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Editors' Suggestion

Xenon and Krypton Dissolved in Water Form Nanoblobs: No Evidence for Nanobubbles
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We demonstrate, experimentally and by molecular dynamics simulations, that krypton and xenon form
nanostructured water-gas domains. High pressure was applied to force the inert gases to dissolve in water
following Henry’s law, then the liquid was depressurized, centrifuged, and inspected by dynamic light
scattering. The observed objects have similar sizes and electrical properties to nanobubbles, but we found
that they have fairly neutral buoyancy even at high gravitational fields. We posit that the formed nano
objects are not bubbles but blobs, unique structures conceived as clathrate-hydrate precursors, thus
resolving the so-called Laplace pressure bubble catastrophe.

DOI: 10.1103/PhysRevLett.129.094501

Since the first experimental observation of nanobubbles
in 1994 [1], the viability of such enigmatic objects has been
supported by numerous research groups that have carried
out a vast set of experimental and theoretical studies [2-30].
Nevertheless, despite the overwhelming consensus that
nanobubbles are stable and prone to be used as tangible
entities in many applications [31-36], there are serious
doubts that they exist and are, instead, liquid or solid
contaminants [37-42].

The conflicting circumstance is that nanobubbles should
not exist because the confined gas, trapped at high pressure
(14.5 bar for nanobubbles of radius 100 nm), ought to
rapidly escape to the medium [43]. Since their longevities
are claimed to be unexpectedly large, the phenomenon has
been coined as the Laplace pressure bubble catastrophe [44].

But what if the entities experimentally observed in the
labs are neither spurious particles nor nanobubbles? The key
point to justify this question is that the gases usually used to
presumably form nanobubbles are also capable of being
trapped by water cages to give rise to clathrate hydrates.
A clathrate hydrate is a water structure that is formed, in
three different types, by trapping hydrophobic guest mole-
cules in its interior [45-47]. Moreover, under certain
conditions, these structures crystallize into dense ices.

To investigate the possible formation of inert gas nano-
bubbles with a clean method incapable of creating spuri-
ous colloids, we built a novel high-pressure apparatus.
Remarkably, while we measured size distributions of
entities similar to those found in the nanobubble literature,
we also found evidence of dense ices that rapidly (in a
few minutes) melted into microscopic surface bubbles, see
Fig. S1 in the Supplemental Material [48].

We report in this Letter experimental and molecular
dynamics simulations studies that address the nanobubble
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puzzling phenomenon. Our findings indicate the feasibility
of forming stable krypton and xenon nanodomains that are
not recognizable as nanobubbles. Since helium, used as a
negative control, was not able to form colloidal particles of
any nature following the same experimental protocol, we
conclude that the colloids we observe are amorphous
clathrate-hydrate nanostructures.

We designed and built a novel pressure apparatus to
dissolve inert gases in a given volume of water. A sturdy
metallic structure with a fixed hydraulic jack at the bottom
was used to support and elevate a platform with a stainless
steel cylindrical tube, whose length was 38 cm. The
external (internal) diameter of the tube was 3.81 (1.27) cm.
A pressure gauge (Instrutek) of 1000 bar and a needle
valve (ALCO UN2NS) were attached 5 cm above the
bottom at either side of the tube. A stainless steel plunger
was fixed to the upper part of the structure. To sustain
high gas pressures, we used a rubber stopper (1.4 cm)
and a Teflon cylinder (1.28 cm). A thick metallic foil
(40 x 25 x 0.5 cm) was fixed in the front part of the
structure to provide protection in the event of an explosion,
see details in Fig. 1(a).

A glass vial with 2.3 ml of pure Milli-Q water was
introduced in the interior of the stainless steel tube, see
enlarged frame in Fig. 1(a). The lid of the vial had a small
hole of around 300 ym. Then, 9 ml of pure water was
poured inside the tube in order to leave the glass vial fully
immersed in the water column, which was 5 cm measured
from the bottom of the tube. The height of the gas column,
from the rubber stopper to the water interface, was 28.8 cm.
Through the needle valve, the tube was pressurized with
either Kr or Xe gas (with 99% and 99.99% purity,
respectively) until a pressure of 15 bar was reached. By
means of the hydraulic jack, the platform was raised to
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FIG. 1. (a) Schematic of the pressure apparatus. 1. Gas cylinder,
2. needle valve, 3. pressure gauge, 4. stainless steel cylindrical
tube, 5. hydraulic jack, 6. rubber stopper, 7. glass vial. (b) P vs V
for the ideal gas and experiment (n = 3).

reduce the volume of the gas and to augment the pressure,
see squares in Fig. 1(b). The P vs V curve follows
approximately the ideal gas law P = nRT/V, which is
very remarkable considering that there is water in the
system and the gases dissolve in it. It is important to
mention that the rubber stopper approached approximately
1 cm from the water column, indicating that the gas is
forced to dissolve in the liquid. The temperature was 25 °C
and 60 min were left for equilibration once the required
pressure was reached. Depressurization is a crucial step; it
was carried out in no less than 30 min. To depressurize, we
loosened the hydraulic jack lock so that the tube slowly
returned to the original position. The rest of the gas was
slowly released through the needle valve. Finally, the vial
was taken out from the tube and kept at 4 °C. We waited
about two hours until visible bubbles stopped rising by
buoyancy. Thereafter, the liquid sample is very stable with
no visible bubbles as long as it is handled with care.
Next, dynamic light scattering (DLS) measurements
were performed using a zetasizer nano ZSP (Malvern
Instruments), see the Supplemental Material for details [48].
In Fig. 2(a) we show the correlograms obtained for Kr
and Xe (solid lines), whereas the size distributions (also

solid lines) are depicted in Fig. 2(b). At this stage, as in
many other reports, we could assume that we succeeded
in forming Kr and Xe nanobubbles. Moreover, since our
technique does not employ hydrodynamic or ultrasound
cavitation nor organic compounds such as ethanol, we were
very confident that contaminants are not produced, see the
Supplemental Material and Fig. S3 [48].

Despite the results shown in Figs. 2(a) and 2(b) (solid
lines), a decisive proof that we had bubbles would be to get
rid of them, so we decided to carry out centrifuga-
tion experiments. The glass vials were carefully brought
to a swinging-head-type centrifuge (Eppendorf 5804 R)
and centrifuged at 4200 G for 2 h. Thereafter, we gently
brought the vials back to the DLS apparatus and reme-
asured the correlograms, see dotted lines in Fig. 2(a).
Unexpectedly, they dropped but did not disappear, indica-
ting that the particles were still there. Let us remark that
bubbles of ~100 nm subjected to such intense gravitational
field would rapidly escape (they will ascend the full height
of the vial, 3.4 cm, in 5.6 min), resulting in no correlograms
at all. As clearly observed in Fig. 2(b), the size distributions
only shifted to smaller sizes.

It is important to point out an interesting situation before
continuing. Since centrifugation increases the hydrostatic
pressure, gas bubbles must contract. Hence, the possibility
exists that contracted bubbles would be so small that
buoyancy could be negligible, explaining the results plotted
in Figs. 2(a) and 2(b). Thus, a careful analysis is needed to
find the change in the radius of the bubbles, see the
Supplemental Material and Fig. S4 [48]. We found that,
at 4200 G, the contraction of 100 nm nanobubbles is around
20%. Such smaller bubbles must be swept away too in less
time than 2 h.

A normal result in the nanobubble literature, confirmed
here by our own DLS measurements [see Fig. 2(b)], is that
the nanoentities of different gases have radii between 100
and 50 nm. According to the Laplace equation AP = 20/,
where AP is the in-out pressure difference and o is the
surface tension, AP is between 14.5 and 29 bar. Therefore,
considering that the densities of Kr and Xe gases are 3.71
and 5.7 kg/m? at atmospheric pressure, the gas confined
within the nanobubbles would be between 15.5 and
30 times denser: 57.5 and 111.3 for Kr, and 88.35 and
171 kg/m® for Xe, respectively. In whatever case, even
taking into account the correction of the internal pressures
modified by centrifugation, the densities are much lower
than water’s density, so the nanobubbles would be swept
away in less than 2 h by a gravitational field like the one we
used in this Letter (4200 G). As shown in Fig. 2, this is not
the case.

The outcome of the centrifugation experiments gave us
an obvious clue: the nanoentities we created are not
bubbles but bizarre water-isodense objects. By employing
Stokes law, we can calculate the time ¢ a particle lighter
(denser) than water will climb (sink) from the bottom (top)
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FIG. 2. (a) Correlograms of Kr and Xe nanodomains before and after centrifugation (4200 G, for 2 h). (b) Size distributions of Kr and

Xe nanodomains before and after centrifugation (4200 G, for 2 h). At least three experiments were performed, where the shown error
bars are standard errors. (c) Residence times of the nanodomains subjected to a gravitational field of 4200 G. (d) Schematic of blob

structures.

of the vial of height h: t = 9hu/2gR>Ap, where u, g, and
Ap are, respectively, the dynamic viscosity of water,
gravity, and density difference between particle and water
Pp — Pw- Since at this point we do not yet know if the
entities we measure by DLS are lighter or denser than
water, Ap can be negative or positive. Figure 2(c) shows ¢
vs Ap for either case. Clearly, ¢ diverges for Ap = 0.
Taking 82 (110) nm as the average radius of the Kr (Xe)
specimens we managed to move by centrifugation, we
draw the hyperbolic curves shown in Fig. 2(c). The
intersections of the horizontal solid line at 7200 s (which
is the centrifugation time at 4200 G) with the curves give
us the density window dp around p,, of the nanodomains at
stake. In other words, the effective density of such domains
is pesr = p,, = 6p, with p,, = 998 and 6p = 54.3 kg/m? for
Kr and 38 kg/m? for Xe.

To conceptually seize the idea that such strange objects
exist, we must review the field of clathrate hydrates
[45-47,49-54]. A clathrate hydrate is a fused collection
of water polyhedral cages that hydrate nonpolar molecules
[53]. Kr and Xe are examples of gases that are enclathrated
within such polyhedral cavities [52,53,55]. Empty cavities
have around 20 water molecules and associate or dissociate
in picoseconds, but when a nonpolar molecule is around, it
can be trapped by an ephemeral cage gaining stability [52].
Water cages form clathrate hydrates of three different
structures (Sq, S, and Sy). It has been found that Kr and
Xe form the first two [52]. Furthermore, at high pressures and
low temperatures, clathrate hydrates crystallize into dense

ices. In our experiments, we often found those ices at the
bottom of our jars, see Fig. S1 [48].

Interestingly, the most recent theory to account for the
formation of clathrate hydrates and ices is based on the
existence of amorphous specimens called blobs [45,47,50].
In essence, a blob is an amorphous cluster involving
multiple guest molecules in water-mediated configurations
[45], see the sketch in Fig. 2(d). As far as we know, blobs
have not been observed experimentally, so our guess that
we are dealing with them might well come true because we
detected them by DLS, but they are, unlike nanobubbles,
almost water isodense (a condition easily explained by the
water-guest molecules ratio). Moreover, they are not only
neutrally buoyant, but are also able to keep their size.
Indeed, no coalescence is observed [see Fig. S5(a) in the
Supplemental Material [48]], in agreement with their
negative charge [Fig. S5(a), inset], and they withstand
high temperatures [Fig. S5(b)], in agreement with recent
results [56].

Since, according to our centrifugation experiments, the
effective density of the blobs is close to water’s density, we
can estimate the volume fraction ¢ of both Kr and Xe inside
them using an effective-medium model [57], see details in
the Supplemental Material and Fig. S6 [48]. We found that
¢x: and ¢y, are, respectively, lower than 0.05 and 0.04.
Surprisingly, those volume fractions are on the order of
1/20, a fraction that arises, as above commented, from the
fact that each enclathrated guest molecule in a single cage is
surrounded by 20 water molecules [49].
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FIG. 3. Radial distribution functions of Kr and Xe obtained by

molecular dynamics simulations for various concentrations: 35,
40, 45, 50, and 200 water molecules per guest atom. Note that for
Kr all g(r)’s match. However, for Xe, the radial distribution
functions at 35 and 40 water molecules per atom drastically
modify, indicating the emergence of nanobubbles, as observed in
Fig. S7 [48]. The peaks in the g(r)’s correspond to the events
schematically represented in both panels.

We performed molecular dynamics simulations to com-
plement our experiments. Details of the simulations are
described in the Supplemental Material [48], as well as in
[58-63] and in our recent work [64]. Figure 3 shows radial
distribution functions for Kr and Xe for various concen-
trations. Since the van der Waals radii of the atoms are
~1.8 (Kr) and ~2.0 (Xe) A, the first peaks correspond to Kr-
Kr and Xe-Xe contacts. Next, the second peak in the g(r) of
Kris at 7.02 A, corresponding to a water molecule, whose
van der Waals radius is 1.7 A [65], between the inert atoms.
Finally, the faintly noticeable third peak corresponds to two
touching atom-water dimers (10.4 A). We show the radial
distribution functions for Xe at the highest concentrations
(35 and 40 water molecules per atom). Clearly, g(r)’s suffer
great modifications (they increase and shift), indicating that
most water molecules are excluded from the domains and
Xe clusters and bubbles form, see Fig. S7 [48]. The three
peaks correspond now to two, three, and four touching Xe
atoms. Regarding this point, it is important to note that the
pressure to attain such high Xe concentrations in a real
experiment would be around 370 bar, implying that

nanobubbles could exist before depressurization (Laplace
pressure does not compromise stability). However, once the
cell is depressurized, nanobubbles vanish (as confirmed by
our experiments and the radial distribution functions, at
lower concentrations, shown in Fig. 3). To illustrate the
event, we also depict a snapshot of a zone of the Xe-water
diagram for 200 water molecules per Xe atom, see Fig. S8.
In order to verify that the observed structures are not
affected by the initial configurations, we performed simu-
lations with different initial conditions, see Figs. S9 and
S10 in the Supplemental Material [48]. In Fig. S11, we
show the time evolution of the Xe clusters formation for the
highest concentration (35 water molecules/Xe). Since, at
the highest concentrations, Kr bubbles do not form, we did
not show their graphs.

Three final points are worth emphasizing before closing:
(1) In the literature and in our own experiments, the
zeta potentials of “nanobubbles” are negative [see inset of
Fig. S5(a)]. Instead of explaining the negative sign based on
elaborate suppositions [25,29], it would be easier to consider
the restricted orientation of the water molecules at the vertices
of the fused cages that form the blobs (where only one
hydrogen atom is looking to the bulk, so the negative charge
is given by oxygen). (2) The thermal stability of nano-
domains observed in Fig. S5(b), and recently reported in
[56], would be guaranteed by the endurance of the hydrogen
bonds that hold the polyhedral structures together. In this
regard, although a theoretical work is needed to explain the
stability of the observed nanoentities from the thermo-
dynamic point of view, it is clear that such hydrogen bond
interactions strongly reduce enthalpy and, therefore, despite
the entropic penalty, free energy. (3) Other authors have
previously concluded that nanobubbles, formed by using
different techniques, are oily contaminants [38,39,41]. Based
on the cleanliness of our method, supported by the negative
control experiment done with helium (see Fig. S3), we
conclude that the particles we detect are not spurious colloids.

We conclude that Xe and Kr form nanoentities that
are not recognizable as nanobubbles. If our findings
are extrapolated to other gases like N,, CO,, and CHy,
commonly used in the study of nanobubbles but susceptible
to form clathrate hydrates and therefore nanostructured
domains, there is not Laplace pressure bubble catastrophe
to worry about. Physics, then, will not be violated and
ad hoc models to justify stability will be unnecessary.
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