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Chapter 4

Abundance of Exceptionally
Strong Binding Sites for H2O

Adsorption on the Ice Ih(0001)
Surface

This chapter is based on:
Ferrari, B. C., Sallermann, M., Jónsson, E. O., Jónsson, H., & Meyer, J. (2026).
Abundance of Exceptionally Strong Binding Sites for H2O Adsorption on the Ice

Ih(0001) Surface, in prep.
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4.2 Abstract

4.1 Abstract

The adsorption of water molecules on ice surfaces is of significant importance in many
respects, in particular for gaining a deeper understanding of ice crystal growth. Due
to the proton disorder on the ice Ih(0001) surface there is a wide distribution for the
binding energy of admolecules. Previous calculations using simple point-charge force
fields have indicated that it can even exceed the cohesive energy of the crystal at
certain sites. While the accuracy of those calculations has been contested by some
subsequent density functional theory calculations and direct measurement of these
binding energy remains elusive, the possibility of such strong binding sites has been
associated with various experimental observations and would significantly influence
the growth mode of the crystal. Here, we study the adsorption of a water molecule on
the ice Ih(0001) surface using recently developed polarizable many-body interaction
potential functions, and find remarkably abundant sites with binding energy larger
than the cohesive energy, dominated by electrostatics. Furthermore, we show how
the local environment at the binding site affects the binding energy and propose a
descriptor that serves as a predictor for the binding energy at a given site.

4.2 Introduction

Ice is one of the most widely studied substances, yet a plethora of its physicochemical
properties remain poorly understood. One such property is the adsorption of wa-
ter molecules on an ice surface. Deciphering the mechanisms behind this process is
paramount to understanding ice growth, which plays a critical role in global climate1,2,
as well as other atmospheric phenomena3. Under ambient conditions ice is found in its
hexagonal (Ih) phase, which is well known to have a proton disordered bulk structure.4

The degree of proton ordering in the surface is still debated, namely due to technical
limitations for experimental observations of the ice surface. The lowest energy surface
is the Fletcher striped phase, where the dangling OHs are arranged in lines across the
surface.5 This surface structure was initially predicted by theoretical calculations, and
later helium diffraction experiments6 were interpreted7 as indicating proton ordering
on the surface. This interpretation was eventually brought into question8; however,
recent novel experimental studies9 have claimed to verify this proton ordered surface.
Although this is the lowest energy surface and claims of its experimental verification
have been made, it is still not widely accepted. As such, the true nature of the ice
Ih surface is still in question, leaving the possibility of either ordered or disordered
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surfaces. The surface structure, specifically the local environment at the binding site,
will naturally play a major role in the adsorption of water molecules on the surface.

Batista and Jónsson 10 calculated binding energies of water molecules on the basal
plane surface of an ice Ih crystal using the TIP4P potential. They found that 4% of the
binding sites had binding energies stronger than the cohesive energy of the crystal.
They further studied island formation and diffusion untangling the implications of
these strong binding sites on the crystal growth. A later study reproduced their
results for a proton disordered ice Ih surface, and went further by calculating the
binding energy distribution for a proton ordered surface.11 On average they found the
proton ordered surface to produce smaller binding energies, however, there was still a
small percentage above the cohesive energy. Thierfelder et al. 12 performed a follow-up
study on the binding energy of water molecules on the basal surface of ice Ih using the
PW9113 densityfunctional. Contrary to the previous findings, they did not find any
binding sites with binding energies larger than the cohesive energy. Shortly after, Sun
et al. 14 showed that the binding energy of water on the ice Ih basal surface depended
on the so-called “order parameter”. This order parameter is defined as,

COH =
1

NOH

NOH∑
i=1

ci (4.1)

where NOH is the total number of dangling OH bonds on the surface, and ci is the
number of nearest neighbor dangling OH bonds around the ith dangling OH bond.
This global order parameter is a measure of the degree of ordering of the dangling
OH groups on the surface of the ice. They revealed that surfaces with larger order
parameters (more proton disorder) produced larger binding energies. Moreover, for
surfaces with order parameters less than 2.5 no binding sites were stronger than the
cohesive energy. Bringing forth the notion that the two previous studies found con-
tradictory results simply because they used surfaces with different degrees of proton
ordering. Despite these studies, the possibility of a water molecule having a binding
energy larger than the cohesive energy is still contested.

Although contested, these strong binding sites have been speculated to be the
cause of multiple abnormalities observed in experiments. Nordlund et al. 15 studied the
surface of thin ice Ih films grown on Pt(111) with x-ray absorption spectroscopy, where
they found an abundance of isotropically distributed dangling OHs. In particular, they
found more dangling OHs than is expected for a bilayer terminated proton disordered
ice Ih surface, implying a non-bilayer termination. They speculated this could be due
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to water admolecules bound on these strong binding sites where annealing would not
remove them from the surface. Similarly, Mehlhorn and Morgenstern 16 found that
ice Ih grown on Cu(111) had no indication of a terminating bilayer at any annealing
temperatures. They concluded this after observing bright spots in the STM that could
not be removed by annealing, which they speculated were water admolecules at strong
binding sites on the ice surface. More recently, Bockstedte et al. 17 used a combination
of theory and experiment to show that for thin ice films grown on Cu(111) the basal
surface of ice Ih was terminated by admolecule clusters. After experimentally observing
a lack of a terminating bilayer, they performed DFT calculations. They found no
strong binding sites for admolecules, leading them to conclude the surface must be
terminated by clusters of admolecules. To better understand these experiments it is
imperative that we have a comprehensive understanding of water binding on the basal
surface of ice Ih.

Beyond reconciling the unexplained experimental observations, the existence of
these strong binding sites would mean that ice Ih does not follow the standard growth
model. A natural consequence of this is that a pristine ice surface is not possible, since
annealing an admolecule at a strong binding site would result in surface melting. In
order to better understand the validity of these strong binding sites, we have performed
an exhaustive investigation into the binding energy of the water monomer on the basal
surface of ice Ih. We employed two highly sophisticated many-body potentials, the
flexible Single-Center Multipole Expansion (SCME/f )18–21 and MB-pol22–25, to study
the adsorption of water monomers on the basal surface of ice Ih. We show that for
all surfaces studied herein a site is found with binding energy larger than the cohesive
energy. Furthermore, we decompose the binding energy to show the importance of
dispersion in the adsorption. We also expand out the multipole contributions to the
binding energy and show how quadrupole moments are significant. Finally, we show
how the local environment influences the binding energy. Taking inspiration from this
analysis we propose a more local “order parameter”, which is more strongly correlated
with the binding energy.

4.3 Methods

Orthogonal bulk cells of ice Ih containing 432 H2O molecules with lattice parameters
optimized for each potential (see Appendix) have been the starting points for con-
structing surface slab models. Using the ice Ih generation algorithm in the GenIce26

program, 26 differently proton disordered 3x3x3 supercells have been created. Adding
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60 Å of vacuum along the (0001) direction has then resulted in 26 pristine ice Ih(0001)
surface slab models. The geometries of these slab models were optimized while keeping
the atoms in the bottom half fixed at the bulk geometry positions.

For each slab, 75 random sites were selected on the surface and an H2O admolecule
was placed there and the geometry of the full system was optimized, again maintaining
the bottom half of the slab fixed. The binding energies have been calculated using
Equation (4.2). Consistent with previous works, the calculated binding energies have
not been corrected for zero-point energies.

EBE = Eslab − Esystem (4.2)

Contour lines for distances from dangling OHs were made by using a kernel density
estimation, where Gaussians with 1.5 Å width in both dimensions were applied to each
dangling OH site.

All geometry optimizations were done by first running 50 iterations of the OAC-
CEL27 optimizer, followed by running the conjugate gradient (CG)28,29 method until
convergence. The convergence criteria for CG geometry optimizations was always
(unless stated otherwise) set to 1 × 10−5 eV/Å on the gradient norm. Lattice opti-
mizations were done by cycling between cell optimizations with fixed scaled positions,
and geometry optimizations with fixed cell vectors. Cell optimizations were run using
only the CG optimizer with a convergence criteria of 1 × 10−8 eV/Å on the gradient
norm. Full convergence was determined when the average change of the lattice vectors
was less than 1 × 10−3 Å.

All calculations, data analysis and plotting were done using the Julia (version
1.11.6) programming language30. YetAnotherSimulationSuite.jl (YASS)31 was used
for all calculations, and it is backed by a variety of Julia packages; Optim.jl 32 (version
1.12.0) is used for geometry and cell optimizations, Chemfiles33 (the Chemfiles.jl Julia
wrapper) is used for reading and writing xyz files, and JLD2.jl 34 is used for storing
data structures in HDF5 compliant format. Additionally, DataFrames.jl 35 was used
during data analysis, and Makie.jl 36 (subpackage CairoMakie.jl version 0.15.4) was
used for plotting. A Julia wrapper of the MBX37 software was used to calculate MB-
pol22–25 forces and energies. Similarly, the C++ SCME/f18–21 potential was wrapped
and integrated into the Julia workflow. Proton disordered ice structures were generated
using the GenIce26 software.
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4.4 Results and Discussion

We calculated the binding energy for 75 randomly selected sites across 26 surfaces
with different degrees of dangling OH ordering, with COH ranging from 2 to ≈ 3.5.
Figure 4.1 shows two example surfaces, one proton disordered (leftmost) and the other
proton ordered (rightmost). The influence of the local environment on the binding
energy can be seen within the figure. The leftmost panels show examples of a proton
disordered surface, whereas the rightmost panels show a proton ordered (Fletcher-
striped) surface. These plots show that although 75 sites are sampled, the results are
not 75 different binding sites. This is a result of the attractive force of the dangling
OHs, as can be seen by most binding sites being near dangling OHs. Sampled sites
far from dangling OHs resulted in the admolecule moving to another location during
the geometry optimization.

Figure 4.2 shows the binding energy distributions for each potential plotted versus
the order parameter of the surface. For both potentials the distributions become
broader as the order parameter increases, as expected with the increased variation
in sites on the surface. In agreement with previous studies, as the order parameter
increases the average binding energy for each potential also increases. Contrary to
previous DFT-based studies, we find that for all surfaces studied at least one site has
a binding energy larger than the cohesive energy. Across all surfaces SCME/f finds
roughly 50% of sites to be one of these strong binding sites, and MB-pol finds roughly
63%.

On 25 different surfaces with order parameter of 2.0, both potentials produce at
least one strong binding site (see Appendix). Moreover, for these surfaces both poten-
tials produce an abundance of strong binding sites: for SCME/f roughly 40% of sites
bind stronger than the cohesive energy and for MB-pol roughly 65%. These percent-
ages are nearly identical to those we found for surfaces with varied order parameters,
indicating a strong tendency for strong binding. Further supporting the notion that
even highly ordered surfaces can produce these strong binding sites.

Additional analysis (found in the Appendix) revealed that the binding energy was
strongly correlated with the induced dipole moment of the admolecule, in agreement
with previous work14. We also find that the binding energy is closely correlated to
the shortest hydrogen bond length formed between the admolecule and the surface.
It is well known that DFT struggles to produce accurate descriptions of hydrogen
bonds38,39, which at first glance may seem to explain the discrepancy between our
results and previous DFT-based results. However, PBE is reported to overbind hydro-
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Figure 4.1: A visualization of the influence of the local environment on the binding energy.
The surface bilayer is shown in reduced opacity, where red is oxygen atoms, white are hydrogen
atoms. The lower layer of the bilayer is less opaque than the upper layer. The contour lines
represent distance from a dangling OH, where lighter dashed lines are closer and darker
dashed lines farther away from dangling OHs. The scatter points are binding sites, where
the color corresponds to the binding energy for that site (as shown by the colorscale) and the
marker denotes if the binding energy is above (rectangle) or below (diamond) the cohesive
energy of ice Ih for the respective potential. The top panels are calculated with MB-pol
and the lower panels with SCME/f. The leftmost panels are disordered surfaces, and the
rightmost panels are Fletcher-striped surfaces.

gen bonds when compared to CCSD(T)40, which both potentials are fitted to. This
raises the question of what could be causing this discrepancy.

To analyze the adsorption energies in more detail we decomposed the binding
energy into its constituent components within each potential. The top panels of
Figure 4.3 shows the binding energies from both potentials decomposed into their
constituent energy contributions. Both potentials exhibit similar decomposed contri-
butions, namely, the electrostatic and dispersion terms have averages in very close
agreement. As expected, the electrostatic contribution is the largest contribution to
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Figure 4.2: Binding energy plotted as a function of the order parameter (COH) defined
in Equation (4.1). For visual clarity, MB-pol and SCME/f have artificial offsets in the x-
axis. All 1950 binding sites for each potential are included. The black dashed line is the
experimental cohesive energy (0.609 eV), which is close to the cohesive energy produced by
MB-pol (0.608 eV) and SCME/f (0.611 eV).

the binding energy. The second largest positive contribution in both potentials is
dispersion, with a contribution nearly half as large as the electrostatic contribution.

The electrostatics in both potentials can be further decomposed into multipole
contributions, of which there is notably more terms included within SCME/f than in
MB-pol. As such, we have decomposed the multi-pole contributions to the binding
energy for SCME/f only. The bottom panel of Figure 4.3 shows the contribution of
dipole, quadrupole, octupole and hexadecapole terms to the electrostatic component
of the binding energy for SCME/f. As expected, the dipole term is the largest and
higher order terms contribute less as the order increases. Interestingly, the quadrupole
term has an average energy contribution close to that of the dipole term. This shows
that for adsorption both dipole and quadrupole moments play a significant role in the
energetics.
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Figure 4.3: Top panels: decomposed binding energy contributions for each potential. All
1950 binding sites for each potential are included. Bottom panel: decomposed electrostatic
energy contributions to the binding energy using SCME/f. All 1950 binding sites for each
potential are included.

A key feature of the binding highlighted by Figure 4.1 is the importance of the
alignment of the dangling OH with the oxygen atom of the admolecule. In particular,
the strongest binding sites are those where the H-bond formed by the dangling OH and
the admolecule is closest to being linear. This is corroborated by the trend observed
between the shortest H-bond and binding energy, namely because a linear H-bond
will be a shorter H-bond. For instance, looking at A-type sites in the top right panel
of Figure 4.1 the energies alternate between 0.63 eV and 0.61 eV. The key difference
between these sites is the direction of the in-surface H-bond formed by the molecule
with the dangling OH near the binding site. The direction of this H-bond dictates
how well the water molecule can align its dangling OH with the oxygen atom of the
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admolecule. Rotations around the H-bond axis allow the dangling OH to pivot toward
the admolecule, as such, the weakest A-type sites are those where the H-bond points
away from the binding site. These sites prevent rotations that align the dangling OH,
in order to compensate for this these sites result in larger H−O−H bond angles for the
molecule with the dangling OH. However, limitations on the bond angle prevent the
dangling OH from making an ideal alignment, resulting in smaller binding energies.
This effect is more pronounced in MB-pol, where the H−O−H bond angle flexibility
due to environment is larger (see Appendix). Moreover, the change in the H−O−H
bond angle for molecules with dangling OHs near a binding site before and after
binding is larger for MB-pol than SCME/f (see Appendix). This bond angle flexibility
in MB-pol causes the binding energy distributions to be narrower than those calculated
with SCME/f.

Although the binding energy is correlated in some ways to the order parameter,
there is still a large variation in binding sites per order parameter (see Figure 4.2).
This is due to the order parameter being insensitive to the local environment at the
adsorption site, which plays the dominant role in the binding energy (see Figure 4.1).
Drawing inspiration from the analysis we have done, we have constructed a “local
environment parameter”,

C =

NN∑
i

π − (0.5π − θi)
3

r3i
+

N∑
i

1

r3i
(4.3)

where NN is the number of dangling OHs within 4 Å from the adsorption site, N

is the number of dangling OHs further than 4 Å from the adsorption site, r is the
distance from the dangling OH, and θ is the angle formed between the site, dangling
OH, and the additional hydrogen atom on the surface molecule with the dangling OH.
The angle is used to account for how rotations around the H-bond axis allow for the
dangling OH to better align with the admolecule.

Figure 4.4 shows the binding energies as a function of the local environment pa-
rameter using both potentials, separately for both A-type and B-type adsorption sites.
A clear trend is observed where increasing the local environment parameter increases
the binding energy. This gives a more robust predictor of how what the binding energy
for a site on a surface will be.
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Figure 4.4: Binding energy as a function of the local environment parameter.

4.5 Conclusion

We have done an exhaustive analysis of the physicochemical properties involved in
the adsorption of water monomers on the basal surface of ice Ih. Utilizing highly
sophisticated potentials we have shown that binding sites with energies larger than
the cohesive energy can be found on surfaces with any degree of proton ordering. We
have also revealed that the dominant term in the binding is the electrostatic term,
where the dipole and quadrupole terms are significant contributors to the binding
energy. Additionally, we show that dispersive interactions also contribute significantly
to the adsorption process. Furthermore, we show that the local environment is crucial
to the binding, and cannot be simply reduced down to distances from dangling OHs or
degree of surface ordering. Finally, we have constructed a local environment parameter
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which serves as an improved descriptor for how slab structure will influence binding
energies.

Our results have significant implications for ice surface growth, meaning that a
pristine ice Ih surface is not possible. This has implications for various atmospheric
phenomena, which are vital to global climate studies. Furthermore, the confirmation
of the existence of these strong binding sites helps shine light on many unexplained
experimental observations, specifically those that observed a non-bilayer-terminated
ice surface.

4.A Appendix

4.A.1 Optimized Lattice Vectors and Cohesive Energy

Table 4.A.1 compiles the optimized lattice vectors and cohesive energies of the bulk
phase ice Ih structures calculated by each potential.

Table 4.A.1: Lattice parameters a and c (Å) and cohesive energies (meV) of bulk ice Ih,
calculated for each potential.

Potential a c Ecoh
Expt41,42 8.98 7.33 -609
MB-pol 8.935 7.284 -607.5
SCME/f 8.889 7.239 -611.4

4.A.2 Order Paremeter 2.0 Surfaces

Figure 4.A.5 shows the binding energy distributions with both potentials for 25 surfaces
with order parameter 2. This set of 25 surfaces contains Fletcher striped surfaces and
glide surfaces, both of which have order parameter 2.

4.A.3 Binding Energy Correlations

Figure 4.A.6 shows the correlation between the induced dipole moment of the ad-
molecule and the binding energy. This contains all data from all binding sites across
all surfaces studied herein.

Figure 4.A.7 shows the correlation between the shortest hydrogen bond formed
between the admolecule and the surface and the binding energy. This also contains
all data from all binding sites across all surfaces studied herein.
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Figure 4.A.5: Binding energy distributions for surfaces with order parameter 2.

4.A.4 Bond Angle Analysis

Figure 4.A.8 shows the distribution of water bond angles for molecules within the
bulk and surface bilayer using both potentials. This contains data from all slabs used
herein.

Figure 4.A.9 shows the distribution of the difference between the water bond angle
of a molecule with a dangling OH before and after binding. This contains data from
all slabs used herein.
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Figure 4.A.6: Binding energy versus the induced dipole moment of the admolecule.
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Figure 4.A.7: Binding energy versus shortest hydrogen bond formed between the ad-
molecule and the surface.
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Figure 4.A.8: The distribution of water bond angles for bulk phase structures, and surface
bilayer molecules in slab structures with MB-pol and SCME/f.
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Figure 4.A.9: The difference in the H−O−H bond anlge of the water molecules with
dangling OHs near binding sites before and after binding.
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