 52425 Jiilich, Germany.
3Um'versity of Maryland, College Park, MD 20742, USA.

*To whom correspondence should be addressed. E-mail:
tilmes@ucar.edu

tion of a model and measurement for both the
Antarctic and Arctic and by taking into account
the expected future stratospheric halogen load-
ing. We describe this dependence by the em-
pirical relation between observed chemical ozone
loss and the potential for the activation of chlo-
rine (PACI). PACI accounts for year-to-year var-
iations in temperature, sulfur burden, and the
halogen content of the stratosphere. This relation
is shown to be valid based on past observations,
including 4 years of volcanically enhanced aero-
sol loading in the stratosphere.

Severe chemical loss of ozone over the Arctic
and Antarctica is caused by anthropogenic hal-
ogens. The combination of very low temper-
atures and increasing sunlight after the polar
night results in a strong transformation of chlo-
rine from reservoir forms to reactive radicals,
leading to the rapid destruction of polar ozone
(7). Since the 1990s, most of the available ozone
has been destroyed in the Antarctic lower strato-
sphere (between 12 and 20 km in altitude), which
corresponds to a loss in column ozone of about
120 to 150 DU (or Dobson units, one of which

equals 2.687 x 10'® molecules per cm?) (8). In
the Arctic, the interannual variability of temper-
atures, and therefore of ozone depletion, is much
larger. Chemical depletion of ozone in recent
cold Arctic winters exceeded 100 DU [see the
supporting online material (SOM)] (8—17). Over
the next half-century, the stratospheric halogen
loading—commonly quantified by a measure
referred to as Effective Equivalent Stratospheric
Chlorine (EESC)—is projected to slowly decline
(12). Close to the year 2070, EESC is predicted to
reach values last seen in 1980, a benchmark for the
recovery of polar ozone (2, 13). Our work is mo-
tivated by the concern that elevated SAD attrib-
utable to geoengineering will lead to additional ozone
depletion that may delay the recovery of polar ozone.

We demonstrate the importance of chlorine
activation on cold, liquid sulfate aerosols for
polar ozone depletion by comparing two relations
between chemical ozone loss and chlorine
activation based on past observations (Fig. 1).
The first relation is based on a previous descrip-
tion of polar chlorine activation: the polar strato-
spheric cloud (PSC) formation potential or PFP
(8). PFP describes the fraction of the polar region
that is below the threshold temperature for exis-
tence of PSCs (Tpgc). For cold Arctic winters,
more than 10% of the vortex region is cold enough
to support PSCs, whereas for warm winters, PFP
is close to zero. The derived linear relation is com-
pact, except for values derived for the four winters
after the eruption of Mount Pinatubo in June 1991.

The second relation (Fig. 1B) accounts ad-
ditionally for stratospheric aerosol loading. Tilmes
et al. (14) defined the potential for the activation of
chlorine, which is similar to PFP but uses a thresh-
old temperature for chlorine activation (7xc)
as described by Drdla (75). A description of the
calculation of this temperature can be found in
(14), which is a function of temperature, ambient
H,0, and SAD. For background levels of SAD
(e.g., an atmosphere not perturbed by large
volcanic eruptions) and present-day values of
EESC, PACl is comparable to PFP. After a strong
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