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Ion hydration and transport at interfaces are relevant to a wide
range of applied fields and natural processes!~. Interfacial
effects are particularly profound in confined geometries such
as nanometre-sized channels®%, where the mechanisms of ion
transport in bulk solutions may not apply®!°. To correlate atomic
structure with the transport properties of hydrated ions, both the
interfacial inhomogeneity and the complex competing interactions
among ions, water and surfaces require detailed molecular-level
characterization. Here we constructed individual sodium ion
(Nat) hydrates on a NaC1(001) surface by progressively attaching
single water molecules (one to five) to the Na™ ion using a combined
scanning tunnelling microscopy and noncontact atomic force
microscopy system. We found that the Na* ion hydrated with
three water molecules diffuses orders of magnitude more quickly
than other ion hydrates. Ab initio calculations revealed that such
high ion mobility arises from the existence of a metastable state,
in which the three water molecules around the Na™ ion can rotate
collectively with a rather small energy barrier. This scenario would
apply even at room temperature according to our classical molecular
dynamics simulations. Our work suggests that anomalously high
diffusion rates for specific hydration numbers of ions are generally
determined by the degree of symmetry match between the hydrates
and the surface lattice.

Determination of molecular-level details of hydration processes
remains a great challenge, both experimentally and theoretically.
Various spectroscopic techniques have been used to identify the struc-
ture and dynamics of solvated ions or molecules through vibrational
fingerprints'!~!%. However, all of these techniques suffer from poor
spatial resolution and the difficulty of spectral assignment. Molecular
simulations have also become powerful tools with which to investi-
gate atomic-scale hydration properties>'*!%, but the reliability of the
results depends critically on many tunable factors'%. Recently, scanning
probe microscopy has provided an opportunity to probe interfacial
water at the single-molecule or even submolecular level'®-?2, but the
application to ion hydration systems is not straightforward owing to
the lack of controlled methods of preparing individual ion hydrates
on the substrates and the high flexibility of their structures?>*, Using
an ultrahigh-resolution scanning tunnelling microscopy (STM) and
qPlus®® noncontact atomic force microscopy (AFM) combined system,
here we studied the hydrated Na™ ion, an alkali metal ion abundant in
natural water and biological solutions.

The Na*t hydrates (Na™-nD,0, n=1-5) were assembled in a con-
trolled manner by progressively attaching single D,O molecules to
Na™ ions, which were extracted from the NaCl surface with a chlorine
(Cl)-terminated tip (for detailed procedures, see Methods and
Supplementary Fig. 1). We found that the barrier for extracting the
Na™ from NaCl was greatly suppressed with the assistance of water?.

Figure la—e shows the atomic models, STM/AFM images (acquired
with a CO tip*”) and AFM simulations of Na™-nD,O clusters (n=1-5).
From the atomically resolved STM images, it can be clearly seen that
Na't-D,0, Na'-2D,0, and Na™-3D,0 adsorb at the bridge sites, while
Na*-4D,0 and Na*-5D,0 adsorb on top of the CI~ sites. We found that
the maximum number of water molecules in the first hydration shell is
five (see Supplementary Fig. 2). Further addition of water to Na™-5D,0
results in formation of the second and higher hydration shells.

The AFM images of the ion hydrates were acquired within the
weak-disturbance region where the high-order electrostatic force is
dominant?!, providing higher resolution and finer details than STM.
The charge state of Na in the hydrates can be verified by comparing
the AFM images and simulations (Supplementary Fig. 3). In the AFM
images, the Na™ ion appears as a dark depression, mainly arising from
the electrostatic attraction between the CO-tip apex and the Na™ ion.
By contrast, the water molecule was imaged as a bright feature (white
arrow in Fig. 1a) surrounded by a dark ring (white dashed curve in
Fig. 1a), which are ascribed to the negatively charged O atom and the
positively charged D atom, respectively?!. The ‘standing’ water (that
is, the molecular plane of the water molecule is perpendicular to the
surface, in contrast to the flat-lying water molecules) of Na*t-3D,0
(see the white arrow in Fig. 1¢) shows a prominent protrusion caused
by the Pauli repulsion force. The fuzzy feature in the AFM image of
Na™-D,O (see the blue arrow in Fig. 1a) may result from the flipping
of water over Na™ in the presence of the tip (for more experimental
evidence, see Supplementary Fig. 4). The AFM simulations based on a
molecular mechanics model using a quadrupole tip (Methods) nicely
reproduce all the experimental images. The comparison between the
submolecular-resolution AFM image and simulation is important in
determining the structure of ion hydrates (one example is shown in
Supplementary Fig. 5).

Next we explored the transport of those hydrates. To activate their
diffusion at low temperature (5K), we used the inelastic electron
tunnelling technique by injecting ‘hot’ (that is, with larger energy than
those at the experimental temperature) electrons/holes into the Au
substrate, which transport along the surface and transfer their energy
to the hydrates®®?® (Fig. 2a). Figure 2b plots the diffusion probability
of Nat-3D,0 and Na'-3H,0 as a function of the bias voltage. It clearly
shows a fast increase around =150 meV (170 mV), which coincides
with the bending mode of D,0 (H,O). Therefore, the diffusion of Na*
hydrates must have been induced by the vibrational excitation in the
one-electron process (Fig. 2b, inset). The diffusion direction is almost
random when using a CO tip. However, the Na™ hydrates tend to diffuse
towards the CI~ tip, owing to the electrostatic attraction between the
Na' and the CI™ at the tip apex (see Supplementary Fig. 6 for experi-
mental evidence and theoretical support). This provides a convenient
way to study the diffusion of hydrates.
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Geometry

Fig. 1 | Geometries and high-resolution STM/AFM images of Na*
hydrates. a—e, The atomic models (the first column shows the side view;
the second column shows the top view), STM and AFM images (acquired
with a CO tip) and AFM simulations of Na™-nD,O clusters (n=1-5),
respectively. H, O, Cl, Na and Au atoms are denoted as white, red, green,
purple and yellow spheres, respectively. Square lattices of the NaCI(001)
surface arising from the Cl™ are depicted in the STM/AFM/simulation
images by dashed grids. The white (red) arrows in a and b denote bright
protrusions, and the white (red) dashed curves highlight the crooked
depressions in the AFM images (AFM simulations). The blue arrow in

a denotes the fuzzy feature arising from the flipping of the water molecule.
The white (red) arrow in ¢ denotes the standing water in the AFM image
(AFM simulation). The set points of the STM images (a-e) are V=100mV

To compare the mobility of different Na™ hydrates, we adopted
the following procedures: first, the CI™~ tip was positioned away from
the hydrates at a certain lateral distance (d x the lattice constant of
NaCl(001), which is 0.39 nm); second, the bias voltage was ramped
slowly while the tip height was kept constant; and third, the tunnelling
current experienced a sudden increase at a certain effective bias voltage
(Vesr), signalling that the hydrates had reached the tip (Fig. 2c). We
found that the as-determined V¢ increases as d increases (Fig. 2d).
The behaviour of V¢ shows a negligible difference between the positive
and negative biases, again revealing the critical role of the vibrational
excitation (Fig. 2d).

Although the V¢ does not simply represent the diffusion barrier and
is subject to various experimental parameters (Supplementary Fig. 7),
we can still use this quantity to compare the relative mobility of different
hydrates in a qualitative way. Figure 2e plots the Vas a function of d for
different hydrates. We notice that Na™-3D,0 has a much smaller V¢ than
other hydrates. The hydrates never reached the tip for d >2 even when
the bias increased to 700 meV, except for Na*-3D,0. We found that the
tip may induce large structural change for Na*-4D,0 and Na*-5D,0 at
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and I=20pA; V=150mV and I=30pA; V=100mV and I=30pA;
V=100mV and I=50pA; and V=100mV and I= 15 pA, respectively.
The tip heights of experimental (simulated) AFM images (a-e) are 130 pm
(7.90A), 80 pm (8.10 A), 100 pm (7.95 A), 100 pm (8.10 A) and 100 pm
(7.99 A), respectively. The tip height of experimental AFM images is
referenced to the STM set point on the NaCl surface (100 mV, 50 pA). The
tip height in simulations is defined as the vertical distance between the
apex atom of the metal tip and the Na™ ion in Na™ hydrates. All the AFM
oscillation amplitudes of experimental and simulated images are 100 pm.
All the AFM simulations were done with a quadrupole (d 2) tip
(k=0.75Nm™!, Q= —0.2¢, where Q is the magnitude of quadrupole
charge at the tip apex and e is the elementary charge). The images are
1.5nm x 1.5nm.

d=2 (Supplementary Fig. 8), leading to a considerable reduction of V.
Strikingly, the Nat-3D,0 can still diffuse to the tip readily at =7, with
a relatively small Vi (about 400 mV) (Fig. 2d). This suggests that the
Na*-3D,0 may have an unusually small diffusion barrier.

To gain insights into the diffusion pathway of those hydrates, we
performed ab initio density functional theory (DFT) calculations
(Methods). Indeed, the Na™-3H,0 has the lowest diffusion barrier
(below 80 meV) and the potential energy landscape along the path from
the C1™ bridge to Cl™ atop is rather flat, while all the other hydrates
have barriers well above 200 meV (Fig. 3a). The initial, transition
and final states are depicted in Fig. 3b. The diffusion of Na®-nH,0O
(n=1-3) is accompanied with the rotation of water around the Na*,
whereas Nat-nH,0 (n=4 and 5) follows a translational mode only
with local rearrangements of water. The translational diffusion barrier
of Na*-3H,0 is almost three times that of the rotational one, while for
Na™-2H,0 and Nat-H,O the barriers of the two modes are nearly the
same (Supplementary Fig. 9).

The small diffusion barrier of Na™-3H,0 is closely related to the
existence of a peculiar metastable state (T3 in Fig. 3b), where the Na™
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Fig. 2 | Tip-induced diffusion dynamics of Na™ hydrates. a, Schematic
diagram of the Au-mediated inelastic electron excitation of the Na™
hydrates with the STM tip at a lateral distance of d x the lattice constant
of NaCl(001), which is 0.39 nm. The flow direction of hot electrons is
indicated by the green dotted arrow. b, Bias dependence of the diffusion
probability of Na*-3D,0 and Na*t-3H,0 with a CO tip at d =4. The
voltage pulse duration for each event is 1.2s. The diffusion probability is
a statistics from 50 events. The threshold bias for D,0 is indicated by two
black arrows. The inset shows the current dependence of the diffusion
rate of Na™-3D,0 with a CO tip at d =2 under 170 mV. Error bars of

is located at the top Cl~ site of NaCl, in contrast to the bridge site in the
initial state. The conversion barrier between the initial and metastable
states is only about 50 meV. The three H,O molecules of Na™-3H,0
cannot simultaneously satisfy an optimal adsorption configuration
either at the bridge site or at the top Cl~ site owing to the symmetry
mismatch with the tetragonal NaCl(001) surface. However, the struc-
ture of Na™-nH,O (n=1, 2, 4, 5) matches well with NaCl(001), stabliz-
ing the hydrates at particular sites (bridge or top sites).

Futhermore, we found that the diffusion of Na™-3H,0 is coupled
with a collective rotation of water in the metastable state (T6 to T11
in Supplementary Fig. 10). Such a rotation requires the water to
make only slight adjustments and break minimal bonds with NaCl,
leading to a small barrier (about 80 meV). However, removing one
H,0 molecule from Na*t-3H,0 may greatly increase the travelling
distance of water during the rotation, while adding one H,O molecule
may block the rotational degrees of freedom owing to the perfect
symmetry match between Nat-4H,0 and NaCl(001). Therefore, it is
the degree of symmetry match between the hydrates and the surface
that makes the diffusion barrier sensitive to the number of the water
molecules.

These STM/AFM experiments were performed only at low tem-
perature (5K) and the calculated diffusion barriers correspond to
the ones at 0 K. To investigate the surface diffusion at finite temper-
atures, especially close to room temperature, we carried out classical
molecular dynamics simulations (Methods). Figure 4a shows the x-y
diffusion trajectories of Na™-nH,O (1 =1-5) during a period of 200 ns
at 300K, showing an extraordinarily high mobility of Na™-3H,0 (also
see Supplementary Videos 1-5). In the zoom-in image (Fig. 4b),
two different hopping behaviours were observed. Nat-H,0 and
Nat-2H,0 hop between the bridge sites (Supplementary Videos 6
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the current reflect the standard deviation from the set point. Error bars

of the diffusion rate reflect the errors of exponential fitting of lifetime
distribution. The solid line is the least-squares fit to the data with a power
law, R oc IV, where N=1.02 £ 0.08, indicating a one-electron process.

¢, Current-bias relationship of Na*-3D,0 with a Cl~ tip at d = 2, where the
current jumps occur at V.. d, Lateral distance dependence of the positive
(red) and negative (black) Ve for Na*-3D,0 with a Cl~ tip. e, Comparison
of V¢ for Nat-nD,0 (n=1-5) at d=2, 3 and 4. Error bars in d and e
reflect the standard deviation (up to 8 different datasets). The tip height in
b-e is —165 pm referenced to the STM set point on NaCl (100mV, 10 pA).

and 7), while Nat-4H,0 and Na™-5H,0 hop between the top Cl~
sites (Supplementary Videos 9 and 10). Interestingly, Nat-3H,0
exhibits a composite behaviour that contains both hopping patterns
(Supplementary Video 8). The calculated diffusion mean-square dis-
placements (MSD) at different temperatures are shown in Fig. 4c,
revealing that the specific hydration-number effect persists even at
room temperature. It is striking that the mobility of Na*-3H,0 is
more than one order of magnitude larger than that of other clusters
at 225 K. We also notice that the diffusion of Na™-3H,0O is much faster
than that of Na™ in bulk solution®.

Supplementary Fig. 11 and Fig. 4d plot the free-energy landscape
of different Na* hydrates (Methods). The free-energy minima for
Na®-nH,0 (n=1, 2) and Na™-nH,0 (n=4, 5) are located at the bridge
sites and the top Cl sites, respectively (Supplementary Fig. 11a-d).
By contrast, the free-energy surface of Na*-3H,0 shows local min-
ima at the CI~ sites in addition to the global minima at the bridge
sites (Fig. 4d); these local minima can greatly facilitate the diffusion by
truncating the barrier (Supplementary Fig. 11i). From the density dis-
tributions of Na* and H,O of the most stable and metastable Na*-3H,0
(Fig. 4e and f), we can identify two characteristic triangular structures
(see black dashed triangles and insets, and Supplementary Video 8),
closely resembling the initial/final and transition (T3) states obtained
by DFT (Fig. 3b). The triangular structures of metastable Na*-3H,0
are distributed in four equivalent configurations (see the grey dashed
triangles in Fig. 4f), arising from the small rotational energy barrier
(about 80 meV) of the three water molecules around the Na™, which
is much lower than the translational barrier (about 220 meV) (see
Supplementary Fig. 9).

More generally, the specific hydration-number effect observed in
this work may also exist for other salt ions (Li*, K*, C1~, and so
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Fig. 3 | Calculated diffusion barrier of Na*t hydrates by DFT.

a, Energy profiles for the diffusion of Na™-nH,O (n=1-5). The diffusion
barriers are compared in the inset. b, Snapshots of Na™ hydrates along
the transition path. The first column, the middle three columns and the

on), but the hydration number can be different depending on the
size and the hydration asymmetry of positive and negative ions
(Supplementary Fig. 12). Therefore, our results point out a new way
to control the ion transport in nanofluidic systems by interfacial

%

o’ 1

last column represent the initial state, transition states and final state of
Na™-nH,O (n=1-5), respectively. The number m in the Tm labels at the
top left of the images corresponds to the (m + 1)th data point in a.

symmetry engineering®>1°. The techniques developed in this work
can easily be extended to different ions and other hydration systems,
opening up the possibility of studying various hydration processes
down to atomic scale.
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Fig. 4 | Molecular dynamics simulations of the diffusion of Na™
hydrates at high temperatures. a, x-y trajectories of Na™-nH,0 (n=1-5)
during a period of 200 ns at 300 K. b, Zoom-in image of a showing
different diffusion behaviours. The positions of Na™ in two consecutive
steps are connected by dotted lines. ¢, MSD in 1 ns of Na*-nH,0 (n=1-5)
between 225K and 300 K. Error bars reflect the standard deviation from
ten different datasets. d, The free-energy landscape experienced by
Na™-3H,0. It shows global minima at bridge sites (blue arrow) and local
minima at top Cl~ sites (red arrow). The positions of Na™ and Cl~ of the
underlying NaCl(001) surface are labelled. e, f, Density distributions of
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Metastable state

the most stable and metastable Na™-3H,O on the same area of NaCl(001)
as d at 300 K. The blue and red dots represent the positions of Na™ in the
hydrate and of the O atom in H,O, respectively. The position of Na™ is
constrained within an elliptical area centred at the bridge site (semi-major
axis 0.5 A and semi-minor axis 0.25 A, e) and a circular area centred at the
top Cl site (radius 0.25 A, f). For clarity, the three water molecules within
a representative Na™-3H,0 molecule are connected with black dashed or
grey lines. Insets of e and f are snapshots of Na*-3H,0 at the bridge and
top CI~ sites, respectively. The images in d-f are 0.8 nm x 0.8 nm; the
insets in e and fare 1.2nm X 1.2nm.
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METHODS

STM/AFM experiments. All the experiments were performed with a combined
noncontact AFM/STM system (Createc, Germany) at 5K using a qPlus sensor
equipped with a tungsten (W) tip (spring constant k 2~ 1,800 N m ™!, resonance
frequency fy=23.7 kHz, and quality factor Q =~ 80,000). The NaCl(001) bilayer film
was obtained by thermally evaporating NaCl crystals onto a clean Au(111) surface
at room temperature. To reduce the instability of water molecules induced by the
vibrational excitation of inelastic electrons, we used deuterated water (D,O) instead
of H,O in the experiment. The ultrapure D,O (Sigma Aldrich, hydrogen-depleted)
was used and further purified under vacuum by several freeze-and-pump cycles
to remove remaining impurities. The D,O molecules were dosed in situ onto the
sample surface at 5K through a dosing tube. Bias voltage refers to the sample
voltage with respect to the tip. All of the STM topographic images and the AFM
frequency shift (Af) images were obtained with the CO-terminated tips in con-
stant-current and constant-height mode, respectively. The CO tip was obtained by
positioning the tip over a CO molecule on the NaCl island at a set point of 100 mV
and 20 pA, followed by increasing the bias voltage to 200 mV?!. The controllable
manipulation of water molecules was achieved with the Cl™-terminated tip at the
set point V=10mV, I=150pA. The CI" tip was prepared by scanning the NaCl
surface in closer proximity (below V=5mV and I=2.5nA) with a bare metal tip
until the Cl atom hopped onto the tip apex?2. The construction of the Na* hydrates
was done with the CI™ tips (for details see Supplementary Fig. 1).

DFT calculations. DFT calculations were performed using the Vienna ab initio
simulation package (VASP)*"*2, Projector augmented wave pseudopotentials were
used with a cut-off energy of 550 eV for the expansion of the electronic wave func-
tions®®. Van der Waals corrections for dispersion forces were considered by using
the optB86b-vdW functional®*. In our study, the system consisted of a bilayer
NaCl(001) on top of Au(111) substrate modelled by a four-layer slab if not specif-
ically mentioned. Similar to ref. 18, a (2 x 2) NaCl(001) unit cell on a slightly

; superstructure of the Au(111) substrate was constructed as the
surface model. The lattice constant for NaCl(001) surface was set to be 3.9 A which
is the same as in the experiment, and the Au(111) substrate was with a residual
strain of about 2%. Supercells of this surface model were used to make the error of
water—-image interaction negligible with Monkhorst-Pack k-point meshes of spac-
ing denser than 27 x 0.0064 A~!. The thickness of the vacuum slab was larger than
16 A and the dipole correction was applied along the surface normal direction®*7.
The Au substrate and the bottom layer of the NaCl were fixed in simulations. The
Na in the hydrates was positively charged with the charge nearly identical to the
Na' of the NaCl substrate, based on the Bader charge analysis®®. Similar to ref. 22,
the Cl™-terminated tip was modelled using a three-layer Au pyramid of a [111]
cleaved face with a Cl atom attached at the end. Energy barriers and paths for the
diffusion of the hydration clusters were determined using the cNEB method***°.
The geometry optimizations and the cNEB calculations were performed with a
force criterion of 0.01eV A~!and 0.02eV A=}, respectively. The binding energies
(Epina) were calculated by subtracting the total energy of the Na™ hydrates on the
NaCl(001)/Au(111) structure from the sum of the energies of the relaxed bare
NaCl(001)/Au(111) substrate, the gas phase of Na and the corresponding isolated
water molecules in the gas phase (see Supplementary Fig. 13):

deformed (‘I’

Eina = E[(NaCl(001) /Au(111)) ] +n><E[(H20)ga]

relaxed s

+E[(Na) _]—E[(NaCl(001) /Au(111)+Na"-nH,0) ]

gas relaxed

Simulations of AFM images. The Afimages were simulated with a molecular
mechanics model including the electrostatic force, based on the methods described
in refs 41,42. We used the following parameters of the flexible probe-particle tip
model: the effective lateral stiffness k=0.75Nm™" and effective atomic radius
R.=1.661 A. We added a quadrupole-like charge distribution at the tip apex to
simulate the CO tip?"*? for all the AFM simulations. Comparison between the
AFM images and theoretical simulations reveals that the key to the ultrahigh-res-
olution imaging lies in probing the weak high-order electrostatic force between the
quadrupole-like CO-terminated tip and the polar water molecules or ions at large
tip-sample distances, in clear contrast to traditional high-resolution AFM imaging
at close distances where Pauli repulsion dominates®’. This weak interaction allows
the imaging and structural determination of the weakly bonded hydrates without
inducing any disturbance. The input electrostatic potentials of the Na* hydrates
on the NaCl(001), employed in AFM simulations, was obtained from DFT calcu-
lations. Parameters of Lennard-Jones pairwise potentials for all elements are listed
in Supplementary Table 1.

Molecular dynamics simulations. All the molecular dynamics simulation results
shown in the paper were obtained by using polarizable force field parameters™® that
are developed based on molecular dynamics in electronic continuum theory*.
The model allowed reproduction of a range of physical and chemical properties
of sodium chloride, including the density and the surface tension of pure crystal

system, the viscosity, the dielectric constant, and also the diffusion coefficient in
solution®.

The polarizable force field we used is based on a pairwise additive potential that
includes a Coulombic treatment of the electrostatic interactions and a Lennard-
Jones representation of dispersion—attraction and core repulsion. In this formu-
lation, the potential energy E;; between any pair of non-bonded atoms (i and j) in
a system composed of the ions and water molecules is usually expressed as the
sum of the van der Waals interaction energy E,qw and the Coulombic interaction
energy Ecoulombic: Namely

12 6 94
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Here, r;; is the distance between the two atoms; g; and g; are the point charges
of the atoms; € is the permittivity of vacuum; ); and ); describe the Coulombic
polarizable effect of atoms; o;; and €;; are the distance at which the interparticle
potential is zero and the well depth of the Lennard-Jones potential, respectively.
Lorentz-Berteloth combination rules*” were used to describe the van der Waals
interaction between two different kinds of atoms. Our force field parameters are
shown in Supplementary Tables 2 and 3.

To test the effect of force field parameters on the simulated results, we also used a
non-polarizable force field parameter, where the SPC/E model was used for water*®
and the ion parameters were taken from Joung and Cheatham®’. The results show
a consistent conclusion with the polarizable force field.

All classical molecular dynamics simulations were performed using the
AMBER14 suite of programs?. A four-layer NaCl crystal (atom numbers of
18 x 18 x 4) with a (001) surface was built to support the Na™ hydrates. Each sim-
ulation system was first subjected to 5,000 steps of steepest descent energy minimi-
zation, followed by 5,000 steps of conjugate gradient optimization. Then, a 100-ps
molecular dynamics simulation was performed to heat the system up to the target
temperature, followed by a 10-ns-long normal molecular dynamics simulation
to further relax the system. After the initial equilibration, we performed 200-ns
calculations for each system with a time step of 2 fs. The temperature was controlled
using Langevin dynamics with a collision frequency of 1.0 ps~!. Simulation using
Nosé-Hoover thermostat yields the same results. The bottom layer of NaCl crystal
was restrained by the 2,000 kcal (mol A%)~! force constant, and all classical molec-
ular dynamics simulations were carried out with periodic boundary conditions on
the crystal plane. The SHAKE algorithm was used to constrain all bonds involving
hydrogen atoms*. A cut-off of 1.0nm was used for van der Waals interactions.
A long-range dispersion correction based on an analytical integral assuming an
isotropic, uniform bulk particle distribution beyond the cut-off was added to the
van der Waals energy and pressure®®.

Owing to the limitations of our computational ability and the inherently sto-
chastic property of diffusion calculated for small numbers of atoms, it is very
difficult to obtain accurate diffusion coefficients (D) for different hydrates. By
contrast, bulk calculations sample the trajectories of many more molecules in a
more homogeneous environment compared to the current calculations of a cluster
on the crystal surface, and are thus faster in yielding converged D values. Instead,
we simply used MSD for every nanosecond (up to 20 ns) to compare the mobility
of different hydrates. We took the average of MSD from ten different sets of 20-ns
data and the error bar reflects the standard deviation.

The equilibrium fractional population distribution of Na™ hydrates at different
sites follows a Boltzmann distribution. The equilibrium ratio of state i is

N o Ei/RT

i

- —Ey/RT
]Vtotal Z,’{"giale K/

where e is Euler’s constant and E; is the relative energy of the ith state to the min-
imum energy state. R is the molar ideal gas constant and T is the temperature.
At room temperature, the configurations of hydrates were fully sampled. Thus
we used the equilibrium ratio to calculate the free energy landscape of different
states, which is

AG=—RT lr1i
total
The water orientational time correlation functions C,(t) were calculated as
Co(t) = <Pa ftwat(0)- fiayar(t) ] >, Where P, is the second-order Legendre polynomial,
and fiy,(2) is the direction vector of the water dipole at time ¢.
Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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