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of Chemistry Conventionally, only two states are assumed to exist in water: well-dispersed gas monomers and gas
bubbles. Rarely is this paradigm explored experimentally. To close this gap, here we used transmission
electron microscopy (TEM) to study degassed water, deionized water, and gas-supersaturated water
encapsulated in graphene liquid cells. While neither degassed water nor deionized water yielded specific
features, two major microscopic structures were evident in gas-supersaturated water: (1) polycrystalline

nanoparticles formed of gas molecules and (2) a high density of tiny cells. Dark-field TEM imaging
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Accepted 2nd January 2021 revealed that water molecules surrounding each cell form crystalline structures—a surprising discovery

of a clathrate state in gas-supersaturated water that may help resolve several long-standing puzzles.
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Open Access Article. Published on 04 January 2021. Downloaded on 6/16/2026 9:59:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science complex and subtle ways.

Introduction

Dissolution of gases in liquid water is a general, fundamental,
and critical phenomenon across living and nonliving things.
Despite numerous studies over the last century, there remain
many mysteries about gas dissolved in water, such as the
nucleation mechanism of gas bubbles in water, whether nano-
bubbles exist in bulk water, the abnormal thermodynamic
properties of gas-saturated water, and more."® Simple gas
molecules, such as N,, O,, Ar, and SFs, are small nonpolar
molecules with very low solubility in water. Conventionally it
has been assumed that dissolved gas molecules are well
dispersed as monomers (Fig. Slat). The concentration of gas
molecules at a given time and position, C(r,t), has been used to
describe the gas condition in aqueous solutions, even when the
dissolved gas concentration is near or above the saturation
level.>**> Gas bubbles may form in water (Fig. S1bt) when the gas
concentration exceeds a certain supersaturation level.
However, recent experiments suggest that gas concentration
alone is not sufficient to describe gas dissolved in water, and it
has been proposed that a portion of gas molecules aggregate
into clusters when the gas concentration is near or above the
saturation concentration.”*** Therefore, here we sought to
examine whether dissolved gas forms clusters or other micro-
structures in water. Transmission electron microscopy (TEM) of
graphene liquid cells (GLCs) can reveal structures in liquid with
sub-nanometer or atomic resolution.’*?® We encapsulated
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water between two laminated graphene layers spanning the
holes in TEM grids; we investigated degassed water, deionized
water, and water supersaturated with pure gas (N,, O,, Ar, Xe,
CO,, and SF¢) at room temperature. We detected two major
structures in gas-supersaturated water: (1) individual poly-
crystalline nanoparticles (typically several nanometers in
diameter) in liquid water, and (2) clathrate structures (often
~100 nm or larger in lateral size). In the clathrate structures,
water molecules form a polycrystalline matrix hosting a high
density of gas-containing cells (cell separation of 4-8 nm).
Together, these observations challenge the conventional view of
gas in water (Fig. S1t) and reveal intricate and surprising
interactions among water molecules and gas molecules.

Experimental procedures
Materials

Deionized water was prepared using a Milli-Q system (Millipore
Corp.) with a resistivity of 18.2 MQ cm. To prepare gas-
supersaturated water, a glass bottle (50 mL) containing deion-
ized water (20 mL) was placed in a pressure tank (TNKB1-3;
Misumi) and pumped to ~0.1 atm for 1 h with an oil-free
vacuum pump (Rocker 410, Rocker). The tank was pressurized
to 2—-4 atm with high-purity (99.999%) gas (Fig. S2at). Six gases
(Ny, O,, Ar, Xe, CO,, SF¢) were used. The water was stored in the
pressurized tank for ~2 days; the tank was opened right before
preparing graphene liquid cells (GLCs). To prepare degassed
water, the glass bottle containing deionized water was kept in
the same pressure tank pumped to ~0.1 atm (Fig. S2bt) for ~2
days. The tank was opened right before preparation of GLCs.
Unless otherwise specified, all experiments were conducted at
room temperature (22-24 °C). To prepare GLCs, two
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commercial graphene-covered copper grids for transmission
electron microscopy (TEM; 2000-mesh, 2-6 graphene layers,
SKU-TEM-CU-2000-025, Graphene Supermarket) were heated to
180 °C on a hot plate for 1 h to remove moisture and contam-
inants on the graphene. The grids were cooled to room
temperature in a dry cabinet. Then, a droplet (~1 pL) of water
(degassed, deionized, or gas-supersaturated) was deposited on
a graphene-covered grid with the graphene side up, and the
other graphene-covered grid was immediately placed on the
droplet with the graphene side down (Fig. S2¢t). A cover slip was
placed on top to press the two TEM grids to squeeze out most of
the water, leaving only a tiny amount of water trapped between
the graphene sheets. Finally, two copper grids were separated
with tweezers; the resulting GLCs were attached to only one
TEM grid, which could be discerned easily with the eyes. For
gas-supersaturated water, we studied 9 samples of N,-super-
saturated water, 2 samples of O,-supersaturated water, 6
samples of Ar-supersaturated water, 2 samples of Xe-
supersaturated water, 2 samples of CO,-supersaturated water,
4 samples of SF¢-supersaturated water, all prepared at 3-4 atm,
as well as one sample of N,-supersaturated water prepared at 2
atm.
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Transmission electron microscopy (TEM)

All GLC samples were imaged with a field-emission TEM (JEM-
2100F, JEOL) with an acceleration voltage of 100 kv. The back-
ground pressure was ~5 x 10~ ° Pa. Unless specified otherwise,
bright-field imaging was typically operated at underfocus to
achieve high image contrast. Electron loss energy spectroscopy
(EELS) was conducted with a GIF 863 Tridiem (Gatan) in
diffraction mode. The thickness of water pockets was estimated
as 20-200 nm via the EELS log-ratio technique.*

Results
TEM of degassed water and deionized water in GLCs

On TEM of two GLCs containing degassed water, encapsulated
water pockets appeared with darker contrast than non-
encapsulated regions (Fig. 1a and b), mainly due to variations
in water thickness. The shapes of encapsulated liquid pockets
were very irregular, and graphene wrinkles (dark lines in TEM
images) often appeared in water-encapsulated regions (Fig. 1).
No specific structure was evident in water pockets containing
degassed water (Fig. 1). The diffraction pattern of degassed
water only contained spots corresponding to {0—110} graphene

Fig. 1 Representative TEM of GLCs containing degassed water. (a) Bright-field image showing a few encapsulated water regions. (b) Higher-
resolution image of the region outlined in red in (a). Regions containing water exhibit slightly darker contrast than regions without encapsulated
water. The dark lines (one is indicated with a white arrow) are graphene wrinkles, which often appear in water-encapsulated regions; graphene
wrinkles are rarely seen before GLC preparation (data not shown). These wrinkles likely form during GLC preparation due to the escape of water
from water pockets that were originally larger. (c) Diffraction pattern of the region in the red circle in (b). The orange circle indicates the first-
order diffraction spots of the multi-layer graphene. The red arrows indicate diffraction spots with a d-spacing of 3.3 A, which is the spacing
between graphene layers in the graphene wrinkles. (d) Bright-field image of a different region of this GLC. (e) Higher-resolution image of region e
in (d). Two graphene wrinkles are indicated with white arrows. (f) Higher-resolution image of region f in (d).
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Fig.2 Coarsening of polycrystalline nanoparticles of N, molecules over time in supersaturated water. Acquisition time is indicated below each

image. The image labeled t = 0 s was acquired 65 s after the image in Fig. S5d.1 Note the two types of coarsening processes in these images:
Ostwald ripening (yellow outline) and coalescence (white outline). The white arrow highlights a reference particle. Scale bars: 5 nm.

Fig. 3 Gas molecules forming polycrystalline nanoparticles in GLCs and the corresponding diffraction patterns. (a) Bright-field image of N,-
supersaturated water encapsulated in a GLC. (b) Diffraction pattern of the region in (a). The orange circle indicates first-order diffraction spots of
the multi-layer graphene. The blue arrow indicates a ring of diffraction spots with d-spacing of 2.4 A. (c) Bright-field image of SFs-supersaturated
water encapsulated in a GLC. (d) Diffraction pattern of the region in (c). The blue arrow indicates a ring of diffraction spots with d-spacing of 2.5 A.
(e) Bright-field image of Ar-supersaturated water encapsulated in a GLC. (f) Diffraction pattern of the region in (e). The blue and yellow arrows
indicate two rings of diffraction spots with d-spacings of 3.7 A and 2.6 A, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2021, 12, 2635-2645 | 2637


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06262f

Open Access Article. Published on 04 January 2021. Downloaded on 6/16/2026 9:59:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

Underfocus Overfocus In-focus Diffraction

Fig. 4 Bright-field images (acquired under different focusing conditions) and corresponding SAED patterns of clathrate structures in water
supersaturated with six gases. In the SAED patterns, the dashed circle indicates the first-order diffraction spots of the multi-layer graphene. Insets
in (a) and (b) are enlarged views of the regions outlined in yellow; d-spacing of some of the diffraction spots associated with the clathrate
structures are indicated in orange. Scale bars: 100 nm.
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lattice (spacing of 2.14 A)*> and graphene interlayer spacing (d-
spacing of 3.3 A)?* associated with wrinkles of multi-layer gra-
phene (Fig. 1c). These observations indicate a homogenous
liquid medium inside the encapsulated water regions. Electron
energy loss spectroscopy (EELS) performed on a pocket of
degassed water revealed spectra of a carbon K-edge associated
with graphene and an oxygen K-edge associated with water
(Fig. S371).

We also prepared three GLC samples containing deionized
water, which is partially degassed with air gas at 60-80% of the
saturation concentration. Similarly, no specific structure was
detected in the water pockets of deionized water (Fig. S4+).

Polycrystalline nanoparticles of gas molecules in gas-
supersaturated water

We carried out bright-field imaging of water pockets containing
N,-supersaturated water (Fig. S5at). Higher-resolution images
revealed dark particles several nanometers in size inside the
water pockets (Fig. S5b-dt). The sizes of these nanoparticles
gradually increased over time through two coarsening mecha-
nisms: coalescence (Fig. 2, white outline) and Ostwald ripening
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(Fig. 2, yellow outline). The shapes of the particles were far from
spherical directly after coalescence, but the particles became
more spherical over time (Fig. 2, white outline). We detected
a gradual disappearance of small particles and an increase in
size of large particles during Ostwald ripening (Fig. 2, yellow
outline). High-resolution images also revealed polycrystalline
structures in these dark particles (Fig. 2, 1040 s and 1393 s). The
crystalline lattice structures vary over time, probably due to
electron irradiation and/or intrinsic structural rearrangements
at room temperature.

In some water pockets, dark particles several tens nanome-
ters in size were observed in GLCs containing N,-supersaturated
water (Fig. S6at). EELS spectra around the nitrogen K-edge
(~400 eV) were obtained for large particles (Fig. S6bt) and
spectra around the oxygen K-edge (~540 eV) were obtained
throughout the liquid pockets (Fig. S6ct), indicating that water
containing nitrogen is encapsulated in the GLC. It was previ-
ously proposed that gas molecules dissolved in water may
aggregate into clusters in bulk water,"»'** and theoretical
simulations have indicated that small hydrophobic molecules
such as CH, tend to cluster in water.”>*® Our current
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Fig. 5 EELS of a clathrate structure in SFg-supersaturated water. (a) Bright-field TEM image. (b and c¢) Background-subtracted EELS spectra
acquired from the region in (a). The red values in (b) indicate the energy of the peaks associated with the sulfur L-edge, revealing the existence of
SFe molecules. (c) The peak near 540 eV in (c) is associated with the oxygen K-edge from water molecules. (d) Comparison with previously
reported EELS spectra of SFg gas.?” The red dashed lines indicate the peak values in our measurement in (b). The spectra in (b) are somewhat
different from those of SFg gas in terms of the peak positions, the peak shape, and the relative intensity.
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observations support this hypothesis, but to our knowledge the
formation of polycrystalline structures has never been proposed
or predicted previously.

Polycrystalline dark particles also appeared in GLCs con-
taining O,, Ar, Xe, or SFs-supersaturated water. Selected area
electron diffraction (SAED) patterns acquired on these regions
contained spots forming rings (Fig. 3), indicating the presence
of small crystals with many different orientations.

Clathrate state in gas-supersaturated water

The polycrystalline nanoparticles shown in Fig. 2, 3, S5 and S6t
were only detected in a small number of the water pockets in
GLC samples of gas-supersaturated water. We uncovered an
intriguing and distinctive state in most of the water pockets in
the same GLC samples (Fig. 4). This state features a high density
of tiny cells: in a pocket containing N,-supersaturated water,
these cells appear as white spots at underfocus (Fig. 4a) and as
dark spots at overfocus (Fig. 4b). In focus, the cells have very low
contrast and are difficult to discern (Fig. 4c). Similar structures
were visualized in GLCs containing water supersaturated with

~
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other gases, including O,, Ar, Xe, SF¢, and CO, (Fig. 4). EELS of
this state in pockets containing SFe-supersaturated water
revealed clear features of S and O (Fig. 5), indicating that the
water contains SFg.

Interestingly, there have been numerous TEM observations
of high densities of gas-containing cells in solids after the solids
are implanted with a certain dose of gas ions (such as He", Kr',
and Xe') at appropriate temperatures.?** In those reports, the
gas-containing cells appeared as bright spots at underfocus and
as dark spots at overfocus, similar to our TEM observations
(Fig. 4). Why do gas atoms/molecules form such a peculiar state
in water, as noble gas atoms do in solids?

Note the additional diffraction spots in SAED patterns
(Fig. 4d, h, 1, p, t and x). These diffraction spots are not
commensurate with graphene's lattices and were consistently
observed in all water pockets containing this intriguing state.
We originally suspected that these spots were contributed by the
crystalline structures of gas molecules in the tiny cells.
However, they do not form the rings depicted in Fig. 3. Instead,
only a few discrete sets of diffraction spots corresponding to

o’

euBNy unn?

Fig. 6 Bright-field and dark-field TEM imaging of a clathrate state for N,-supersaturated water encapsulated in a GLC. Bright-field images were
acquired at (a) underfocus and (b) overfocus. Insets: enlarged views of the regions outlined in yellow. The red dashed circles outline some of the
cells for comparison across (a), (b), and (d). The dashed blue line outlines the pocket containing the clathrate structure. (c) SAED pattern of the
regions shown in (a) and (b). The dashed circle indicates the first-order diffraction spots of the multi-layer graphene. Inset: enlarged view of the
diffraction beam indicated with d-spacing of 3.4 A. (d) Dark-field TEM image acquired from the diffracted beam indicated with d-spacing of 3.4 A
in (c). Honeycomb-like patterns are evident. Inset: enlarged view of the region outlined in yellow.
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certain crystal planes are apparent in Fig. 4, and some spots
exhibit rather strong intensity, which should be contributed
from crystals of sizes considerably larger than those of the tiny
cells. Also, diffraction spots with interplanar spacing (d-
spacing) of 2.6-2.8, 3.4, or 3.7-3.9 A are commonly detected
with different gases in this state (Fig. 4). These d-spacing values
appear to be consistent with those of hexagonal ice (d-spacing of
2.1,2.25,2.7, 3.4, 3.7, and 3.9 A at 163 K),* but occasionally we
perceived diffraction spots with d-spacing of 4.5-4.7 A (for
example Fig. 4p). Diffraction spots with d-spacing of 2.1 or 2.25
A for hexagonal ice are not easily distinguished from first-order
diffraction spots of graphene (~2.14 A).

Dark-field TEM imaging of N,-supersaturated water encap-
sulated in a GLC revealed regions of honeycomb-like structures
with water molecules forming a solid matrix hosting the tiny
cells (Fig. 6). The SAED pattern contained a pair of strong peaks
corresponding to crystals with d-spacing of 3.4 A (Fig. 6c). Note
that in a dark-field TEM image, the crystals that contribute to
the diffracted beam appear bright (Fig. 6d). The tiny cells, which
appear as white spots at underfocus (Fig. 6a) and as dark spots
at overfocus (Fig. 6b), exhibit dark contrast and the surrounding
water exhibits bright contrast in the dark-field TEM image
(Fig. 6d). Thus, the water molecules surrounding each of the
gas-containing cells form crystalline structures, which is char-
acteristic of a clathrate state. Notice that the bright regions in
the dark-field TEM image (Fig. 6d) are somewhat co-localized
with the dark regions in the bright-field image (Fig. 6b), sug-
gesting diffraction contrast for the crystal grains of the clathrate
state in bright-field images.

The region highlighted in Fig. 6 was studied again after the
sample was aired for 4 days and before being subjected to TEM
again (Fig. 7). The corresponding SAED pattern (Fig. 7a) was

27.5 min

View Article Online

Chemical Science

very similar to that in Fig. 6¢, indicating that the major crys-
talline structure of the matrix persisted after 4 days. However,
bright-field imaging (Fig. 7b) revealed a cell configuration
somewhat different from that in Fig. 6b, particularly in terms of
the darker regions associated with diffraction contrast. Dark-
field TEM imaging visualized a slow change in the matrix
configuration over time (Fig. 7c-i); the bright-field image
acquired after dark-field TEM imaging (Fig. 7j) also showed
some change from Fig. 7b. These observations indicate that this
clathrate state is very stable and can survive even after the
sample is transferred between a vacuum and ambient air.
Notably, this slow change in the detailed matrix configuration
occurred even without electron irradiation. However, the
change rate of the solid matrix increased with increasing
magnification (electron dose rate): when imaged at a magnifi-
cation that resolves atomic lattices (x250 000, dose rate ~340
e A2 s, the liquid inside the pockets sometimes drained
out within several minutes (Fig. S71). Given the sensitivity of
clathrate structures to high electron flux, we usually imaged the
structures at magnifications lower than x30 000 (dose rate ~4.5
e~ A2 s7") to minimize the effect of electron irradiation.
Rotation of the sample revealed more three-dimensional
information about the clathrate structures (Fig. 8). After the
sample shown in Fig. 7 was aired for 2 days, the SAED pattern
(Fig. 8a) was similar to those in Fig. 6¢ and 7a, indicating that
the major crystalline structures of the solid matrix persisted.
Bright-field imaging (Fig. 8b) uncovered differences from
Fig. 7j, particularly the darker regions associated with the
diffraction contrast. The dark-field TEM image (Fig. 8c) also
showed some bright regions that co-localized with the dark
regions in the bright-field image (Fig. 8b). The dark-field TEM
image in Fig. 8c was very different from those taken 2 days

12.5 min

35.5 min

37.5 min

Fig. 7 Slow dynamics of a clathrate structure for N,-supersaturated water encapsulated in a GLC. The region visualized in Fig. 6 was subjected
again to TEM four days after the initial visualization. The sample was tilted slightly (0.1°) around the X-axis. (a) SAED pattern of the region. The
orange circle indicates the first-order diffraction spots of the multi-layer graphene. (b) Bright-field image (overfocus) acquired before dark-field
TEM imaging. The dashed blue line outlines the pocket containing the clathrate structure. (c—i) Dark-field TEM images acquired from the dif-
fracted beam indicated with d-spacing of 3.4 A in (a). (j) Bright-field image (overfocus) acquired after dark-field TEM imaging. Magnification was

maintained at x20 000 throughout image acquisition.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Bright-field and dark-field TEM imaging of a clathrate structure in N>-supersaturated water upon sample rotation. The depicted region is
that shown in Fig. 7, 2 days later. (a) SAED pattern of the region. The orange circle indicates the first-order diffraction spots of the multi-layer
graphene. (b) Bright-field image (in focus) acquired before dark-field TEM imaging. The blue dashed lines outline the pocket containing the
clathrate structure. (c) Dark-field TEM image acquired from the diffracted beam indicated with d-spacing of 3.4 A in (a). (d) SAED pattern of the
region after the sample was tilted to +0.3° around the X-axis and —1.5° around the Y-axis. (e) Bright-field image (in focus) after the sample was
tilted. (f) Dark-field TEM image acquired from the diffracted beam indicated with d-spacing of 3.4 A in (d). (g) SAED pattern of the region after the
sample was tilted to +0.3° around the X-axis and —5.3° around the Y-axis. (h) Bright-field image (overfocus) after the sample was tilted. (i) Dark-
field TEM image acquired from the diffracted beam indicated with d-spacing of 2.6 A in (g). Scale bars: 100 nm.

earlier (Fig. 7c-i), suggesting considerable water restructuring
in the solid matrix. After the sample was tilted to +0.3° around
the X-axis and —1.5° around the Y-axis, the SAED pattern
showed little change (Fig. 8d), but the bright-field image dis-
played different contrast (Fig. 8e). The corresponding dark-field
TEM image (Fig. 8f) showed a honeycomb-like pattern that
differed from that in Fig. 8c. After we tilted the sample further
by —3.8° around the Y-axis, strong diffraction spots with d-

2642 | Chem. Sci., 2021, 12, 2635-2645

spacing of 2.6 A appeared in the SAED pattern of the same
pocket (Fig. 8g; the corresponding bright-field image appears in
Fig. 8h). The dark-field TEM image acquired from the diffracted
beam indicated by d-spacing of 2.6 A also contained
honeycomb-like patterns (Fig. 8i) but with a spatial distribution
different from those seen in Fig. 8c and f. Together, these data
indicate that the clathrate structure inside the pocket is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Bright-field images of clathrate structures (red arrows) surrounded by liquid water. (a) Water pocket containing Xe-supersaturated water.
The blue dashed line outlines an edge of the water pocket. Inset: enlarged view of the labeled clathrate structures 1 to 4. (b) Another water pocket

containing Xe-supersaturated water. Scale bars: 100 nm.

composed of several
orientations.

The honeycomb-like structures were consistently detected
via dark-field TEM imaging of GLCs containing gas-
supersaturated water when the sample was tilted to certain
orientations such that the diffraction spots were very bright
(Fig. S8-S111). We often saw a ring surrounding the major
diffraction spots associated with the clathrate state; sometimes
the ring was composed of several small and weak spots (inset in
Fig. 6¢), suggesting lattice-like superstructures. The radius of
the ring was consistent with the average spacing between cells.

The clathrate structure usually occupied nearly the entire
pocket (Fig. 4 and 6), although there were occasions where the
clathrate structures occupied <50% of a water pocket (Fig. 9).
These clathrate structures coexist with liquid water (Fig. S9 and
S10%).

grains of crystals with different

Discussion

The clathrate state detected here in GLCs differs from typical
gas clathrates (gas hydrates),*** which have been studied for
many decades. The latter exist at temperatures well below room
temperature and at pressures considerably higher than 1 atm;
the former exist under ambient conditions. The latter have very
small cages (or cells, <1 nm) and the structures exhibit good
long-range order and can grow to a macro size; the former
have poor long-range order and seem to have a finite size
(typically <1 pm). The SAED patterns and dark-field TEM images
of this new clathrate state clearly indicate that water molecules
form crystalline structures surrounding the gas-containing
cells. It remains difficult to fully determine the detailed crys-
talline structures of water surrounding the cells. While most of
the d-spacings obtained from SAED patterns are similar to those
in hexagonal ice at —110 °C,** occasionally we found diffraction
spots with d-spacing of 4.5-4.7 A. We therefore currently do not
know whether there is more than one type of crystal in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

clathrate state. There are many water ice structures under
various thermodynamic conditions, but those are bulk ice
structures with no or few broken water hydrogen bonds. Crys-
talline water structures in the clathrate state consist of interfa-
cial water surrounding and/or between the gas-containing cells;
thus, many broken hydrogen bonds and structural relaxation
can be expected. It is highly likely that water in the clathrate
state forms new crystalline water structures that are distinct
from previous ice structures. Further experimental and theo-
retical endeavors will be needed to elucidate this issue.

We still do not know the states adopted by the gas molecules
inside the cells (cages) or the percentage of gas in the clathrate
state. The EELS spectra for sulfur (Fig. 5b) is somewhat different
from the spectra of SF¢ gas (Fig. 5d),*” indicating that SF in the
clathrate state is not in the vapor phase. It has been claimed
that Z-contrast is dominant in in-focus TEM images and that
the defocused images feature phase-contrast.>* The low contrast
for those tiny cells in our in-focus images suggests that the gas
molecules may be in a condensed form with a mass density
close to that of the surrounding water. When we performed
EELS on the clathrate structures from N,-, Ar-, and Xe- super-
saturated water, no spectra associated with N, Ar, or Xe were
detected. Spectra associated with the oxygen K-edge (Fig. 5¢)
were consistently detected in all clathrate structures, indicating
that water is the major constituent of the clathrate state. We
speculate that the scattering cross sections from N,, Ar, and Xe
may not be as large as that from S (SF¢) and that the gas
concentration in the clathrate state is not high. Further exper-
iments using methods with higher sensitivity will be needed to
determine the ratio of gas in the clathrate state.

Although we are not certain whether clathrate structures are
also present in bulk water, the coexistence of liquid water with
the clathrate structures inside the same water pocket (Fig. 9, S9
and S10t) suggests such a possibility. Each clathrate structure
may behave like an individual nanoparticle or like a colloid
suspended in water. Importantly, the presence of clathrate
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structures in bulk water may unlock several long-standing
puzzles related to gas in water.

Compared with the dissolution of gases in organic solvents,
which is well understood,*” the dissolution of gases in water
exhibits abnormal thermodynamic properties, such as an
anomalously large increase in heat capacity, a large decrease in
standard enthalpy, and an extremely large loss of entropy.>*®
The unusually large entropy loss suggests a considerably higher
degree of solvent ordering for gases in water than in organic
solvents, motivating the “iceberg model” in which water forms
frozen patches or microscopic “icebergs” around gas mole-
cules.* Conventionally, gas in water has been assumed to be
a homogeneous system with gas molecules behaving as well-
dispersed monomers (Fig. S1at), so the iceberg model depicts
an ice-like structure or increased ordering of water around
individual gas molecules or small nonpolar solutes. This para-
digm was later extended to interpret hydrophobic hydration
and even to explain hydrophobic interactions,**” which play
a pivotal role in many chemical phenomena and biological
processes in aqueous solution.® Since the proposal of the
iceberg model in 1945, there have been numerous experi-
mental and theoretical investigations of water structuring
(hydration) around small nonpolar solutes or hydrophobic
parts of large molecules, but most have not supported the
existence of ice-like structures surrounding individual hydro-
phobic solutes or hydrophobic parts of large molecules;’ a few
works have supported the iceberg model.*®

Recently, Grdadolnik et al. studied liquid water in equili-
bration with high-pressure gas (Kr, Xe, CH,, and C,Hg) using
infrared spectroscopy.®® The infrared spectra indicated that, in
addition to liquid water, there are structures in which water
hydrogen bonds are strengthened to levels observed in ice and
clathrates.®® Excitingly, the clathrate structures uncovered here
may be the long-sought microscopic “icebergs”, motivating new
interpretation of the iceberg model. When the gas concentra-
tion in water is well below the saturation level, gas molecules
may exist as well-dispersed monomers in liquid water
(Fig. S1at). Since we did not detect any specific features or any
crystalline water structures in GLCs containing degassed water
(Fig. 1) or partially degassed water (Fig. S4t), there may be no
ice-like structures surrounding dispersed gas monomers.
However, water with gas concentrations near or above satura-
tion level may not be the homogeneous system of the classic
paradigm. The presence of clathrate structures in water may
explain the abnormal thermodynamic properties evident upon
dissolution of gases in water. It may also explain the enhanced
solubility of gas in water with decreasing temperature: clathrate
structures are energetically more favorable at
temperatures.

The clathrate structures reported here may also be the so-
called “nanobubbles” in bulk water (also called bulk nano-
bubbles).* Total reflectance infrared spectroscopy of nano-
bubble solutions indicated the presence of hard hydrogen
bonds equivalent to those found in ice and gas hydrates.*® It has
been reported that bulk nanobubbles 50-500 nm in diameter
can be prepared by pressurizing gas in water and then decom-
pressing the water to ambient pressure.’®** Thus, bulk

lower

2644 | Chem. Sci, 2021, 12, 2635-2645

View Article Online

Edge Article

nanobubbles may be present in the gas-supersaturated water
that we prepared here. The hard hydrogen bonds measured by
Ohgaki et al.*® are consistent with our clathrate structures. In
the many samples we have studied via TEM, bubble-like struc-
tures with diameters >50 nm rarely appeared and the clathrate
structures were the major structures observed in most water-
containing pockets. In addition, the clathrate structures detec-
ted here are equivalent in size to bulk nanobubbles.

The existence and stability of bulk nanobubbles have been
highly debated. To date, numerous experimental studies have
shown that bulk nanobubbles can be stable in water for hours
or even weeks.>***" Those studies mainly employed optical
methods, which lack the resolution to see detailed structures in
“nanobubbles”. Current theories do not support the existence
of nanobubbles in water;>'* small bubbles have very short life-
times mainly due to the very high interfacial tension of gas
bubbles in water. Our clathrate structures have an ice shell,
which would have a much smaller interfacial tension with
surrounding liquid water and thus be more stable than gas
bubbles.

How gas bubbles are nucleated in water is another long-
standing puzzle. Bubble nucleation in water occurs much
more easily than predicted by theories based on the conven-
tional view of gases dissolved in water."*> Many researchers
believe that there may be persistent gas micronuclei in water,
which may later evolve into gas bubbles under certain condi-
tions, such as decompression, heating, or mechanical agitation.
To date, there are no established definitions of micronuclei or
explanations of why they are stable. Plesset has argued that
small gas bubbles cannot serve as persistent micronuclei due to
their poor stability and short lifetime,** as is the case for bulk
nanobubbles. Our clathrate structures may therefore function
as persistent micronuclei. It remains to be determined how
these clathrate structures may evolve into gas bubbles.

The microscopic structures for gas in water that we report
here may also contribute to the efficient capture of oxygen in
water by aquatic animals, such as fish. The oxygen concentra-
tion in ambient air (276 mg L") is ~34 times higher than that
in water (8 mg L™ " at 20 °C); the molecular ratio of oxygen in air
(~20%) is ~40 000 times higher than that in water (~0.0005%);
the diffusion constant of oxygen in air (~20 mm?® s ') is
~10 000 times higher than that in water (~0.002 mm” s~ ). It is
therefore amazing that aquatic animals can capture sufficient
oxygen from water. It would be extremely difficult to achieve this
capture if all dissolved oxygen molecules were in the well-
dispersed monomer form. The formation of gas-containing
microscopic structures, particularly clathrate structures, may
facilitate such efficient capture.

Conclusion

Our observations of two major states in GLCs indicate that
dissolved gas molecules in water may form microscopic struc-
tures other than well-dispersed monomers or bubbles, implying
intriguing and complex interactions among water and gas
molecules. Our observations indicate that water is not simply
a solvent for gas molecules: it is a matrix that actively interacts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with gas molecules in complex and subtle ways. Understanding
the interactions among water and gas molecules may improve
our understanding of many fundamental phenomena related to
gas in water and open the door to many new applications.
Further investigation of the gas-containing microscopic struc-
tures in water, their mechanism(s) of formation, and their
energetics will be crucial, as will studies of the contributions of
temperature, ions, pH, and other molecules to the formation of
gas-containing structures in water.
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