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Using molecular dynamics simulations and methods of importance sampling, we study the thermodynamics
and dynamics of sodium chloride in the aqueous premelting layer formed spontaneously at the interface
between ice and its vapor. We uncover a hierarchy of timescales that characterize the relaxation dynamics
of this system, spanning the picoseconds of ionic motion to the 10s-100s of nanoseconds associated with
fluctuations of the liquid-crystal interface in their presence. We find that ions distort both local interfaces,
incurring restoring forces that result in the ions preferentially residing in the middle of the layer. While
ion pair dissociation is thermodynamically favorable, these structural and dynamic effects cause its rate to
vary by over an order of magnitude through the layer, with a maximum rate significantly depressed from the
corresponding bulk value. The solvation environment of ions in the premelting layer is distinct from that in
a bulk liquid, being dominated by slow reorganization of water molecules and a water structure intermediate
between ice and its melt.
INTRODUCTION

The mechanisms and rates of reactions at extended interfaces can be dramatically different from those of the
homogeneous materials that make them up.1,2 This is especially true of reactions in water, as their mechanisms
are often sensitive to the hydrogen bonding network,
which is heavily disrupted by an interface. Considerable
advances have been made in understanding reactions at
water-air interfaces,2–5 but ice-air surfaces remain poorly
studied despite their importance in the chemistry of the
polar atmosphere.6 Here, we use molecular dynamics simulations to study the paradigmatic model system of ion
pair dissociation within the premelting layer of ice. We
find that emergent structural and dynamic properties of
the interface depress the overall dissociation rate relative
to a bulk liquid, with a strong dependence on where in
the layer the dissociation event occurs.
Reactions at ice interfaces contribute significantly to
the chemical composition of the atmosphere.7 This influence arises from various settings and chemical cycles.
Some reactions release atmospherically-active species,
such as accelerated conversion of HOBr and HOCl
into reactive Br2 /Cl2 at the surface of ice particles in
stratospheric clouds8,9 and on sea ice.10 These halogen molecules subsequently photolyse into halogen radicals that contribute to ozone depletion. Other surface
reactions remove trace gases, for example the oxidation of SO2 to H2 SO4 that contributes to ice and snow
acidification.11,12 Finally, ice particles in urban settings
catalyze photolysis of organic pollutant molecules, often
resulting in more toxic bi-products.13
Understanding how ice-air interfaces affect chemical reactivity is therefore an important task, which remains
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challenging due to the complex structure of these interfaces. At typical polar temperatures, the surface of an
ice crystal is covered by a thin film of disordered water molecules called the premelting layer or quasi-liquid
layer.14,15 This layer forms to mitigate the large surface tension of an exposed ice crystal, since the liquidlike surface structure has fewer dangling hydrogen bonds
and a smaller surface dipole.16 There are several outstanding questions surrounding premelting layers, particularly regarding their lateral extent and dynamics of
formation.16–19 Here we consider how this complex, fluctuating environment affects reactivity.
Specifically, we probe the dynamics of a prototypical
reaction, the dissociation of sodium chloride, in the aqueous premelting layer using classical simulation and theory. Separation of singly-charged atomic ions has long
been a preferred case study to understand solution-phase
reaction dynamics computationally,4,20,21 partly because
the forces between the ions and solvent molecules are simple and easy to model, and partly because the dynamics of the reaction are intrinsically connected to those of
the solvent. It is now well-established that the dissociation reaction mechanism has a significant contribution
from solvent degrees of freedom,21 although how best to
describe this contribution in a simple reaction coordinate remains a subject of debate.22–26 NaCl dissociation
is a particularly suitable test case for our purposes because the optimal reaction coordinate depends on water
molecules up to 8Å away from the ions themselves.22
This wide interaction sphere will be frustrated by the
confines of the premelting layer to create a distinct dynamic environment, as observed in earlier simulations.27
The paper is organized as follows. We first introduce
the model and simulation details used, giving particular
attention to methods for identifying the boundaries of
the premelting layer and discussion of the time scales exhibited by the system. We then discuss the equilibrium
and energetic properties of the ion interface system, fo-

2
cusing on the response of the interface to the solutes and
the free energy landscape experienced by the ions. Finally, we evaluate the rate of ion dissociation, revealing
how the rate behavior depends on the local solvation environment, and interpret these results using reaction rate
theory.

METHODS: SIMULATING ICE-VAPOR INTERFACES

We studied ion pair dissociation in the premelting layer
using molecular dynamics simulations. Water was represented by the TIP4P-2005 model,28 which accurately reproduces various properties of liquid water, particularly
the liquid-vapor surface tension.29 Sodium and chloride
ions were modeled as charged Lennard-Jones atoms with
interaction parameters taken from the OPLS-aa force
field.30 The OPLS-aa force field predicts an ion dissociation constant and hydration free energy similar to other
fixed-charge models,31,32 and so we expect that our results are qualitatively insensitive to the specific model.
While we neglect the polarizability of the ions, its impact
on the thermodynamics of the relatively nonpolarizable,
surface inactive NaCl species is expected to be minimal.
Further, the large separation of timescales between the
polarization fluctuations and ion pair nuclear motion suggests a minor role for polarizability in the dynamics of
ion pair dissociation.
Most of our calculations were performed using an Ih
ice crystal containing 8x6x8 primitive unit cells with the
crystallographic c axis parallel to the z direction. An
additional vacuum region was added in contact with the
basal (0001) plane of the crystal, increasing the length of
the z dimension to 170Å. This slab geometry contains two
ice-vapor interfaces, on the high- and low-z faces of the
crystal. A single NaCl pair was equilibrated at the large-z
interface. This geometry is illustrated in Fig. 1. Periodic
boundary conditions were applied in all directions, with
short-range interactions truncated at 8.5Å and electrostatic interactions computed by the particle mesh Ewald
method.33
To obtain a nanometer-thick premelting layer, we performed our calculations at 2 K below the ambient pressure melting temperature of TIP4P-2005. This implies a
simulation temperature of 250K.28 Prior to inserting the
ion pair, the surface was equilibrated using a 50 ns MD
simulation where the temperature increased from 200K
to 250K at a rate of 1K/ns, and a further 100 ns simulation with a constant temperature of 250K. The outermost
ice unit cell on each surface became disordered, producing
a premelting layer approximately 7Å| thick. The remaining block of ice was 6 unit cells thick on average. Except
where otherwise noted, a Langevin thermostat was used
to control the temperature, with a damping time of 10 ps
where we wished to study dynamics, or 1ps if only static
properties were being considered. Simulations were performed using the LAMMPS package.34
To describe the premelting layer we require a means

of identifying the interface between the liquid and crystal (lc), and that between the liquid and vapor (lv).
On mesoscopic length scales, phases are defined through
structural order parameters that manifest the globally
broken symmetry associated with the phase transition.
On molecular scales, an interface between two phases can
be associated with the rapid spatial variation of a similar suitable local order parameter. Using the method
of Willard and Chandler, we define interfaces using isosurfaces of a continuous coarse-grained order parameter
field.35,36
The coarse-grained field is obtained by defining an appropriate local order parameter φα (r) at field point r to
distinguish the α = {lv, lc} interface. Due to the discreteness of atoms and molecules, any function defined
directly from atomic positions would be rapidly varying.
Therefore we convolute φα (r) with a Gaussian smoothing
function,
Z
φα (r; ξ) =

0 2

dr0 φα (r0 )

2

e−(r−r ) /2ξ
,
(2πξ)3/2

(1)

and arrive at a smoothly varying order parameter field
whose variation can encode the location of long lived interfaces. The smoothing function is parameterized by a
coarse-graining lengthscale ξ, chosen to be comparable to
a molecular diameter.
The construction of our model system ensures that
both interfaces are roughly planar. Crystalline periodicity means that most properties of the system should
be translationally invariant in the plane parallel to the
interfaces, so for convenience we will write simulation coordinates as r = {x, z}. The interface α is defined locally
at x as


hα (x, t) = max δ φαc − φα (x, z; ξ) ,
(2)
z

where φαc = (hφα ii + hφα ij )/2, h. . .ii denotes an average
over phase i, and δ is Dirac’s delta function. The maximization over z acts to select the upper interface, where
the ions are located. In practice, we evaluate the order
parameter field on a regular cartesian grid and locate the
isosurface by linear interpolation between gridpoints.
Further coarse-graining can provide information on
longer length scales. We define a semi-local interface
height
Z
1
Hα (x, t) =
dx0 Θ(∆ − |x0 − x|)hα (x, t) , (3)
π∆2
where Θ is the Heaviside step function. This height,
Hα (x, t), is the instantaneous mean height of the α interface in a circle of radius ∆ centered at x. Both hα (x, t)
and Hα (x, t) fluctuate in time as molecules change their
configurations.
For the liquid-vapor interface, the appropriate order
PNw
parameter, φlv (r) =
i=1 δ(r − ri ) , is just the local
number density computable as a sum over all of the water molecules. Here ri is the position vector of water

3

FIG. 1: Typical configurations of a contact ion pair from molecular simulations. The sodium ion is shown in yellow,
the chloride in green. Dark and light blue surfaces represent the liquid-crystal and liquid-vapor interfaces,
respectively. From left to right, the three panels show the ionic centers of mass at z̄ = 0, `/2 and `.

molecule i’s center of mass. We adopted the paramec
ters ξ = 2.4Å and φlv
= 0.016Å−3 , which were previously shown to give an accurate and convenient definition of the lv-interface.35 The liquid-crystal interface
requires a more complex order parameter. The 6thdegree Steinhardt-Nelson-Ronchetti order parameter is
convenient
this use.36–38 This function is defined as
PNfor
w
φlc (r) = i=1 q(ri )δ(r−ri ) , where q(ri ) is a projection of
the local density onto the 6th-degree spherical harmonic.


q(ri ) = 

6
X

2

X

X

m=−6 j∈nn(i) k∈nn(j)

1/2


Y6m (φjk , θjk ) 

,(4)

where Ylm (φij , θij ) is the l-m spherical harmonic function
of the angular coordinates for vector (ri − rj ), and nn(i)
indicates the 4 nearest neighbors of atom i. A typical
water molecule in the premelted layer has q=0.22, very
close to the equilibrium value in pure water.36 Previous
work has shown36 that appropriate parameters for the
lc-interface are ξ = 2.5Å and φlcc =0.0167 Å−3 .
Figure 1 depicts typical configurations of an ion pair
in the premelting layer. The two interfaces separate the
system into three clear phases as expected. Both interfaces are perpendicular to z on average, but undergo
substantial fluctuations out of that plane with mean
squared deviations hδh2lc i ≈ 2Å2 and hδh2lv i ≈ 1Å2 , where
δh = h − hhi. The premelting layer is defined as the volume enclosed by the lc and lv interfaces on an exposed
surface of the ice block. The layer thickness is given by
` = hhlv (x; t) − hlc (x; t)i. In the following, we choose the
origin z = 0 such that hhlc i = 0 at 250K in the absence
of ions. The z coordinates will be expressed as fractions
of ` = hhlv i under the same conditions.
We find that `(250K) ≈ 7Å and this value does not
change significantly in the presence of the ion pair, reflecting the negligible freezing point depression for the
concentration considered. Our observed value of ` agrees
with a wide range of other water models and experimental data when expressed as a function of (T − Tm )/Tm ,
as shown in previous work.36

RESULTS AND DISCUSSION
Relaxation within the premelting layer

The typical dynamics of ions within the premelting
layer are marked by a hierarchy of distinct relaxation
timescales. Figure 2 summarizes several measures of local relaxation within the premelting layer. Each panel
shows time correlation functions for the deviation of a
local quantity from its mean. The local height autocorrelation function
Ch (t) = hδhα (x, 0)δhα (x, t)i ,

(5)

decays to 0.1 of its initial value within 0.1 ns for the
lv-interface, and within 0.5 ns for the lc-interface. The
faster decorrelation of the lv-interface is consistent with
expectations from capillary wave theory in that relaxation times scale inversely proportional to the surface
tension.39
Figure 2 also shows the autocorrelation function of the
local mean height
CH (t) = hδHα (x, 0)δHα (x, t)i ,

(6)

for ∆ = 1nm, representing a large enough radius to encompass the three solvation shells of the NaCl ion pair
which are believed to influence dissociation dynamics.22
The lv-interface autocorrelation decays within approximately 0.1 ns, comparable to the time required for a
single site to decorrelate. The lc-interface autocorrelation on the other hand, decorrelates much more slowly,
at least 10 times slower than the corresponding singlesite function. The average interface height retains some
memory of its position for tens to hundreds of nanoseconds. This slow decay is due to rare, discontinuous
jumps in the mean interface height, where a layer of water molecules melts or freezes across large regions of the
ice interface.40,41 The long waiting time between jumps
makes averaging over these fluctuations challenging, resulting in the large error estimate for CH (t).
To mitigate the difficulty of studying the structure
and dynamics of ions in the presence of slow diffusion of
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limit ensures that the top bilayer of ice molecules is not
affected by the restraint, so they can still freeze and melt
locally over the course of thermal fluctuations without
nucleating global diffusion of the interface.
Finally, in Fig. 2 we consider the vertical motion of the
ions. The z-directional velocity autocorrelation function,
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is largely decayed within 10ps for each ion individually,
and for the center of mass of a bound ion pair. We
computed the z−directional diffusivities of the ions from
Cvz (t) using the Green-Kubo formula,42,43 obtaining values of Dz = 2.6 × 10−7 cm2 s−1 for a free cation, 2.7
×10−7 cm2 s−1 for a free anion and 8.9 × 10−7 cm2 s−1
for the ion pair. These diffusion constants are extremely slow, approximately an order of magnitude
slower than bulk ionic diffusion at 250K and two orders
of magnitude smaller than bulk water diffusion at ambient temperature.44 These values indicate that the ionic
species require approximately 10 ns to diffuse over a distance equal to their molecular diameter. Such slow diffusivities imply a very sluggish dynamic environment and
illustrate the challenges of studying rare events in the
premelting layer. Similar slow ion dynamics were previously observed by Hudait et al. in a different model of
ice pre-melting.27
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FIG. 2: Relaxation timescales for the premelting layer.
The top panel shows the autocorrelation function for
the height of an individual site on the interface,
hα (x, t). The middle panel shows the autocorrelation of
a spatially-averaged interface height Hα (x, t), with
∆ =1nm. In both panels, the shaded regions indicate
the statistical error of the correlation function. The
dashed line in the middle panel represents a simulation
subject to a harmonic restraint on the ice molecules, as
explained in the text. The last panel shows the
autocorrelation function for the z component velocity of
different ionic species.

the lc-interface, after equilibration we restrained the water molecules located below z = −0.4`, attaching them
to their equilibrium positions using a harmonic potential with spring constant k = 5 kCal Å−2 . This spring
constant permits vibrations of magnitude approximately
0.5Å but no diffusion of the ice molecules, so that melting is suppressed. The dashed line in the middle panel
of fig. 2 demonstrates that height deviations of the lcinterface decay quickly in the absence of the melting
event, recovering the behavior of Ch (t). The z = −0.4`

While the dynamics of the ions and interfaces are not
strongly correlated, we expect that the ions and interfaces
will influence each other statically. To quantify these
spatial correlations, we examined the local shape of each
interface near an ion. We calculated the mean deviation
of the interface height from its average interface height,
Gα (x) = hhα (x)iri − hhα (x)i,

(8)

conditioned on a solute present at ri = {0, z̄i }. We consider the dependence of this correlation function on the
magnitude x = |x|. Capillary wave theory36,45,46 predicts long-ranged spatial fluctuations in the position of
an interface, with no characteristic length scale. To check
the impact of finite size effects from these fluctuations,
we performed these calculations on a system size twice
as large in each of the x directions.
When z̄ ≈ `/2 and the ions lie near the center of the
premelting layer, the average deviation of the interface
from its equilibrium position is negligible. Figure 3 shows
how each interface responds when the ions approach. In
all panels Gα (x) → 0 at large x, showing that the influence of the ions has a finite range. The correlation lengths
associated with the height deviations are up to 1nm for
the lv-interface and up to 2nm for the lc-interface, equivalent to several molecular diameters.
As the ions approach z̄ = `, the lc-interface retains its
equilibrium statistics while the lv-interface locally rises
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a significant depression in the lc-interface, but a free
chloride ion does not. Instead, the anion incorporates
into the ice surface structure, replacing one of the water
molecules. Disruption of the periodic crystal structure
is therefore minimized, and the height of the interface
hardly changes. The cation is unable to incorporate in
this way. Indeed in general, the influence of the cation on
both interfaces is greater than that of the anion due to
its greater charge density, which provides a strong bias to
reorganize surrounding water molecules. With the exception of z̄ = 0.9`, the effect of the ion pair is intermediate
between the two free ions.
None of the distortions observed in these calculations
are significantly larger than the instantaneous capillary
wave fluctuations for this system. The influence of ions
appears to consist of pinning the equilibrium capillary
waves in place. This pinning is associated with an entropic cost of moving the ions near to the interfaces,
which influences the ion thermodynamics considerably47
as detailed below.

Thermodynamics of ion pair dissociation

FIG. 3: The average distortion of the interfaces, Gα (x),
when one or two ions are nearby. Each panel shows
results for a single sodium ion, single chloride ion and a
sodium chloride pair constrained to their equilibrium
separation. Different panels show different values of the
ionic center-of-mass z̄ coordinate. Alongside each panel
is a corresponding typical configuration of the ions and
nearest interface.

by up to 2Å. This increase results from water molecules
being drawn upwards to cover the ions and screen their
charge from the vacuum. Its magnitude generally increases with increasing z̄. A notable exception to this
rule occurs at z̄ = 0.9`, where the ion pair actually depresses hlv relative to its instantaneous position. At this
particular z̄, the ions are frequently sit parallel to the
mean lv-interface and are left uncovered by the water.
The ions themselves do not contribute to the interface
calculation, so the uncovered ions lead to a depression in
the interface.
Conversely, when the ions approach z̄ = 0 the lvinterface is unaffected while the lc-interface is locally depressed. This depression indicates local disordering of
the ice structure leading to improved ion solvation. The
magnitude of the deviation varies with number of ions
and z̄, but usually falls between 1 and 4Å. This magnitude is larger than the equivalent deviations in hlv , indicating that the lc interface is softer and easier to deform
consistent with its lower surface tension.
An ion pair or free sodium ion at z̄ ≈ −0.1` creates

To understand the thermodynamics of ion pairing in
the premelting layer, we computed the free energy as a
function of the ionic separation R and center of mass vertical coordinate z̄. We employed umbrella sampling using
a series of simulations with an additional harmonic potential, Vb (R, z̄) = kr /2(R − R∗ )2 + kz /2(z̄ − z ∗ )2 . These
simulations were combined using the weighted histogram
analysis method48 to compute an unbiased free energy,
F (R, z̄) = −kB T lnP (R, z̄), where P (R, z̄) is the probability of observing the ions at separation R and height
z̄ and kB T is Boltzmann’s constant times temperature.
We used 478 distinct simulations, varying R∗ from 2.0Å
to 6.0Å and z ∗ from approximately -0.2` to 1.0`. Half of
the simulations used kr = kz = 1 kCal/mol Å2 and the
remainder employed stronger springs (up to 80kCal/mol
Å2 ) to ensure adequate sampling. Simulation length was
varied for the same reason, with most datasets representing 5 ns of simulation time.
Figure 4 shows the resulting free energy landscape,
alongside a typical snapshot to illustrate its connection
to the system geometry. For all R values, the free energy is lowest near the middle of the premelting layer
and increases monotonically towards each interface. This
increase represents an interplay between reduced solvation, entropic penalties from pinning the interfaces, and
the energy cost of disrupting the crystal structure. Approaching the lv-interface, average coordination numbers for both bound and separated ion pairs decrease4
and the average electrostatic potential energy on the
ions from the water increase in a manner anticipated
from Fig. 3a,b). Upon approaching the lc-interface, ion
solvating water molecules reorganize, disrupting the ice
structure and melting the crystal as anticipated from
Fig. 3c,d).
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FIG. 4: Free energy as a function of ionic separation R and center-of-mass z coordinate, z̄. Three characteristic z̄
values are indicated with dashed lines. The dash-dotted line approximately indicates the dissociation energy barrier,
R‡ (z̄).

Dynamics of ion pair dissociation

We have shown that both static and dynamic fluctuations vary strongly through the premelting layer. Analogously, the rate of ion pair dissociation need not be constant and could similarly depend on where in the layer
the rare event occurs.49 Since vertical motion of the ions
is so slow, we will assume that dissociation events occur
at fixed ionic z coordinates. We have computed transition rates from the CIP to SSP as a continuous function
of z̄, using the Bennett-Chandler approach.50
We have defined the CIP reactant state and SSP product state using a dividing surface along the ionic separation distance, denoted R‡ (z̄). For each fixed value of z̄,
R‡ (z̄) is chosen as the location of the saddle point along
R, which is close to R =3.7 Å for all z̄. The BennettChandler rate is the product of a transition state theory
estimate along this dividing surface, kTST (z̄), and the
transmission coefficient, κ(z̄). The transition state theory estimate is the product of an attempt frequency and

2

ln(rate/ns−1)

For all z̄ values, the free energy displays two clear
basins of attraction, one for the contact ion pair (CIP)
state in the range 2.5 Å<R<3.4 Å, and one for the
solvent-separated pair (SSP) at around 4.5 Å<R<5.5 Å.
These states are separated by a barrier that is approximately 6.5kB T at z̄ = 0.5` and varies by up to 3kB T
over the premelting layer. The free energy also exhibits
a broad, shallow minimum for R>6.5 Å, corresponding to
completely dissociated ions. The energy barrier separating this minimum from the SSP state is very small. The
free energy change to dissociate the ions in the premelting layer implies a six-fold decrease of the dissociation
constant relative to bulk water around at the same temperature and pressure, based on an independent bulk free
energy calculation.
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FIG. 5: Variation of the ion dissociation rate with
position in the premelting layer. Rate constants
computed according to TST theory, Kramers theory
and Bennett-Chandler theory are all shown. Lines
shown are guides for the eye.
the probability of reaching the dividing surface from the
reactant state
‡

kTST (z̄) =

kB T
e−βF (R ,z̄)
,
R
‡
R
2µ
dR e−βF (R,z̄)

(9)

−∞

where µ is the reduced mass of the ion pair.
The transmission coefficient is defined as the long time
limit of the correlation function,
hṘ(0)θ[R(t) − R‡ (z̄)]i‡
,
t→∞
h|Ṙ(0)|i‡ /2

κ(z̄) = lim

(10)

which is the flux through the dividing surface conditioned
on ending in the SSP state. The notation h· · · i‡ indicates
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an average over an equilibrium ensemble of initial conditions for which R = R‡ (z̄), obtained from constrained
simulations. In practice this quantity is averaged independently for Ṙ(0) > 0 and Ṙ(0) < 0. For each initial condition, an ensemble of initial velocities are generated from the Maxwell-Boltzmann distribution and corresponding trajectories are propagated for 10 ps with microcanonical trajectories, which is sufficient for the system to commit to either the reactant or product basin.
The ensemble averages in Eq. (10) converge slowly, in
our case requiring approximately 5000 trajectories. The
transmission coefficients are very small, in the range 0.010.05 for the different z̄ values.
The dissociation rate, k(z̄) = kTST (z̄)κ(z̄), as a function of z̄ is shown in Fig. 5. The rate is slow near the
lc-interface where the ions are essentially frozen in place.
The rate increases towards the layer center, where improved solvation stabilizes the transition-state configurations, then drops off towards the lv-interface. The total
variation over the premelting layer is over an order of
magnitude. At its peak in the middle of the layer, the
dissociation rate is an order of magnitude smaller than it
would be in a bulk liquid at these same conditions, kbulk .
This depression of the rate reflects how different the solvation environment is from a bulk solution, even in the
middle of the liquid-like layer.
At z̄ = 0 and below, the ions must either melt large
regions of ice or incorporate into the crystal structure.
Both processes are associated with slow and positiondependent dynamics. Moreover, describing ionic behavior in the crystal itself would probably require relaxing
our harmonic restraint on the ice molecules and hence
averaging our calculations over rare layer-melting events.
These considerations meant that we were unable to obtain converged rate calculations for z̄ ≤ 0. However, we
note that the free energy cost of moving an ion pair this
deep into the crystal is large.
We expect R to be a poor descriptor of reaction dynamics in a premelting layer. Even in bulk water, previous
investigations have found21,23–25 that solvent degrees of
freedom must be included in the reaction coordinate to
well describe the transition state ensemble. Nevertheless,
the rate profile is largely determined by the z̄ dependence
of free energy to move along R, as encoded in the transition state theory estimate. This suggests that the recrossing dynamics do not greatly affect the competition
between different environments for dissociation, despite
depressing the rate by up to a factor of 100.
In order to understand the overall scale of the rate
profile, we have compared k(z̄) to that estimated from
Kramers theory in the spatial diffusion limit.51,52 In bulk
water at ambient temperature, ion pair dissociation is
known to have inertial components to its dynamics.23
However, at low temperatures within the premelting
layer small diffusivity of the ions in Fig. 2 suggest that
that momentum correlations are damped out on the
timescales of dissociation. Assuming that the dynamics are overdamped, an approximate transmission coef-

ficient can be evaluated in the harmonic barrier limit,
κK (z̄) ≈ µωb D(R‡ , z̄)/kB T , where ωb is the imaginary
frequency associated with the free energy barrier, and
D(R‡ , z̄) is the diffusion constant along R evaluated at
the top of the barrier at fixed z̄. We estimate D(R‡ , z̄)
following a procedure due to Hummer, valid for simulations where the reaction coordinate R is restrained to
a particular window with a harmonic bias potential.53
Specifically, an autocorrelation function of R(t) is computed under a harmonic bias to remain at the top of the
barrier. Its value at t = 0 and decay time can be used to
compute D(R‡ , z̄). Both values are obtained from 10ns
constrained simulations using the biasing potentials employed in the umbrella sampling calculations. Consistent
with our assumption that dissociation occurs at a fixed z̄
value, we found that D(R‡ , z̄)  Dz . Therefore reactive
events proceed much faster than vertical ionic motion,
and the dissociation processes at values of z̄ can be considered independent.54
The Kramers rate, kK (z̄) = kTST (z̄)κK (z̄), accounts
for recrossing due to friction along the reaction coordinate. In Fig. 5, we see that this estimate agrees fairly
well with k(z̄), particularly near the two interfaces. This
observation suggests that most of the observed recrossing is due to slow dynamics along the reaction coordinate, caused by the sluggish environment of the premelting layer. The biggest gap between the Kramers
and Bennett-Chandler rate estimates comes in the range
0.1 < z < 0.5, perhaps indicating a more complex reaction mechanism associated with ions attaching to the ice
crystal surface.

CONCLUSIONS

The picture of the premelting layer that emerges from
our simulations is that of a confined, sluggish environment, where water molecules adopt liquid-like configurations but with significant residual ice structure. Both interfaces affect the dynamics of nearby reactions through
energetic and dynamic factors, and in the case of ion dissociation both factors act to slow the reaction. The ice
interface appears to be much more significant for determining reaction dynamics, both in magnitude and range
of interaction.
We found that the ions significantly alter the properties
of the nearby interfaces. The dynamics of both the lcand lv-interfaces are dominated by capillary wave fluctuations decaying in approximately 1ns. When an ion pair
resides near the interface these waves are pinned in place,
creating a long-lived distortion of the interface shape. In
the range of ion positions that are energetically feasible,
the distortions do not exceed the equilibrium fluctuation
size, but the entropic cost of pinning the wave contributes
to the energy barrier which keeps the ions near the layer
center.
The dissociation dynamics of water molecules in the
premelting layer differ significantly from those in bulk
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solution, even at the layer center where the water structure appears most liquid-like. Partially-dissociated configurations are harder to solvate in the premelting layer
than contact ion pairs, leading to a significantly increased
dissociation energy barrier. Kinetics also play a more significant role in the premelting layer, mostly due to high
friction from the slow water dynamics and residual icelike structure. The implications of this slow, fluctuating
environment and the resultant spatial dependence of solute thermodynamics and kinetics on more complex reactions relevant in the polar regions are worthy of future
study.8–12
ACKNOWLEDGMENTS

This material is based on work supported by the U.S.
Department of Energy, Office of Science, Office of Advanced Scientific Computing Research, Scientific Discovery through Advanced Computing (SciDAC) program,
under Award No. DE-AC02-05CH11231. This research
used resources of the National Energy Research Scientific
Computing Center (NERSC), a U.S. Department of Energy Office of Science User Facility operated under Contract No. DE-AC02-05CH11231.
REFERENCES
1 I.

Benjamin, “Chemical reactions and solvation at liquid interfaces: A microscopic perspective,” Chem. Rev. 96, 1449–1476
(1996).
2 M. F. Ruiz-Lopez, J. S. Francisco, M. T. Martins-Costa, and
J. M. Anglada, “Molecular reactions at aqueous interfaces,” Nat.
Rev. Chem. 4, 459–475 (2020).
3 I. Benjamin, “Reaction dynamics at liquid interfaces,” Annu.
Rev. Phys. Chem. 66, 165–188 (2014).
4 V. Venkateshwaran, S. Vembanur, and S. Garde, “Watermediated ion-ion interactions are enhanced at the water vaporliquid interface,” Proc. Nat. Acad. Sci. USA 111, 8729–8734
(2014).
5 M. Galib and D. T. Limmer, “Elucidating the mechanism of reactive uptake of n2 o5 in aqueous aerosol,” (2021), arXiv:2005.10134
[physics.chem-ph].
6 J. Dash, A. Rempel, and J. Wettlaufer, “The physics of premelted
ice and its geophysical consequences,” Rev. Mod. Phys. 78, 695
(2006).
7 F. Domine and P. B. Shepson, “Air-snow interactions and atmospheric chemistry,” Science 297, 1506–1510 (2002).
8 J. P. Abbatt, “Heterogeneous reaction of HOBr with HBr and
HCl on ice surfaces at 228K,” Geophys. Res. Lett. 21, 665–668
(1994).
9 R. Bianco and J. T. Hynes, “Heterogeneous reactions important
in atmospheric ozone depletion: A theoretical perspective,” Acc.
Chem. Res. 39, 159–165 (2006).
10 F. Domine, “Can we monitor snow properties on sea ice to investigate its role in tropospheric ozone depletion?” J. Geophys.
Res.: Atmos. 122, 11,107–11,111 (2017).
11 J. P. Abbatt, “Interactions of atmospheric trace gases with ice
surfaces: Adsorption and reaction,” Chem. Rev. 103, 4783–4800
(2003).
12 M. H. Conklin, R. A. Sommerfeld, S. K. Laird, and J. E. Villinski,
“Sulfur dioxide reactions on ice surfaces: Implications for dry
deposition to snow,” Atmos. Environ. 27 (1993).

13 T.

F. Kahan and D. J. Donaldson, “Photolysis of polycyclic aromatic hydrocarbons on water and ice surfaces,” J. Phys. Chem.
A 111, 1277–1285 (2007).
14 I. Golecki and C. Jaccard, “Intrinsic surface disorder in ice near
the melting point,” J. Phys. C: Solid State Phys. 11, 4229–4237
(1978).
15 M. Elbaum, S. Lipson, and J. Dash, “Optical study of surface
melting on ice,” J. Cryst. Growth 129, 491–505 (1993).
16 B. Slater and A. Michaelides, “Surface premelting of water ice,”
Nat. Rev. Chem. 3, 172–188 (2019).
17 D. T. Limmer, “Closer look at the surface of ice,” Proc. Nat.
Acad. Sci. USA 113, 12347–12349 (2016).
18 Y. Qiu and V. Molinero, “Why is it so difficult to identify the onset of ice premelting?” J. Phys. Chem. Lett. 9, 5179–5182 (2018).
19 P. Llombart, E. G. Noya, and L. G. MacDowell, “Surface phase
transitions and crystal habits of ice in the atmosphere,” Sci. Adv.
6, eaay9322 (2020).
20 W. L. Jorgensen, J. K. Buckner, S. E. Huston, and P. J. Rossky,
“Hydration and energetics for tert-butyl chloride ion pairs in
aqueous solution,” J. Am. Chem. Soc. 109, 1891–1899 (1987),
https://doi.org/10.1021/ja00241a001.
21 P. L. Geissler, C. Dellago, and D. Chandler, “Kinetic pathways of
ion pair dissociation in water,” J. Phys. Chem. B 103, 3706–3710
(1999).
22 A. J. Ballard and C. Dellago, “Toward the mechanism of ionic dissociation in water,” J. Phys. Chem. B 116, 13490–13497 (2012).
23 R. G. Mullen, J. E. Shea, and B. Peters, “Transmission coefficients, committors, and solvent coordinates in ion-pair dissociation,” J. Chem. Theory Comput. 10, 659–667 (2014).
24 Y. Yonetani, “Solvent-coordinate free-energy landscape view of
water-mediated ion-pair dissociation,” Mol. Phys. 8976, 2987–
2998 (2017).
25 M. Salanne, S. Tazi, R. Vuilleumier, and B. Rotenberg, “Ca2+ Cl− association in water revisited: The role of cation hydration,”
Chem. Phys. Chem. 18, 2807–2811 (2017).
26 S. Roy, M. D. Baer, C. J. Mundy, and G. K. Schenter, “Marcus
theory of ion-pairing,” J. Chem. Theory Comput. 13, 3470–3477
(2017).
27 A. Hudait, M. T. Allen, and V. Molinero, “Sink or swim: Ions
and organics at the ice-air interface,” J. Am. Chem. Soc. 139,
10095–10103 (2017).
28 J. L. F. Abascal and C. Vega, “A general purpose model for the
condensed phases of water: Tip4p/2005,” J. Chem. Phys. 123,
234505 (2005), https://doi.org/10.1063/1.2121687.
29 M. Sega and C. Dellago, “Long-range dispersion effects on
the water/vapor interface simulated using the most common models,” J. Phys. Chem. B 121, 3798–3803 (2017),
https://doi.org/10.1021/acs.jpcb.6b12437.
30 W. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, “Development and testing of the opls all-atom force field on conformational
energetics and properties of organic liquids,” J. Am. Chem. Soc.
118, 11225–11236 (1996), https://doi.org/10.1021/ja9621760.
31 M. Patra and M. Kartunnen, “Long-range dispersion effects on
the water/vapor interface simulated using the most common
models,” J. Comput. Chem. 25, 678–689 (2004).
32 C. Fennell, A. Bizjak, V. Vlachy, and K. Dill, “Ion pairing in
molecular simulations of aqueous alkali halide solutions,” J. Phys.
Chem. B 113, 6782–6791 (2009).
33 R. W. Hockney and J. W. Eastwood, Computer Simulation Using
Particles (Taylor & Francis, Inc., Philadelphia, PA, USA, 1988).
34 S. Plimpton, “Fast parallel algorithms for short-range molecular
dynamics,” J. Comp. Phys. 117, 1–19 (1995).
35 A. P. Willard and D. Chandler, “Instantaneous liquid interfaces,”
J. Phys. Chem. B 114, 1954–1958 (2010).
36 D. T. Limmer and D. Chandler, “Premelting, fluctuations, and
coarse-graining of water-ice interfaces,” J. Chem. Phys. 141
(2014), 10.1063/1.4895399.
37 P. J. Steinhardt, D. R. Nelson, and M. Ronchetti, “Bondorientational order in liquids and glasses,” Phys. Rev. B 28, 784–
805 (1983).

9
38 E.

B. Moore, E. De La Llave, K. Welke, D. A. Scherlis, and
V. Molinero, “Freezing, melting and structure of ice in a hydrophilic nanopore,” Phys. Chem. Chem. Phys. 12, 4124–4134
(2010).
39 A. K. Thakre, J. T. Padding, W. K. den Otter, and W. J.
Briels, “Finite system size effects in the interfacial dynamics
of binary liquid films,” J. Chem. Phys. 129, 044701 (2008),
https://doi.org/10.1063/1.2953440.
40 M. A. Sánchez, T. Kling, T. Ishiyama, M.-J. van Zadel, P. J.
Bisson, M. Mezger, M. N. Jochum, J. D. Cyran, W. J. Smit,
H. J. Bakker, et al., “Experimental and theoretical evidence for
bilayer-by-bilayer surface melting of crystalline ice,” Proc. Nat.
Acad. Sci. USA 114, 227–232 (2017).
41 P. Llombart, E. G. Noya, D. N. Sibley, A. J. Archer, and L. G.
MacDowell, “Rounded layering transitions on the surface of ice,”
Phys. Rev. Lett. 124, 065702 (2020).
42 M. S. Green, “Markoff random processes and the statistical mechanics of time-dependent phenomena. ii. irreversible
processes in fluids,” J. Chem. Phys. 22, 398–413 (1954),
https://doi.org/10.1063/1.1740082.
43 R. Kubo, “Statistical-mechanical theory of irreversible processes.
i. general theory and simple applications to magnetic and conduction problems,” J. Phys. Soc. Jpn. 12, 570–586 (1957),
https://doi.org/10.1143/JPSJ.12.570.
44 A. L. Benavides, M. A. Portillo, V. C. Chamorro, J. R. Espinosa,
J. L. Abascal, and C. Vega, “A potential model for sodium chloride solutions based on the TIP4P/2005 water model,” J. Chem.
Phys. 147, 104501 (2017).

45 D.

R. Nelson, T. Piran, and S. Weinberg, Statistical mechanics
of membranes and surfaces (World Scientific, 2004).
46 J. Benet, P. Llombart, E. Sanz, and L. G. MacDowell,
“Premelting-induced smoothening of the ice-vapor interface,”
Phys. Rev. Lett. 117, 1–6 (2016), arXiv:1609.01439.
47 D. E. Otten, P. R. Shaffer, P. L. Geissler, and R. J. Saykally, “Elucidating the mechanism of selective ion adsorption to the liquid
water surface,” Proc. Nat. Acad. Sci. USA 109, 3190 (2012).
48 A. Grossfield, “Wham:
The weighted histogram analysis
method, version 2.0.9,” http://membrane.urmc.rochester.edu/
wordpress/?page_id=126 (2019).
49 A. J. Schile and D. T. Limmer, “Rate constants in spatially
inhomogeneous systems,” J. Chem. Phys. 150, 191102 (2019),
https://doi.org/10.1063/1.5092837.
50 D.
Chandler,
“Statistical
mechanics
of
isomerization dynamics in liquids and the transition state approximation,” J. Chem. Phys. 68, 2959–2970 (1978),
https://aip.scitation.org/doi/pdf/10.1063/1.436049.
51 H. Kramers, “Brownian motion in a field of force and the diffusion
model of chemical reactions,” Physica 7, 284 – 304 (1940).
52 B. Peters, “Chapter 16 - kramers theory,” in Reaction Rate Theory and Rare Events Simulations, edited by B. Peters (Elsevier,
Amsterdam, 2017) pp. 435 – 450.
53 G. Hummer, “Position-dependent diffusion coefficients and free
energies from Bayesian analysis of equilibrium and replica molecular dynamics simulations,” New J. Phys. 7, 34 (2005).
54 A. Berezhkovskii, L. Berezhkovskii, and V. Y. Zitzerman, “The
rate constant in the kramers multidimensional theory and the
saddle-point avoidance,” Chem. Phys. 130, 55–63 (1989).

