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Abstract

Ice nuclei have been studied on the hexagonal boron nitride nanomesh (h-BN/Rh(111)), a

template with 2 nm wide molecule traps. Scanning tunneling microscopy shows confined clus-

ters, where oligomers with 3 protrusions are particularly abundant. Together with local barrier

height dI/dz maps it is found that the dipoles of the water molecules arrange in a homodrome,

which is consistent with density functional theory calculations. Hydrogen bonds toward the

substrate identify h-BN/Rh(111) to be hydrophilic. The substrate distorts the hexamers (n = 6)

and possibly pentamers (n = 5), where in the experimentally observed chiral foot prints of the

3 visible protrusions occur with a higher preference than non-chiral ones.
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Confinement drives matter into aggregates with properties distinct from the unperturbed sit-

uation. It implies symmetry breaking and different reaction kinetics. This also holds for water,

which is essential in many processes.1 The confinement on surfaces depends on the wetting be-

haviour, i.e. on whether the substrate is hydrophobic or hydrophilic.2–4 If water is further confined

like e.g. in reverse micelles the wetting layers bend and this causes again new properties.5 Here

nano-confinement on the h-BN nanomesh template6 is reported. h-BN/Rh(111) features a labora-

tory with nanometer sized "test-tubes" where hundreds of processes and its diversifications can be

studied under the same conditions.7 The template consists of a corrugated monolayer of hexagonal

boron nitride on a rhodium (111) substrate, where the lattice mismatch and the relatively strong

anisotropic bonding within the unit cell lead to a superstructure with 3.2 nm lattice constant and

2 nm "holes"8,9 or "pores".10 These pores act as molecular traps, where their rims house dipole

rings, which constitute a lateral electrostatic trapping potential.11

The method of choice for the observation of single water molecules, their diffusion and self-

assembly is scanning tunneling microscopy.12–14 In this article low coverages of water are inves-

tigated at 34 K. It turns out that ice oligomers with three visible molecules are particularly stable.

Scanning tunneling microscopy (STM) images and local tunneling barrier height maps give a de-

tailed view of the atomic structure, which is in accordance with density functional theory (DFT)

for hexamers and possibly pentamers. Some the confined oligomers appear distorted which might

point to stable pentamers. The foot prints of the observed oligomers display a higher chirality than

expected from theory at 0 K.

Fig. 1 shows the h-BN/Rh(111) template after exposure to 0.001 Langmuir of water on the

surface at 34 K. Five single protrusions, two triple protrusion clusters in six different pores, and

one single protrusion on the wires of the nanomesh are seen. All clusters display with a height

similar to that of the wires (40 pm) and a diameter of 0.2 ± 0.05 nm. The distribution in the

individual pores is not Poisson like, which is a hint for diffusion and self-assembly. In this paper

we focus on the particularly abundant triple protrusion clusters inside the pores of h-BN nanomesh,

which have an average size of 0.46 nm. Comparison with the water-water bond length in ice of ∼
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Figure 1: Ice clusters on h-BN nanomesh. STM image of the h-BN/Rh(111) nanomesh with
small ice clusters at 34 K (10×10 nm2). The clusters self-assemble inside the 2 nm pores. The pre-
dominant species are single- and triple-protrusion clusters. Here we focus on the triple protrusions.
The image was acquired at Vs =−0.02 V and It = 50 pA.

0.27 nm implies that these clusters stabilize more than three water molecules.

Fig. 2a shows one triple protrusion out of Fig. 1. From the above geometric considerations, the

ice rules, the hydrogen bonds to the substrate15 and the measurement of the local tunneling barrier

(see Fig. 2c) we derive the complete structural model, which was confirmed by DFT calculations.16

Ref.16 contains more theoretical results for a series of different water clusters on h-BN/Rh(111).

On h-BN ice pentamers also display with 3 protrusions (see below), though not as equilateral tri-

angles. In Fig. 2b the DFT hexamer geometry is shown. The ice rules are satisfied, three hydrogen

bonds to the substrate are found and every water molecule provides a proton for a hydrogen bond

to one of its neighbors. A configuration where every water molecule provides a proton for a hy-

drogen bond to one of its neighbors we call a homodrome.13 This imposes for the water molecules

labeled with 1, 2, 3, 4, 5, 6 a sense of "rotation", in Fig. 2 they are arranged anticlockwise. ’Sense

of Rotation’ means that molecule 1 directs a proton to molecule 2 and molecule 2 to molecule

3, etc. Of course, the clockwise homodrome is also possible and has the same energy. The odd

water molecules 1, 3, 5 lie closer to the substrate. Each one contributes one proton to the hydrogen

bonds in the hexamer and one proton to the substrate. The even molecules 2, 4, 6 are outermost

and offer one proton each to the homodrome and the remaining protons dangle into the vacuum.
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Figure 2: dI/dz spectroscopy map and structural model for the ice hexamer. (a) STM image of
a single ice hexamer in a pore (3×3 nm2, Vs =−0.02 V and It = 50 pA). (b) Optimized geometric
model on h-BN/Rh(111). It has a homodromic structure with a bilayer, where the three molecules
in the top layer (even numbers) have dangling hydrogen atoms. The other three in the bottom layer
display hydrogen bonding to the nitrogen atoms (green sticks) of the surface. (c) dI/dz spectroscopy
map for the hexamer in (a). White color corresponds to a large local work function. (d) Simulated
STM topography. (e) Simulated electrostatic potential image. For details see text.
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In the calculations the O-O nearest neighbor distances turn out to be almost equal (0.273 ±0.002

nm) and show no sizable ’Kekulé-like’ alternation as it was found for (H2O)6 on Cu(111), which

is considered to be hydrophobic.13

The orientations of the water dipoles can be identified by local barrier height dI/dz spectroscopy

maps that access the local work function, i.e. the electrostatic potential.15,17 Fig. 2c shows the dI/dz

map of the hexamer in Fig. 2a. The protrusions correspond to high local work function patches.

Therefore the molecules that are responsible for the topographic contrast have a high local work

function. The average distance between the patches appears 10% larger than the topographic pro-

trusions. Therefore the local work function maxima do not exactly coincide with the topographic

protrusions, i.e. the two images in Fig. 2a and c contain complementary information. However,

we do not see a significant ’rotation’ of the electrostatic triangle with respect to the topographic

triangle and thus the sense of rotation of the homodrome. As mentioned above the dipoles of the

individual water molecules imply that the molecules with the hydrogens pointing to the substrate

(odd numbers) have a high electrostatic potential and STM shows them to form the topographic

contrast. This is surprising since these molecules are dimmer in ice clusters15 and they are closer

to the substrate than those of the even number molecules. Apparently the local density of states at

the Fermi level has a stronger influence on the topography than the larger tunneling barrier due to

the higher local work function.

In order to confirm the assignment that we see the lower water molecules in the ice hexamers

on h-BN/Rh(111), STM images were simulated within the Tersoff-Hamann (TH) approximation,

where the local density of states at the Fermi level and the electrostatic potential (tunneling barrier)

are considered. Simulations of other isomers that satisfy the ice rules and have 3 hydrogen bonds

to the substrate give no indication for other hexamers than homodromes which would be stable

and display with three protrusions. Fig. 2d shows the constant tunneling current simulation, which

confirms that the lower (odd) water molecules are imaged as protrusions for the homodrome. Fur-

thermore, the corresponding electrostatic potential of the cluster (Fig. 2e) is also in line with the

experiment. The larger distance between the high work function patches with respect to those of
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the topographic protrusions is reproduced as well within the TH picture. The theoretical dilation

is 14% as compared to 10 ± 5% from the experiment.

A closer inspection does however indicate deviations from the ideal hexamer as shown in Fig.

2b. Significant distortions of the almost equilateral triangle geometry are observed in the STM im-

ages. This is not expected from the incommensurability of the hexamers with the h-BN substrate,

since both have C3 symmetry.

Fig. 3a shows more triple protrusion clusters I-XII, which are sorted into 3 categories: TC, TR

and TA. First, TC series-clusters I, II, and III represent single species sitting near the center of the

h-BN/Rh(111) pores, where STM resolves no other molecules inside it. Second, TR series-clusters

IV-VI represent single species near the rim of the pores. The most abundant TA series-clusters VII-

XII with additional aggregates in the same pore. To quantify the foot prints, fits of three 2D

Gaussians are applied to the visible molecules of each hexamer in Fig. 3a. In the same way, the

precise positions and sizes of the pores are determined by a 2D Gaussian fit. The corresponding

results are given in the lower right corners of Fig. 3a, where the white dashed rings mark the

positions of the rims.

In Fig. 3b the orientations of the clusters are presented. The histogram shows that they are

rotated by 30 degrees with respect to the BN lattice which confirms the model of Fig. 2b, where

the odd water molecules bind to the nitrogen atoms on a
√

3×
√

3 R30◦ unit cell of h-BN. The

rotation angle with respect to the substrate is the same as for ice clusters trapped in the pores.15

Fig. 3c shows the histogram of the triangle sides for the investigated clusters, where the average

distance between two protrusions of 0.46±0.1 nm coincides with the c-plane lattice constant of

0.45 nm in hexagonal ice. The large standard deviation suggests that the experimentally observed

triple protrusions may have different size and shape. In other words, triple protrusion ice clusters

on h-BN/Rh(111) distort. For the further discussion we define the distortion δ∆ to be:

δ∆ =
√

(a− s)2 +(b− s)2 +(c− s)2 (1)
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Figure 3: Distorted triple protrusion clusters. (a) STM images of species (I-XII) trapped in a
pore (3×3 nm2). The insets are 2D Gaussian fits for the pores and triple Gaussian fits for the triple
protrusions. (b) Histogram of orientations with respect to the direction given by two neighboring
pores. (c) Histogram of side lengths.
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where a, b, c are the sides of the triangle and s the average side length (a+ b+ c)/3. The

experiments show an average δ̄∆ of 0.24 ± 0.14 s.

Inspection of the series indicates that most triple protrusions appear scalene, i.e. are prochi-

ral.18 This calls for a chirality measure.19 The geometric object "triangle" with sides a, b, c, where

a 6= b 6= c 6= a, has a sense of rotation or chirality if seen from top (or from below).

We define a measure for the chirality of a triangle bound to a surface χ∆ as:20

χ∆ =
(a−b)× (b− c)× (c−a)

(a+b+ c)3 (2)

By convention a, b, and c are arranged anticlockwise as seen from the top.

Fig. 4 shows χ∆ for the relative sides ā = a/3s and b̄ = b/3s. The chirality χ∆ between blue

and red areas, is zero as expected for equilateral and isosceles triangles. For the hexamers shown

in Fig. 3a, c is set without loss of generality, to be the shortest side. Therefore, when a > b,

χ∆ is negative (red), and when a < b, χ∆ is positive (blue). We find both chiralities, and none is

dominant, which is consistent with the fact the the substrate has mirror symmetry.21

The δ theo
∆

(H) of 0.044 s and χ theo
∆

(H) of 2.9× 10−6 for the calculated ice hexamer in Fig.

2d signal small distortion and chirality. The experimental δ
exp
∆

’s and |χexp
∆

|’s are larger. Fur-

ther DFT simulations of ice heptamers do not explain this observation. However, some of the

strongly distorted clusters (e.g. III and V III) are close to the theoretical values δ theo
∆

(P) = 0.35 and

χ theo
∆

(P) = 5.5×10−4 of the pentamer simulation shown in Fig. 5. Although the water molecules

in the pentamer in Fig. 5 have in average a 2.5 meV lower binding energy per water molecule than

in the hexamer in Fig. 2 where the bond energy is 430 meV per H2O, their homodromic form is

also stable in our DFT calculations. Furthermore we want to emphasize that the transformation

of a pentamer as shown in Fig. 5 into a hexamer requires an additional water molecule and the

breaking of a hydrogen bond in the homodrome of the pentamer. This possible observation of

pentamers might also be important for the issue of pentagonal motivs of water chains on metal

surfaces.22 But also the calculated pentamer appears less chiral than the observed triple protrusion
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Figure 4: Chirality and distortion of triple protrusion ice clusters confined in the h-BN

nanomesh. (a) Distribution of the chirality χ∆(ā, b̄) as defined in Eqn.(2) for the clusters in Fig.
3a and Fig. 2a. The axes show the relative triangle sides (ā, b̄). The chiralities of TC, TR and
TA are expressed by the markers triangle-up, triangle-down and circle, respectively. They are also
lined up above the inset color scale bar, where the central tick indicates χ∆ = 0, and the left and
right ticks the detection limit χ∆ =±6.4×10−5. (b) Plot of the absolute chiralities |χ∆| versus the
distortion δ∆ in units of average side length s. Above the detection limit one out of 7 hexamers
has a chirality lower than the average |χ̄∆| from a random distribution (yellow line). The dotted
line shows the maximum chirality for a given distortion. The values of the theoretical hexamer are
marked with a purple six pointed and those for the pentamer with a five pointed star. For details
see text.
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Figure 5: DFT structures for an ice pentamer on h-BN/Rh(111). (a) optimized structure. Note
in this example the homodromic arrangement of the water molecules is clock wise. The odd
molecules 1,3,5 like those for the hexamer in Fig.2 have a hydrogen bond to the substrate. (b)
Simulated STM topography (c) Simulated electrostatic potential image.
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clusters with corresponding distortions. Of course, the experimental error in the determination of

a, b, and c may produce an accidental distortion and chirality. In order to test whether the chirality

is fortuitous we plot in Fig. 4b the average absolute chirality |χ̄∆| for a given distortion δ∆ (yellow

line). If chirality is not favored we expect the experimental values to scatter around the yellow

|χ̄∆|(δ∆) line. It can, however, be seen that up to species IV all hexamers with |χ∆| above the de-

tection limit for chirality have a larger absolute chirality than expected from a random distortion.

The detection limit is given by the accuracy of the determination of a,b and c, where a (conserva-

tive) limit of 10% relative error for the side length imposes |χ∆| > 6.4×10−5 to be significant.20

IV is strongly distorted and belongs to the rim bound species, which suggests that the confining

rim rather imposes equilateral than chiral distortions. The chirality is not induced by drift in the

STM images since it is compensated perfectly by help of the known lattice of the (12×12) Rh(111)

superstructure.23 In addition, simulated double-tip STM images can not explain the observations.

Nevertheless, we do find chiral triple protrusion clusters inside the pores of the h-BN nanomesh,

and the comparison with a random distortion indicates a non-statistical distribution of the chiral-

ity. The implications of this finding may be reflected in the formation of amorphous ice,24 or be

important for the understanding of the formation of molecules on water solid interfaces. It will

be interesting to investigate whether this expression is bound to confined water on a hydrophilic

surface, or not. In brackets we note that a recent study on methanol hexamers on a gold surface

also found chirality, which was associated to the hydrogen bond network in these structures.25 For

the understanding we note that the distortions in the hydrogen bond network must impose signif-

icant anharmonicities in the interaction potentials. Furthermore, several competitive interactions

contribute to the structure of the ice hexamers in the pores of h-BN nanomesh: the H-O bonds,

the H-N bonds between the hexamer and the surface, as well as the electrostatic field induced α

bonding due to the local work function gradient near the rims of the pores.26 The subtle balance

between the different interactions is proposed to lead to the formation of distorted structures and

introduce the symmetry breaking, where left and right handed foot print structures occur with a

higher preference than non-chiral ones.
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In conclusion nano-confined ice hexamers on the h-BN/Rh(111) template are observed and

identified. The observed distortions also suggest the possibility of stable pentamers. With scanning

tunneling microscopy and local barrier height measurements the arrangement of the molecules is

inferred, where the corresponding homodromic model is consistent with density functional theory.

The experiments indicate a significant distortion of the oligomer triple protrusion foot prints, away

from C3 symmetry of ideal homodromes and a peculiar affinity to a prochiral expression.

Experimental and Calculational Details

Preparation and characterization: The experiments were performed in an ultrahigh-vacuum (UHV)

chamber with a background pressure below 4×10−10 mbar using a variable-temperature scanning

tunneling microscope (Omicron VT-STM). The sample preparation included several cycles of Ar+-

bombardment, subsequent exposure to a few L (1 Langmuir=10−6 Torr·s) of O2 and annealing of

the Rh(111) sample. Then it was exposed to 40 L of borazine (HBNH)3 gas, while keeping the

surface at 1070 K. This procedure yields a well-ordered large-scale single layer of hexagonal boron

nitride on the Rh(111) surface. Milli-Q water was used and purified by several freeze-and-pump

cycles. Water was introduced into the UHV chamber via a leak valve in the pressure range of

10−10-10−8 Torr through a nozzle pointing towards the sample. All pressures and exposures cor-

respond to the uncorrected reading of the ion gauge of the UHV chamber. In order to minimize tip

induced H2O motion on the surface, scanning parameters were set to the order of 50 pA for tun-

neling currents and −10 mV for tunneling voltages. STM images shown in this paper are obtained

at 34 K.

Drift corrections: All the STM images are corrected with a 2×2 matrix calibration:

Mxy =C·Mx∗y∗ (3)

Where Matrix Mxy represents the (12× 12)Rh super cell vectors of the h-BN nanomesh. Matrix

Mx∗y∗ with two (12×12)Rh super cell vectors is obtained from the autocorrelation matrix of each
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STM image. From this the correction matrix C is deduced.

Theoretical calculations: All reported calculations were performed using the CP2K package27

with the hybrid Gaussian and plane wave (GPW)28 method. The revised PBE functional29,30 and

the Goedecker-Teter-Hutter(GTH)31 pseudo potentials for all the DFT calculations were carried

out concomitantly, and an additional empirical potential32 was added for the dispersion correction.

The substrate is a 13×13 boron nitride slab on top of 4-layer 12×12 rhodium slabs and one Rh

atom in the center of the pore.8 Periodic boundary conditions are also applied.

The STM simulations are performed within the Tersoff-Hamann approximation. The height

of the iso-current surface over the slab is determined at each (X ,Y ) position by the Z coordinate

for which the quantity nb(Z)e
−2kR0

√
Φ(Z) is constant. In the expression, nb is the local density of

states corresponding to the energy range [EFermi +Vbias : EFermi], Φ is the local work function at

the same position (X ,Y,Z), R0 is an estimate of the tip curvature radius, and k =
√

2me/h̄. For

the calculation of the reported images, the constant value is set at the center of the (X ,Y ) mesh,

where the local density is equal to 8 10−6 electrons/Å3. The bias potential Vbias is -0.5 eV, and the

radius R0 is equal to 2 Å. We also report the simulated local work function variations by mapping

the electrostatic potential on the same iso-current surface obtained with the STM simulation.
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