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ABSTRACT: Water is ubiquitous in natural systems, ranging
from the vast oceans to the nanocapillaries in the earth crust or
cellular organelles. In bulk or in intimate contact with solid
surfaces, water molecules arrange themselves according to
their hydrogen (H) bonding, which critically affects their
short- and long-range molecular structures. Formation of H-
bonds among water molecules designates the energy levels of
certain nonbonding molecular orbitals of water, which are
quantifiable by spectroscopic techniques. While the molecular
architecture of water in nanoenclosures is of particular interest
to both science and industry, it requires fine spectroscopic
probes with nanometer spatial resolution and sub-eV energy
sensitivity. Graphene liquid cells (GLCs), which feature
opposing closely spaced sheets of hydrophobic graphene,
facilitate high-resolution transmission electron microscopy (TEM) and electron energy-loss spectroscopy (EELS)
measurements of attoliter water volumes encapsulated tightly in the GLC nanovessels. We perform in situ TEM and EELS
analysis of water encased in thin GLCs exposed to room and cryogenic temperatures to examine the nanoscale
arrangement of the contained water molecules. Simultaneous quantification of GLC thickness leads to the conclusion that
H-bonding strengthens under increased water confinement. The present results demonstrate the feasibility of nanoscale
chemical characterization of aqueous fluids trapped in GLC nanovessels and offer insights on water molecule arrangement
under high-confinement conditions.
KEYWORDS: nanoscale confinement, graphene, water, hydrogen bonding, TEM, EELS

Understanding the behavior of water under various
physical conditions has been of key interest because
of its importance to life and nearly every human

activity.1 Electron affinity dissimilarities of oxygen and
hydrogen cores cause a 1.8546 D permanent dipole on
isolated water molecules. The bonding between the lone
electron pair on the outermost orbital of an oxygen atom with
polarized hydrogen atoms of neighboring water molecules
gives rise to intermolecular forces, also known as, hydrogen
bonding.2 Although typical intermolecular energies in fluids
exhibit magnitudes below 0.5 eV, hydrogen bonding between
water molecules is substantial and may reach up to 1 eV/
bond.3 Such significant energetic interactions between water
molecules derive its unusual and peculiar properties, such as
elevated boiling and melting points, high surface tension, etc.4

In order to form hydrogen bonds, a water molecule donates its
hydrogen or deuterium (donor), while a neighboring water
molecule accepts the proton on its oxygen core (acceptor),
making each water molecule capable of forming a tetrahedral

crystal with four symmetrical hydrogen bonds. The O−O
distance of two isolated hydrogen-bonded water molecules
under ambient conditions is 2.97 Å and decreases upon the
addition of more molecules, converging to 2.76 Å in hexagonal
ice.5 However, the short lifetime of hydrogen bonds and their
fast-paced dynamics in the absence of external forces6 disturbs
the perfect tetrahedral hydrogen bonding structures in liquid
water, forming asymmetrical structures with less than four
hydrogen bonds present.7,8 Fourier transform infrared spec-
troscopy measurements have detected small portions of loose
hydroxyl groups in liquid water,9 indicating the engagement of
most hydrogen protons in hydrogen bonds, while the rest are
stretching freely. Molecular orbital models also predicted that
the chance of nonperfect tetrahedral structure formation in
water with fewer than four hydrogen bonds is far from
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negligible.10 Following that, Pople claimed that bulk water
possess a variety of molecular structures, including a four
hydrogen-bonded one at any given temperature.11 Such
structural distortions are claimed to be the main reason
behind the higher density of liquid water compared to that of
ice, wherein symmetric tetrahedral H-bond structure pop-
ulation increases substantially.1

The architecture of water molecules closely confined
between solid substrates has been a sought-after subject in
science with numerous applications in the industry.12 In many
natural microscale environments, ranging from geology to
biology, nanometer- to micrometer-thick films of water are
bound in confined geometries enforced by solid surfaces.13−15

A profound understanding of water behavior under such
circumstances leads to industrial innovations in the field of
nanofluidics.16 Jones has described the behavior of water
molecules entrapped between two nonpolar solid surfaces by
simplifying the van der Waals (VdW) energy equation to
E A

r
C
rVdW

z
12

z
6= − , where A and C are positive coefficients, and

rz represents the confinement thickness.17 When rz approaches
the water molecule radius (0.29 nm), EVdW becomes dominant,
and repulsion forces between surfaces and water molecules

form structured bilayers of water close to the substrate.18

Studying the behavior of water between two approaching
hydrophilic mica spheres has shown oscillating repulsive forces
with 0.25 nm periods, suggesting a certain degree of molecular
layering in water upon close entrapment.19 Potential energy
landscape (PEL) simulations of entrapped water clusters
between graphene crystals, a well-known nonpolar carbon layer
with a hexagonal lattice structure, have predicted how
enclosing water molecules between graphene substrates
reorders the molecular arrangement of water.20 In such
simulations, water molecules exhibited highly ordered
crystalline nuclei formation on the graphene layers with
densities exceeding 1.2 g cm−3 at room temperature when wall
spacings between graphene crystals fell below 1 nm.20 Later on,
atomic force microscopy (AFM) investigations showed the
layer-by-layer growth of atomically flat water clusters between
graphene crystals and BaF2 substrates with height intervals of
0.37 nm, identical to the distance between adjacent bilayers in
hexagonal ice.21

One hypothesis based on prior PEL simulations20 and AFM
observations21−23 is that strong repulsive forces from close
entrapment in graphene saturate hydrogen bonding in water

Figure 1. Analysis of low-loss EELS signals from graphene-encapsulated water. (a) High angle (left) and side view (right) schematic
illustrations of a single GLC where an attoliter water volume is encased between opposing graphene layers. (b) STEM high angle annular
dark field (HAADF) image of water encased in GLC at room temperature T = 25 °C (left) and at −165 °C (right). Water is tightly confined
in each case inside the red-bounded domains. The white dash squares specify the sampling areas. Scale bars denote 300 (left) and 20 nm
(right). (c) Low-loss EELS spectra showing features at 6−7 and 24 eV (plasmon peak), which have been previously reported for liquid
water.65 These low-loss spectra are used to measure the GLC sample thickness at different coordinates by correlating the log-ratio of
inelastic mean free path of electrons in the sample. (d) tz

λ
values of the GLC at 25 °C as estimated from the low-loss EELS spectrum in (c).

(e) 3D bar graph of GLC nanovessel thickness derived from the data in (d). (f) Low-loss spectra of GLC-encased water at −165 °C show a
slight shift of the plasmon peak toward lower energies. (g) tz

λ
values of the GLC at −165 °C as estimated from the low-loss EELS spectrum in

(f). (h) 3D bar graph of GLC nanovessel thickness derived from the data in (g).
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and preserve four-hydrogen-bonded structures of water
molecules at room temperature. However, debate persists on
the molecular structure of water trapped between solid
surfaces. Although all proposed opinions are based on valid
scientific assumptions and models,24−26 they have often
supported contradictory outcomes. This fundamental knowl-
edge gap goes to the extent that some scientists believe
hydrogen bonding dissociates upon capillary entrapment of
water,27,28 while others believe it is fortified instead.26,29,30

Such challenges aside, development of spectroscopic tools have
made it possible to probe the molecular structure and
dynamics of water molecule behavior in significant detail.
For example, examining the H-bonding moments of water in
vapor, liquid, and solid states was made possible using
environmental X-ray Raman spectroscopy (XRS).31 XRS is
capable of resolving the energy fluctuations in the outermost
molecular orbital (MO) of water and distinguishes between
single- and multihydrogen bonds between water molecules;
thus, XRS has been used to assess the ratio of four-hydrogen-
bonded species (symmetrical) to asymmetrical water struc-
tures.11 Higher ratios of symmetrical to asymmetrical
architecture indicate higher long-range tetrahedral arrange-
ment of water molecules and thus, more solid-like behav-
ior.31,32 Despite the high-temporal resolution of X-ray Raman
spectroscopy, the technique suffers from poor probe spot size
(low spatial resolution) required for direct measurements of
water in nano/micro capillaries.
Herein, we present a method to explore the behavior of

water molecules under hydrophobic nanoscale entrapment (tz
∼ 50 nm). Using this data, we have also predicted the behavior
of water molecules where the liquid thicknesses falls below 10
nm. The approach overcomes the challenges faced in previous
works by combining visual (scanning transmission electron
microscopy (STEM)) and spectroscopic (electron energy-loss
spectroscopy (EELS)) methods to map the water-molecule
arrangement with nanoscale resolution. Previous works have
shown the potential of graphene liquid-cell (GLC) electron
microscopy to study biological33−35 and mineral36−38 speci-
mens under extreme confinement. We build on previous
successes to entrap water between hydrophobic graphene
sheets, which offer impermeable, yet flexible, substrates having
negligible interactions with the water molecules.39,40 EELS
provides the opportunity to examine the film of water
entrapped in graphene nanovessels using a fine (1 Å) electron
probe with an energy resolution of 0.7 eV. While low-loss
EELS specifies the vibrational and dielectric properties of the
sample to measure the confinement thickness of water (which
is important for establishing relations between molecular
assembly and confinement), core-loss EELS examines the MO
structure of water, which is correlated to the state of H-
bonding between water molecules, providing insights on the
arrangement of water molecules in nanoscale confinements.
While the method is applied in graphene nanovessels, the
approach can also be used to study other encased fluids whose
spectra vary with spatial confinement.

RESULTS AND DISCUSSION
Depth Profiling of Water in Thin GLCs. In order to

study the arrangement of water molecules encapsulated within
GLC nanovessels, low-loss and core-loss EELS measurements
were carried out at room and cryogenic temperatures to
simultaneously analyze confinement thickness and MO
fluctuations of the entrapped water phase. The reason for

choosing room and cryogenic temperatures is that the
specimen is most stable at these temperatures during imaging
with the TEM cooling stage. Figure 1 illustrates how water gets
encapsulated between two walls of graphene and presents the
associated analysis of such volumes in the electron microscope.
Specifically, Figure 1a depicts a GLC chamber (resembling a
blister) from high angle (left) and at side view (right). A
typical GLC with encapsulated water is comprised of regions
that are filled with water, while other regions in the same vessel
could be devoid of water (these constitute the dry region).
This is exemplified in the STEM micrographs of Figure 1b,
where separate GLCs are shown at room temperature (left)
and cryogenic temperature (right). The numbered spots in
Figure 1b (1, 2, and 3 in the sample at room temperature, and
1−8 on the cooled sample) mark the locations from where
EELS spectra were acquired (e-beam target). The EELS
collection area is as small as the electron beam cross section
(∼1 Å2) with a local confinement thickness of tz. The bubble
on the top right corner of the GLC in Figure 1b (25 °C) was
induced by a high current beam in the Ronchigram mode
before the beam current was reduced in STEM mode to
minimize water radiolysis. The presence of the liquid/gas
interface separating the liquid (at left) from the bubble (right)
confirms the successful entrapment of water between the
graphene sheets.41 The bright spots seen in Figure 1b (left) are
copper residue, which remained on the graphene sheets from
the etching process of the GLC fabrication (Figure S1).
The low-loss EELS signal (Figures 1c and S6) acquired at

the designated numbered spots in Figure 1b for the sample at
25 °C shows the presence of a faint peak at 6−7 eV, followed
by the plasmon peak at around 25 eV. Previous works have
shown that these signals correspond to water, although the 6−
7 eV has also been assigned to the graphene π → π*
plasmon.42,43 The local thickness measurements of water GLC
nanovessels were carried out using Egerton and Cheng’s44

EELS log-ratio technique (Figure 1d)

t I
I

ln Tz

0λ
=

(1)

where λ is the characteristic inelastic mean free path of
electrons in the sample, and the ratio I

I
T

0
is derived from the

corresponding low-loss spectrum of Figure 1c. The value of λ
in the GLC nanovessel is calculated from

FE

E

106

ln E
E

0

M
2 0

M

λ = β
(2)

where E0 is the electron acceleration energy in KeV, β is the
electron detector collection semiangle (25 mrad), and F and
EM are functions of the sample atomic number (Zeff).

44 For
water in a GLC nanovessel, λ was estimated to be 80 nm at 80
keV. Using eq 1 in conjunction with eq 2, the thickness map of
the water GLC nanovessels at T = 25 °C was obtained and is
shown in Figure 1e. The thickness of the graphene layers (<1
nm) was considered negligible in comparison with the water
film. The obtained profile of GLC nanovessels follows
previously reported graphene geometry analysis, where GLC
nanovessels over 100 nm in size exhibit near-octahedral
geometry.45 The low-loss EELS signal was also obtained at T =
−165 °C using a different GLC sample. Similar to the 25 °C
sample, we also obtained tz

λ
values and the GLC thickness

ACS Nano Article

DOI: 10.1021/acsnano.9b00914
ACS Nano 2019, 13, 4677−4685

4679

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00914/suppl_file/nn9b00914_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00914/suppl_file/nn9b00914_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b00914


profile for the cooled sample (Figures 1f−h and S4). The
plasmon peak position is a function of GLC nanovessel
content as well as the vessel temperature; thus, the slight shift
in the plasmon peak position from 25 to 24 eV at the cryogenic
condition is expected.46,47 While, EELS has shown promising
results in measuring the thickness of samples with nanometer
resolution,46,48 future efforts can include the cross checking of
thickness measurements with the AFM method.49

Probing H-Bonding of Water at Room and Cryogenic
Temperatures. Next, to study how the arrangement of water
molecules changes with temperature, core-loss EELS spectra of
water at both room and cryogenic temperatures were acquired
(core-loss peak of dry graphene can be found in Figure S3).
Figure 2 illustrates such EELS spectra for GLC-trapped water
at 25 (Figure 2a) and −165 °C (Figure 2b). The oxygen core-
loss peaks were averaged over the sampling area (designated in
Figure 1b). These EELS signal fluctuations are directly
correlated to the state of the 2b2 orbital in water molecules
and their hydrogen bonding architecture in GLC nanovessels.
Oxygen core-loss has a K-edge peak at 532 eV and near-edge

structures at 535, 537, and 542 eV (associated with water
molecules), which correspond to the promotion of the oxygen
K-shell electrons, 1a1 (1s), to Rydberg orbitals.31,50−52 More
specifically, the 537 eV peak corresponds to the excitation of
the oxygen 1s electron to the 2b2 orbital (2p) in a water
molecule.53,54 The peaks at 535 and 542 eV at 25 and −165 °C
stem from intermolecular hydrogen bonding in the body of
water. The split in the water oxygen core-loss to 535 and 542
eV has been previously reported in XRS experiments on liquid
water at ambient condition (25 °C),31,32,55 where hybridization
of the 537 eV peak in water to a pre- and post-peak (2b2′ and
2b2″, respectively) was unfolded. The latter peak (2b2″) is
dominant in ice (four-hydrogen bond structure), while the
former peak (2b2′) is accentuated in water molecules with less
than four hydrogen bonds in place. Herein, the main EELS
peak of water is located at 537 eV, while the pre-edge takes
place at 535 eV (strong asymmetrical hydrogen bonding) and
the post-edge at 542 eV (strong symmetrical hydrogen
bonding). Some noise and signal overlaps observed in Figures

2 and S5 are inevitable results of specimen thickness which has
reduced the EELS energy-resolution. Future studies can benefit
from using ultrahigh energy resolution electron microscopes,
such as monochromated TEMs, to improve the accuracy of the
EELS results, enabling a fully energy-resolved and noise-free
water signal.47,56

By comparing the near edge core-loss peaks of water at 25
°C in Figure 2a, the accentuated peak at 535 eV (compared to
542 eV) denotes the prominence of asymmetrical water
molecular structures with fewer than four hydrogen bonds in
place, although four-hydrogen-bonded structures are also
present. Meanwhile, at −165 °C (Figure 2b), the intensity of
the pre-peak at 535 eV has plunged, while the peaks at 537 and
542 eV have relatively intensified and broadened. The ratio of
post-edge to pre-edge peaks in water at 25 to −165 °C has
increased, indicating the enhanced hydrogen bonding in water
upon reducing the temperature. Considering the super-
hydrophobic nature of graphene,22 we can safely neglect the
hydrogen bonding between water molecules and the graphene
membranes. The present results are in good agreement with
previously reported neutron diffractometry measurements,
where an enhancement in H-bonding was observed upon
reducing the temperature.8 The feature at 546 eV in Figure 2b
represents the existence of ice in hexagonal form at −165 °C
(the structure of water crystals are discussed further below).57

While previous EELS measurements of entrapped thin water
films (<1.0 nm) have shown a single oxygen peak at 542 eV
(identical to our 2b2″ post-peak),52 we report herein additional
peaks in GLC-encased water, which stem from our relatively
thicker samples (tz ∼ 50 nm).

Probing H-Bonding of Water under Confinement.
The near edge core-loss EELS spectra of oxygen can fluctuate
with temperature variations or graphene-cell thickness. While
the effect of temperature on the molecular structure of water
was examined by area-averaged EELS measurements in Figure
2, the contribution of GLC thickness on the population of
four-hydrogen-bonded clusters at 25 and −165 °C was
evaluated by recording the point EELS measurements of
GLC nanovessels (each EELS collection point in Figure 3 has a

Figure 2. Oxygen core-loss spectra of water at 25 °C and −165 °C. (a) The oxygen core-loss of graphene-encapsulated water averaged over a
sampling area at 25 °C shows peaks at 535 and 542 eV, which correspond, respectively, to 2b2′ and 2b2′′ MOs of entrapped water. The
strong 2b2′ peak compared to the 2b2′′ peak at 25 °C shows the dominance of asymmetrical water structures in the body of water (inset). (b)
The oxygen core-loss of graphene-entrapped water averaged over a sampling area at −165 °C. The accentuated peak at 542 eV, compared to
the feature at 535 eV, represents highly populated four-hydrogen bonds in entrapped ice with near-perfect symmetry (schematically shown
in the inset). The peak at 546 eV in water at −165 °C corresponds to hexagonal ice in the sample.
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cross-section area similar to Figure 1). Figure 3a depicts the
EELS spectra derived from three points (marked in Figure 1b)
at T = 25 °C. The map of local thickness of the GLC at these
locations is shown in Figure 3b. An index to measure the water
structure was derived from Egerton’s equation48 using the ratio
of EELS intensity signals at 542 (I542) and 535 eV (I535).
Following Egerton’s approach, the number of atoms of element
a per unit area in the sample is correlated to its EELS spectrum
by

n
I

I ta
a

zlpσ
=

(3)

where Izlp is the zero-loss peak intensity, Ia is the peak intensity
of element a, σ is the sample ionization cross-section, and t is
the local sample thickness.58 Thus, the ratio of hydrogen-bonds
with different structures (n535 and n542) can be derived by
dividing the intensity of each peak (I535 and I542), while Izlp and
σ stay unchanged. Thus, the ratio of four-hydrogen-bonded
water structures to the asymmetrical hydrogen-bonded
structures at a given temperature can be estimated by the
structural index R

R
I
I

542

535
=

(4)

Figure 3c maps the derived R values with respect to the GLC
coordinates at T = 25 °C. Figure 3d−f illustrates core-loss EEL
spectra, respective thickness, and R values of water at T =
−165 °C from the eight numbered locations marked in Figure

1b (the core-loss spectra of water at T = −165 °C can be found
in Figure S5).
We now employ the maps of local cell thickness tz and

structural index R, as shown in Figure 3, to derive conclusions
on how water molecules are organized inside the GLC cell.
The higher values of R toward the GLC nanovessel edges
indicate a higher four-hydrogen-bonded water population
under relatively tighter wall spacings. The structural index
oscillates around 0.5 for GLC nanovessels at room temperature
(meaning that n535 > n542), while R surpasses 1 and reaches up
to 2.2 at cryogenic temperature (meaning that n535 < n542). The
thicknesses mapped in Figure 3b,e reaches down to 30 nm.
As is evident from Figure 3a, moving from a relatively

thicker area (3D) in the direction of GLC edges coincides with
an increased probability for four hydrogen-bonded water
structures. Using the rate of change in the structural index R
with respect to tz at 25 °C (0.02 nm−1), we find via
extrapolation that R surpasses 1.0 at 25 °C when the distance
between the two layers of graphene falls below 1 nm. This
finding is important, as it indicates a certain degree of
stratification in water well above melting temperatures and
under severe entrapment. The higher molecular order of water
upon close entrapment stems from the substantial VdW
interaction inside GLC nanovessels with declining graphene
membrane spacings (Figure S7).59 Molecular dynamic (MD)
simulations have indicated that water assumes a flat bilayer
structure when closely confined (<1 nm) between atomically
smooth hydrophobic substrates (such as graphene).18,60 MD

Figure 3. Oxygen core-loss spectra of water at designated spots. (a) Evolution of oxygen near-edge EELS spectra of water at 25 °C. (b) Map
of sample thickness associated with each spot in the STEM-HAADF image of Figure 1b (left). (c) Map of structural index (R) at the three
spots marked in Figure 1b (left); R increases toward the cell edges at rate of 0.02 nm−1 (diagonal lines cover the dry region, no data). (d)
Evolution of oxygen near-edge EELS spectra of water cooled down to −165 °C. (e) Map of graphene cell thickness associated with each spot
marked in the STEM-HAADF image of Figure 1b (right). (f) Structural index map showing R to increase toward the GLC nanovessel edges
at a rate of 0.04 nm−1 (diagonal lines mark the dry region, no data).
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simulations of water films with inhomogeneous thickness
entrapped between a flat plate and a convex tip have also
shown that upon applying pressure, the zones closer to the
probing tip solidify prior to other zones, indicating the higher
population of long-range four-hydrogen-bonded clusters under
tight entrapment.61 In either case, the structural index R is
expected to soar by definition, as water molecules tend to form
more compact structures via hydrogen bonding inside
subnanometer confinements.
The same trend is observed for the encapsulated water at

cryogenic conditions, where the structural index in the 3D
regime increases with the spatial rate of 0.04 nm−1 in the
direction of the edges (Figure 3b). Extrapolation of our data
attained in the 3D regime shows that for a wall distance below
10 nm, asymmetrical hydrogen bonding structures diminish
significantly. If this trend holds, when wall distance falls in the
1 nm regime, just four-hydrogen-bonded structures would
survive at −165 °C. MD simulations confirm the instantaneous
transformation of quasi 2D (Q2D) water to the energetically
favored flat hexagonal ice bilayer upon decreasing temperatures
(Nebraska ice).18,60,62 The structural index R is expected to
reach its maximum in such an H-bonding saturated bilayer ice.
The type of ice formed in graphene enclosures is also a

matter of importance. The melting temperature of ice in the
GLC system is well above −165 °C,63 suggesting the existence
of solid state water in our graphene nanoenclosure (as also
established earlier based on the EELS data). The cooling rate
of the system (around 5 °C/min) is slow enough so as to
expect crystalline ice formation, according to Kobayashi et al.,
who performed EELS measurements on ice I.57 In 3D
arrangement zones, where our EELS measurements take
place, the competition among the growth axes (x, y, and z)
results in a large concentration of stacking faults.8 However,
EELS is not capable of resolving the stacking faults nor the
type of ice formed inside GLCs, except for ice I. EELS of water
under cryogenic conditions has a distinct peak at 546 eV,
which is attributed to hexagonal ice.57 Density functional
theory (DFT) calculations have predicted an identical EEL
spectrum for two main polymorphs of ice I, namely hexagonal
(Ih) and cubic ice (Ic), making them indistinguishable in
EELS.57 There are no prior EELS results on resolving other
forms of ice. Although Figure 3b indicates the existence of
hexagonal ice in water at −165 °C, it seems that the peak
intensity for ice I at 546 eV does not correlate with the
graphene membrane spacing (tz). While a high population of
ice I under cryogenic conditions and confinement thicknesses
higher than 50 nm has been reported previously,59 it is
becoming more clear that ice I does not fit completely with
either hexagonal or cubic ice but rather with a combination of
both, with stacking faults (Isd) that are not only a function of
sample thickness but also of the freezing rate, local geometry of
the nanoscale vessels, and also their surface chemistry.64 The
sample pressure also plays a significant role in the type of ice
formed inside GLCs. While there are claims that the GLC
sample contents are closer to the ambient pressure,65 there is
evidence supporting higher pressures inside GLCs upon water
encapsulation.52 While ice I is expected to exist under
pressures up to 0.2 GPa and a temperature of −165 °C,
increasing the pressure could shift the type of ice to transitional
phases of ice II and III.60 Unfortunately, current experimental
tools are not sufficient to precisely identify the type of ice
inside GLCs.

Radiolysis and its effects on water molecules are very
important in liquid-cell TEM. The electron beam undergoes
inelastic scattering events in water, resulting in the dissociation
of a number of water molecules and the release of radicals
(mostly hydroxyl groups).66,67 While the content of the GLC is
susceptible to radiolysis, reducing the electron beam current
and the number of electron scattering events also minimizes
the concentration of dissolved electrons and radicals in the
fluid specimen and brings the nanoenvironment of GLC to
equilibrium.65 Under equilibrium conditions, the radiolysis
byproducts recombine and neutralize the liquid environment,
which, in turn, minimizes the complicating effects of radiolysis
on the local structure of water molecules.68 Herein, after
identifying the subject GLC in the Ronchigram mode (high
electron beam dose rate), STEM observations were performed
with a 5 μA beam current and 40 μm objective aperture, which
reduced the current even further. The electron beam dose rate
during our EELS analysis was estimated to be around 0.3 e
Å−2s−1 on the specimen, which is well below the intensity
threshold of water dissociation (6−̵9 e Å−2s−1).65,69 Moreover,
the GLC thickness in the present tests was always below the
inelastic mean free path of electrons in water (Figure 1), which
keeps the average number of inelastic scattering events to 1.
Figure S2 depicts a specimen after three successive EELS spot
measurements. The stability of the liquid-free portion (bubble)
in the GLC confirms the resilience of this sample in the low
dose-rate electron beam condition and confirms our assertion
that radiolysis did not play a significant role in the present
tests.

CONCLUSIONS
While X-ray and neutron diffraction studies of bulk and pore
water have shown the proper liquid/solid structures of water
molecules and precisely measured the depression of water
melting temperature under confinement,50 these studies fall
short in investigating the sample with nanoscale spatial
resolution. AFM studies have proven phase transformation of
entrapped water under severe confinement;70 however, the
conclusion was based on the precise thickness measurements
of the water capsules without providing any insight on the
water intermolecular structures. Herein, we have presented an
in situ approach to analyze the intermolecular hydrogen
bonding structure of nanoconfined water at different temper-
atures and confinement states. Such characterization requires
the finest spectroscopic probe possible to precisely scan across
the wet sample, without breaking the vacuum. This is not
feasible using X-ray (large probe size) or traditional high-
vacuum electron microscopy and spectroscopy techniques.
Applying electron microscopy and spectroscopy on graphene-
encapsulated water, we have measured the confinement
thickness of water across the sample. A structural index of
water at room and cryogenic temperatures was derived from
the spectroscopic data, and was used to designate the
prevalence of hydrogen bonding across the sample. The effect
of temperature on the molecular architecture of graphene-
entrapped water was studied by comparing the oxygen signals.
The structural index of water at room temperature stayed
below 1 in 3D regimes, while it exceeded 1 at subfreezing
temperatures, indicating increased hydrogen-bonding density
in water at lower temperatures. The effect of wall spacing on
the molecular structure of confined water was studied by
comparing the oxygen peaks at multiple locations on the
sample, each having distinct confinement thickness, while
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keeping the temperature constant. It was observed that the
structural index of water rose with declining membrane wall
separation (i.e., higher confinement), suggesting the enhance-
ment of intermolecular hydrogen bonding density in water
under severe entrapment conditions. Our findings confirm the
substantial role of confined geometries on the arrangement of
water molecules.

METHODS/EXPERIMENTAL
Graphene crystals were grown using previously developed protocols
based on the low pressure chemical vapor deposition (LPCVD)
method.71 Copper was annealed inside the LPCVD tube for 30 min
prior to graphene growth. Subsequently, hydrogen and methane gases
were allowed to flow in the tube with flow-rates of 7.0 and 5.0 SCCM,
respectively, at 1000 °C. Graphene was grown on the copper substrate
and transferred to TEM grids after etching and washing steps (direct
graphene transfer method) (Figure S1).69 The graphene/copper
substrate was kept afloat on ammonium persulfate (APS) solution for
3 h to etch away the copper layer. The free-floating graphene layer
was then carefully transferred with a microscope slide to DI water to
wash off the etchant residue. The graphene layer was scooped by a
2000-mesh TEM grid, thus forming graphene-coated grids. APS and
biological-grade DI water were purchased from Sigma-Aldrich. After
deposition of DI water on the graphene side of the TEM grid, a
second graphene layer was applied to seal water pockets between the
graphene-coated grid and the overlaying layer of graphene. The grid
was left in a desiccator overnight to evaporate excess amounts of water
and form secure GLC nanovessels on the TEM grid. The grids were
examined by TEM to make sure no salt residues were present. The ice
phase of graphene-entrapped water was created by bringing the
samples to liquid nitrogen temperature (−165 °C) inside the
microscope using the Gatan cold stage holder. Once in the
microscope, the temperature of GLC nanovessels was precisely
monitored and manipulated through the Gatan cold-stage controller.
STEM of samples at the two temperatures (25 and −165 °C) was

carried out in the aberration-corrected JEOL ARM-200F microscope
operating at 80 keV with a beam current of 5 μA. Analytical EELS
measurements on water GLCs were carried out using Gatan Quantum
GIF with channel intervals of 0.15 eV. Low-loss and oxygen core-loss
of GLC nanovessels with various thicknesses were acquired at the two
temperatures. The beam flux on the sample was estimated to be 0.3 e
Å−2s−1, which is well below the water dissociation threshold.65 The
thickness of GLC nanovessels was measured using the Egerton and
Cheng correlation for EELS low-loss peak intensity analysis.42,44 The
geometry of GLC nanovessels was then reproduced using acquired
thickness data, with the assumption of geometric symmetry over the
lateral (x−y) plane, the OriginPro software suite, and Random Thin
Plate Spline interpolation over the acquired data. The core-loss signal
was processed with the Gatan Microscopy suite, and the background
signal of the core-loss spectrum was removed using the I = AE−r law
for all acquired data. The low-loss and oxygen core-loss signals were
fitted with Gaussian curves to estimate the position of each peak.
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