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Atomic structure and water arrangement on K-feldspar
microcline (O01)

This work combines atomic force microscopy under
ultrahigh vacuum conditions and at the solid-liquid interface
with density functional theory calculations and molecular
dynamic simulations to reveal the atomic structure and

the water arrangement on the (001) surface of K-feldspar
microcline. The authors show that the a-terminated surface
is immediately hydroxylated by dissociatively adsorbed
water molecules even under ultrahigh vacuum conditions.
The microcline (O01)-water interface shows three hydration
layers normal to the surface under ambient conditions and a
well-defined, but complex lateral structure. This publication
provides insights into the microcline (0O01) surface and forms
the basis for understanding reactions at feldspar surfaces.
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The properties of clouds, such as their reflectivity or their likelihood to precipitate, depend on whether
the cloud droplets are liquid or frozen. Thus, understanding the ice nucleation mechanisms is essential
for the development of reliable climate models. Most ice nucleation in the atmosphere is heterogeneous,
i.e., caused by ice nucleating particles such as mineral dusts or organic aerosols. In this regard, K-feldspar
minerals have attracted great interest recently as they have been identified as one of the most important
ice nucleating particles under mixed-phase cloud conditions. The mechanism by which feldspar minerals
facilitate ice nucleation remains, however, elusive. Here, we present atomic force microscopy (AFM)
experiments on microcline (001) performed in an ultrahigh vacuum and at the solid—water interface
together with density functional theory (DFT) and molecular dynamics (MD) calculations. Our ultrahigh
vacuum data reveal features consistent with a hydroxyl-terminated surface. This finding suggests that
water in the residual gas readily reacts with the surface. Indeed, the corresponding DFT calculations
confirm a dissociative water adsorption. Three-dimensional AFM measurements performed at the
mineral-water interface unravel a layered hydration structure with two features per surface unit cell. A
comparison with MD calculations suggests that the structure observed in AFM corresponds to the second
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hydration layer rather than the first water layer. In agreement with previous computation results, no ice-
like structure is seen, questioning an explanation of the ice nucleation ability by lattice match. Our results
provide an atomic-scale benchmark for the clean and water-covered microcline (001) plane, which is

rsc.li/nanoscale mandatory for understanding the ice nucleation mechanism on feldspar minerals.

mental understanding of ice nucleation is crucial for the devel-
opment of more reliable climate models.

1. Introduction

The aggregate state of water in clouds crucially influences their
properties,””* and thus the formation of ice in clouds plays a
fundamental role in weather and the global climate.>* For
instance, most continental rain precipitates from the ice phase
rather than the liquid phase.””® Moreover, the existence of ice
in clouds significantly influences the Earth’s albedo by chan-
ging the optical properties of clouds." Consequently, a funda-
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Most ice nucleation in the atmosphere occurs hetero-
geneously initiated by so-called ice nucleating particles such
as biological particles,® organic aerosols” and mineral dusts."?
In this regard, feldspar minerals have gained great research
interest because they have been identified as one of the most
important atmospheric ice nucleating particles.® It has been
shown based on a combination of droplet-freezing experi-
ments and atmospheric modelling that K-rich feldspar min-
erals dominate ice nucleation by mineral dusts under mixed-
phase cloud conditions.® This is the case despite feldspar
being a minor component of mineral dusts due to the higher
ice nucleation efficiency of feldspar minerals compared to
other components of mineral dusts, such as clay minerals.® To
understand the origin of the exceptional ice nucleation activity
of feldspar minerals and elucidate the corresponding mecha-
nism, feldspar minerals have been studied intensively. Ice
nucleation experiments have been conducted using feldspar
particles immersed in water®'* and aqueous solution."™"’
Moreover, the deposition of ice crystals from the gas phase

This journal is © The Royal Society of Chemistry 2024
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onto the natural (001) and (010) cleavage planes of feldspar
crystals has been investigated.'®*®™2* To identify ice nucleation
active sites (INAS) on the feldspar surface, these experiments
were combined with environmental scanning electron

microscopy (ESEM),'**2°7?? optical microscopy,'®'*'**® and
atomic  force  microscopy (AFM) under ambient
conditions.’®'®?" Immersion-mode ice nucleation experi-

ments with feldspar samples of varying composition and
crystal structure consistently reveal a higher ice nucleation
efficiency of alkali feldspars compared to plagioclase feldspar
minerals.®>**™® It has been speculated that this higher ice
nucleation efficiency is due to a perthitic microtexture associ-
ated with ex-solution of alkali feldspars into K-rich and Na-
rich domains.”® Moreover, it has been reported that the ice
nucleation efficiency of alkali feldspars correlates with the
crystallographic order, making microcline the most active ice
nucleator and sanidine the least.'*

Concerning the identification of INAS on K-rich feldspars,
recent ESEM measurements by Kiselev et al. have revealed that
ice crystals forming on the (001) and (010) faces of microcline
predominantly share the same crystal orientation.?’ This
finding has been explained by an epitaxy of ice crystals with an
unstable (100) crystal face, which is expected to be exposed in
cracks or cavities, and thus acts as INAS.?° Furthermore, it has
been shown that ice formation on K-feldspar in immersion
and deposition modes starts at steps'® and pores,'®*' high-
lighting the role of surface topography in ice nucleation.
However, the pores observed in these studies are on the micro-
metre scale while the features relevant for ice nucleation are
expected to be nanometre sized.'®*" Moreover, optical
microscopy experiments show that the INAS on feldspar min-
erals can differ depending on the conditions, ie., different
sites are relevant for ice nucleation in immersion and depo-
sition modes."*

In addition to experimental studies, the surfaces of
K-feldspar minerals have been investigated theoretically based
on density functional theory (DFT)** and molecular dynamics
(MD) calculations.?®**® DFT calculations by Pedevilla et al.
have revealed an ice-like second water layer on microcline
(001), despite the first layer having a non-ice-like structure.
Moreover, Kiselev et al. have reported based on MD simu-
lations that ice is more stable on the (100) plane than on the
(001) and (010) cleavage planes of microcline.”® However, two
recent MD simulations by Soni and Patey and Kumar et al.
have not found any indication for ice nucleation on the (001),
(010) or (100) surfaces of K-rich feldspar. Hence, the atomistic
mechanism and surface structures causing the exceptional ice
nucleation efficiency of K-rich feldspar minerals remain
elusive. Despite this, experimental studies on the atomic-scale
structure of both the pristine feldspar surface and the feld-
spar-water interface are still sparse. Pioneering work on the
surface structure of alkali feldspars and plagioclase has been
presented by Drake and Hellmann and Hellmann et al. using
AFM and transmission electron microscopy, but these studies
mainly focus on the alkaline or acidic alteration of feldspar
minerals.?’”2° Furthermore, Fenter et al. have studied the
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mineral-water interface of the less ice nucleation active ortho-
clase feldspar with X-ray reflectivity (XRR).>**' Albite feldspar
has been investigated in a recent publication presenting the
hydration structure on the (001) and (010) surfaces.** However,
to the best of our knowledge, experimental studies on the
atomic-scale surface and hydration structure of the most ice
nucleation active K-feldspar microcline have not been pre-
sented so far.

Here, we focus on the atomic-scale structure of the most
easily cleaved (001) surface of K-feldspar microcline,*® because
a solid understanding of the kinetically-favoured crystal face is
crucial for the investigation of more complex systems. We
present AFM experiments on microcline (001) performed in an
ultrahigh vacuum (UHV) and at the solid-water interface in
combination with DFT and MD calculations. Our UHV data
reveal features that can be explained by protruding hydroxyl
groups exposed on the o-termination. This finding suggests
that water in the residual gas readily reacts with the dangling
bonds of the as-cleaved surface, resulting in a hydroxyl-termi-
nated surface. The corresponding DFT calculations confirm
that water indeed adsorbs dissociatively with an energy gain of
about 3 eV. Three-dimensional AFM measurements performed
at the mineral-water interface unravel a hydration structure
with two features within the unit cell per layer. MD calcu-
lations indicate that the AFM measurements correspond to the
second hydration layer and that the first layer cannot be pene-
trated by the AFM tip. In the second layer, the water molecules
appear to be rather mobile and do not reside localized on well-
defined sites. In particular, no ice-like structure is seen, ques-
tioning a simple explanation of the ice nucleation ability by
lattice match. The latter finding is in perfect agreement with
previous computation results. Our results provide an atomic-
scale benchmark for the clean and water-covered microcline
(001) plane, which is a prerequisite for unravelling the ice
nucleating mechanism of microcline and feldspar minerals in
general.

2. Results and discussion
2.1 Bulk structure of microcline

To understand the surface structure and characteristics of
K-feldspar microcline, a basic understanding of the bulk struc-
ture of feldspar minerals is required. Hence, we give a brief
description of the bulk crystal structure of feldspar minerals
on the example of microcline before turning to the structure of
the (001) cleavage plane. The crystal structure of K-feldspar
microcline with the chemical formula KAISi;Og is shown in
Fig. 1.>® Fig. 1 shows projections of a single microcline unit
cell along the [100] and [010] directions in (a) and (c), respect-
ively, and on the (001) lattice plane in (b).

Here, we show the C-centred unit cell, which contains four
formula units, because this unit cell is commonly used in
literature.”*2%** For triclinic feldspar varieties (space group
C1) such as microcline, the unit cell is a parallelepiped with a
parallelogram as a base, while monoclinic feldspar varieties
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Fig. 1 Bulk structure of K-feldspar microcline. (a) and (c) Side views on
the (001) crystal plane along the [100] and [010] directions, respectively.
(b) A top view on the (001) crystal plane. In all the three views, all atoms
contained within the unit cell of monoclinic feldspar are displayed.|
Moreover, atoms are drawn with decreasing opacity the further they are
in the back of the structure. The a- and p-terminations for the microcline
(001) surface are indicated in (a) and (c) by dashed lines. The blue arrows
indicate one of the Ty, tetrahedral sites, where the aluminium atoms in
the microcline structure are concentrated. The structure shown here is
based on the XRD results obtained for the microcline used in this work
(see the ESIt). All dimensions agree with the parameters presented in the
literature for maximum microcline (ref. 34 and 37).

(space group C2/m) such as sanidine and orthoclase have a rec-
tangular base.>* As for all feldspar minerals, microcline is a
framework silicate consisting of (AlSi)O, tetrahedra linked by
shared oxygen atoms.***® These tetrahedra create a three-
dimensional network of four- and eight-membered rings as
shown in Fig. 1. These rings of tetrahedra are especially visible
in the projections normal to the [100] and [010] directions as
shown in Fig. 1(a) and (c). The negative charge associated with
the replacement of silicon by aluminium atoms in the alumi-
nosilicate tetrahedra is compensated by potassium ions
located in cavities inside the framework.>* The counter ions
form a centred lattice in the (001) lattice plane as shown in the
top view in Fig. 1(b). The potassium ions can be gradually
replaced by sodium or calcium ions creating a ternary mixing
series between the end members of orthoclase (K-feldspar),
albite (Na-feldspar) and anorthite (Ca-feldspar).**** Note that
the replacement of alkali metal ions (potassium and sodium)
is accompanied by an increase in the aluminium content of

Y For monoclinic feldspar varieties such as sanidine or orthoclase, the atoms
shown here are part of the unit cell. For triclinic varieties, the atom positions
change slightly, so the centres of some atoms which were located on the faces of
the unit cell are now outside of the unit cell. However, we think that it is easier
to recognize some of the patterns in the feldspar structure if these atoms are
drawn. Hence, we decided to show them in the structure of triclinic microcline.
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feldspar minerals, where the calcium end member has the
chemical formula CaAl,Si,0g.>*

In addition to the chemical composition, the crystallo-
graphic order of aluminium and silicon atoms, the Al/Si order,
is crucial for the structure of feldspar minerals. Monoclinic
feldspar varieties exhibit two distinct tetrahedral sites T; and
T,, where each centred unit cell contains eight sites of each
type.** The aluminium atoms in the feldspar structure can
either be distributed randomly onto these sites (disordered) or
they can be concentrated to specific tetrahedral sites (ordered).
With increased Al/Si order, however, previously identical tetra-
hedral sites become different, and the crystal structure changes
from the monoclinic (space group C2/m) to a triclinic symmetry
(space group C1).>* Due to the lower symmetry, triclinic feldspar
varieties exhibit four different tetrahedral sites, where each
centred unit cell contains four sites of each type (for naming of
tetrahedral sites, see Fig. S1%). For K-rich feldspar varieties, the
fully disordered variety sanidine and the intermediately ordered
orthoclase have a monoclinic crystal structure.®® The fully
ordered K-feldspar variety microcline is triclinic with alu-
minium atoms predominantly occupying one type of tetrahedral
site referred to as Ty, (see the blue arrow in Fig. 1).>* Note that
while all microcline samples are ordered with respect to the
positions of aluminium atoms, the specific degree of Al/Si
order, and thus the crystal structure, varies depending on the
sample. Fully ordered microcline samples (also referred to as
maximum microcline) have crystal structure parameters close to
a=0.859 nm, b = 1.297 nm, 0.722 nm, a = 90.6°, f = 115.9° and
y = 87.7°.3*3%%7 Microcline samples with an intermediate order-
ing, however, can have structural parameters much closer to
those of orthoclase such as a = 0.857 nm, » = 1.296 nm,
0.721 nm, a = 90.3°, # = 116.0° and y = 89.1°.%3

Feldspar minerals have two natural cleavage planes, the
(001) and (010) surfaces, which exhibit perfect and good clea-
vage, respectively.’**> The third low-index plane, the (100)
surface, on the other hand, is not observed in natural feldspar
samples.>* Here, we are interested in the (001) cleavage plane
as it is the most easily cleaved plane of K-feldspar
microcline.>** For the (001) surface, the possibility of two
different surface terminations, the a- and p-terminations, has
been discussed in the literature.* In Fig. 1(a) and (c), the clea-
vage planes corresponding to these two terminations are indi-
cated by dashed grey lines. One of the key differences between
both surface terminations is that the a-termination exclusively
exposes T; tetrahedral sites, while the p-termination only
exposes T, sites. Moreover, the creation of a f-terminated
surface requires breaking eight bonds per unit cell compared
to four for the o-termination. Hence, a cleavage along the o
plane is favoured. This expectation has been confirmed by
XRR measurements by Fenter et al., which have found an
a-terminated surface at the orthoclase (001)-water interface.>
Following this theoretical explanation and experimental evi-
dence, we assume that the (001) surfaces prepared in our
experiments exhibit an o-terminated surface. A top view of a
bulk cut of the o-terminated surface (001) is shown in
Fig. 1(b). The surface exhibits a centred lattice of potassium

This journal is © The Royal Society of Chemistry 2024
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ions with unit cell dimensions of 0.86 x 1.30 nm”* and an angle
of 88.0° for maximum microcline. The calculated height of
monoatomic step edges is 0.65 nm.**”** The potassium ions are
located in cavities formed by the surrounding aluminosilicate
framework of the feldspar. From this framework, four oxygen
atoms per unit cell protrude out of the surface plane.*® These
oxygen atoms are located on the cleaving plane, and thus they
are shared by the displayed unit cell and the unit cell one layer
above (see Fig. 1(c)). Upon cleavage, stoichiometry and charge
neutrality are preserved, so two of these oxygen atoms remain
with each of the two created surfaces. Hence, the as-cleaved
a-terminated (001) surface exhibits two protruding oxygen
atoms and two oxygen vacancies per surface unit cell.

2.2 Surface structure in ultrahigh vacuum

To evaluate the surface structure expected in our UHV AFM
measurements, we performed DFT calculations of the as-
cleaved microcline (001) surface. These calculations are based
on the bulk structure of maximum microcline as the samples
used in our UHV AFM experiments have a crystal structure close
to maximum microcline with an aluminium occupation of 0.85
in the Ty, sites (see the X-ray diffraction (XRD) results in the
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ESIf). The initial surface structure is created from the bulk
structure by cleavage along the a-plane such that only Al-O
bonds (length 0.174 nm) are broken as these are significantly
longer, and thus weaker than the corresponding Si-O bonds
(length 0.160 nm, see XRD in the ESIt). This procedure creates
an initial surface structure, where the oxygen vacancies are dis-
tributed periodically following the highly ordered arrangement
of aluminium atoms in the microcline structure. As all our
experimental data (see below and the ESIt) reveal no indication
of a reconstruction, but rather an unreconstructed surface unit
cell, we start our DFT calculation with the unreconstructed
surface structure. The results of our DFT calculation are shown
in Fig. 2(a). Here, we show features in the surface plane in grays-
cale and those protruding from the surface in colour to high-
light the depth of the surface features. The relaxed surface struc-
ture exhibits a centred unit cell with dimensions of 0.86 x
1.31 nm? and an angle of 87.6°, which agrees with the unit cell
dimensions of the bulk-terminated structure within the accu-
racy of DFT. Moreover, Fig. 2(a) shows two protruding oxygen
atoms (red circles) and two oxygen vacancies (dashed red
circles) per unit cell. These oxygen vacancies correspond to dan-
gling bonds of aluminium atoms in the surface structure below.

(b)

o hydrogen

Fig. 2 Theoretical and experimental structures of the microcline (001) surface. (a) and (b) DFT structures of the as-cleaved and hydroxyl-terminated
microcline (001) surfaces, respectively. In the DFT structures, the surface plane is presented in grayscale while the protruding features are drawn in
colour. (c) An experimental AFM image of the microcline (001) cleavage plane measured under UHV conditions at room temperature. The experi-
mental AFM image was calibrated and corrected for linear drift. (d) DFT structure of the hydroxyl-terminated surface (b) superimposed onto a cut-
out of the experimental AFM image shown in (c). For the overlay image, the experimental unit cell parameters are adjusted to match the lattice para-

meters of the DFT structure.

This journal is © The Royal Society of Chemistry 2024
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Both protruding oxygen atoms and vacancies follow the same
centred surface structure as observed for the potassium ions
(dark grey circles). For our AFM measurements, we thus expect
to observe two different types of features for the protruding
oxygens and vacancies, respectively. Alternatively, the tip could
be sensitive to only one of these features. In this case, we would
expect two identical features per unit cell.

Under environmental conditions, however, the as-cleaved
microcline (001) surface is expected to react with water to
create a hydroxyl-terminated surface structure.’®?> As water
also constitutes an important component of the residual gas
in our experimental UHV setup, we investigated the adsorption
of water on the microcline surface. To this end, we calculated
the adsorption of two water molecules per unit cell on the pris-
tine surface in Fig. 2(a). Our DFT results confirm the expected
dissociative adsorption of water molecules on the microcline
(001) surface. We found a very high adsorption energy of
—3.03 eV per water molecule, which indicates a very high
affinity of the surface to adsorb water molecules. The water
adsorption creates a hydroxyl-terminated surface as shown in
Fig. 2(b). Here, all oxygen vacancies of the as-cleaved surface
are saturated with hydroxyl groups. Moreover, the remaining
hydrogen atoms from the adsorbed water react with the pro-
truding oxygen atoms to form hydroxyl groups as well. Hence,
all dangling bonds of the pristine surface are saturated, and
the surface is fully covered with hydroxyl groups. Our results
are in perfect agreement with previous DFT and experimental
studies.?**® Whether the clean or hydroxyl-terminated surface
is present in our experiments should be possible to be distin-
guished by our UHV AFM data. The pristine surface exhibits
two different types of features (two protruding oxygen atoms
and two oxygen vacancies) per unit cell, while the hydroxyl-ter-
minated surfaces have only one type of feature (four protrud-
ing hydroxyl groups).

Fig. 2(c) shows the experimental AFM data of the atomic-
scale structure of microcline (001). The AFM image presented
here was acquired on a microcline sample kept under UHV
conditions at room temperature. The atomic-scale contrast is
especially pronounced in a band from the top left to the
bottom right corner of the image. Here, the surface exhibits
bright, elongated features, which we refer to as sticks. The
sticks are arranged in a regular pattern, where the corres-
ponding unit cell contains two sticks. In this image, the unit
cell has dimensions of (0.90 + 0.03) x (1.31 + 0.02) nm” and an
angle of (80 + 2)° (see 2D Fourier transform in the ESI{), and
the orientation of the [100] and [010] directions agrees well
with the directions expected due to the orientation of the
sample.§ In addition to the very pronounced contrast shown
in Fig. 2(c), we observed two slightly different contrasts shown

§ The absolute orientation of the [010] direction in the coordinate system of our
AFM instrument is (175 + 2)°. This value deviates slightly from the orientation of
(180 + 2)° specified by the manufacturer. The discrepancy of 1° between the
error ranges of both values can be explained with an additional error caused by
the alignment of the crystal in the sample holder and the sample holder in the
AFM stage.
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in the ESL.T Note that we can rule out an artificial origin of the
observed stick contrast caused by the tip shape as also smaller
features are imaged, showing a single feature (see in Fig. 2(c)).
The average unit cell determined from all our measurements
has dimensions of (0.90 + 0.03) x (1.29 # 0.04) nm? and an
angle of (82 + 3)° as determined from 72 images. Hence, the
experimentally determined unit cell dimensions exhibit a
small, but significant deviation from the bulk-truncated and
DFT structures. This discrepancy could either originate from a
real distortion of the surface structure or measurement arte-
facts that are not included in our error estimation. Regarding
the former possibility, perthitic feldspar minerals are known
to exhibit strain at the interfaces between the K-rich and Na-
rich phases.*® It seems likely that this strain could cause a dis-
tortion of the surface structure. However, as we do not know
whether our microcline sample exhibits a perthitic structure or
internal strain, we cannot fully assess this possibility. In terms
of potential measurement artefacts, we cannot fully rule out a
scan angle dependence of the calibration parameters, which is
why the stated error might be too small. In this case, the
measured unit cell dimensions would be in accordance with
the literature values for bulk maximum microcline.***

Next, we discuss the shape and internal structure of the
sticks and compare them to the DFT structures. The sticks are
elongated along the [010] direction and each stick consists of
two smaller round features imaged together. This is especially
visible for the sticks highlighted with a blue box in Fig. 2(c).
Between the sticks, the AFM image does not show any
additional surface features. Thus, we do not observe any indi-
cation for a second type of surface feature as expected for the
as-cleaved microcline surface. Instead, we see a close match
between the AFM image and the structure of the hydroxyl-ter-
minated surface in Fig. 2(b). The experimental image exhibits
four identical features per unit cell (two sticks containing two
smaller features each), which correspond to the four hydroxyl
groups in Fig. 2(b). To illustrate this interpretation, we super-
imposed the DFT structure of hydroxyl-terminated microcline
(001) on a cut-out of the experimental AFM image in Fig. 2(d).
As we are interested in comparing the structure within the unit
cell, the unit cell parameters of the AFM image presented in
the overlay image in Fig. 2(d) are adjusted to match those from
the DFT calculations. In the overlay image, the superimposed
positions of the hydroxyl groups agree perfectly with the posi-
tions of the sticks, where each stick is comprised of two
surface hydroxyl groups. Hence, the experimental data pro-
vides evidence that microcline (001) is terminated by hydroxyl
groups even under UHV conditions. This finding suggests that
the dangling bonds of the as-cleaved microcline surface
readily react with residual water in the UHV setup. To check
whether the amount of water available in the UHV setup is
sufficient to create a fully hydroxylated surface, we calculated
the required water pressure from the exposure time and impin-
gement rate based on kinetic gas theory. During preparation,
our microcline sample was exposed to the chamber atmo-
sphere for approximately 20 h. Assuming that each water mole-
cule colliding with the surface reacts, this means that a water

This journal is © The Royal Society of Chemistry 2024
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pressure of 7 x 107'> mbar would be required to provide
enough water molecules to saturate all vacancies. This is a
reasonable water pressure for our system, especially during
sample annealing. Hence, we expect that our samples were
exposed to enough water during the annealing procedure. The
finding that small amounts of water as available in a UHV
setup are sufficient to hydroxylate the microcline surface stres-
ses the fact that the hydroxyl-terminated surface structure is
the relevant surface termination for microcline (001).

2.3 Water structure at the solid-water interface

Besides pristine microcline (001), the interface of this surface
with bulk water is of interest to shed light on the ice nucleat-
ing ability of this mineral. To this end, we performed MD
simulations and compared them to two- and three-dimen-
sional AFM experiments.

We have carried out atomistic molecular dynamics simu-
lations of a fully hydroxylated, a-terminated microcline (001)-
water interface using the model system shown in Fig. 3(a) and
full details of the simulation protocol are provided in the
Methods section. On a 10 ns timescale, K™ ions on the surface
can go fully into solution or return from solution to vacant
sites. On average, about 3/4 surface ion sites were found to be
occupied, with vacant sites being temporarily occupied by
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water molecules. These ion dynamics at the surface convolute
the hydration layer structure and thus require averaging inter-
facial properties over sufficiently long simulation trajectories.
Our analyses were performed on a 105 ns trajectory following
35 ns of equilibration (see Fig. S6 in the ESI{). The water
density profile along the z direction, perpendicular to the
interface, exhibits two peaks before levelling off to the bulk
water density around 1 nm from the surface, as shown in
Fig. 3(b). The full 3D water density map reveals that the first
hydration layer contains contributions from multiple maxima
at different lateral (x,y) and z positions, as illustrated in Fig. 3,
panels (c)-(g). The second hydration layer exhibits less lateral
order than the first one, as shown in Fig. 3(h). The first
hydration layer consists of highly mobile water molecules coor-
dinating the hydroxyl groups and K' ions at the mineral
surface, as shown in Fig. 3(c). Water exchange around Si
hydroxyl groups and surface ions occurs on a sub-100 ps time-
scale and the exchange around Al hydroxyls is slightly slower.
On average, the first layer contains 9.7 water molecules per
surface unit cell. The average numbers of water molecules in
the first coordination shells of surface K" ions, silicon hydroxyl
groups, and aluminium hydroxyl groups are 1.8, 2.0, and 2.5,
respectively (see Fig. S7 and S8 in the ESI}). Molecules coordi-
nating the K" ions are oriented in a way that their hydrogen
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Fig. 3 Equilibrium structure of the microcline (001)-water interface from MD simulations. (a) Snapshot of the atomistic model. Atoms in the
mineral surface are shown as spheres: silicon, yellow; aluminium, pink; oxygen, red; hydrogen, white; potassium, green. Water molecules are shown
as red and white sticks. The (001) surfaces are exposed along the z axis of the simulation box. (b) Density profiles along the [001] direction of
different atom types present at the interface. The z distance range shown in the graph is also indicated by the dashed black rectangle in panel (a).
The water oxygen density profile exhibits two pronounced peaks at the interface, corresponding to two hydration layers marked HL1 and HL2. (c)
Top view of the interface with the positions of water molecule oxygen atoms in HL1, sampled every 100 ps, marked by orange, magenta, and green
dots when they coordinate silicon hydroxyls, aluminium hydroxyls, or surface K* ions, respectively. (d)-(h) Water density maps in (x,y) planes parallel
to the (001) surface at different z positions, indicated by the arrows in panel (b). The positions of K* ions and hydroxyl groups in the bulk-terminated
surface are shown by spheres and the surface unit cell is indicated by red lines. Additional visualizations of the hydration layer structure are provided
in the ESL{
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atoms point away from the ion while molecules coordinating
hydroxyls can do so both by donating or accepting hydrogen
bonds. The distribution of water molecule positions and
orientations in the hydration layer arises from the coordi-
nation of surface species as well as the hydrogen bond
network between water molecules (see Fig. S9 in the ESI}).
Hydrogen bonding between water molecules in the first
hydration layer and the second hydration layer is compara-
tively weaker. We note that the solubility of surface ions
depends strongly on the atomistic interactions in the model
and that the interactions in the CLAYFF forcefield are not
specifically fitted to reproduce the structural and thermo-
dynamic properties of the microcline (001)-water interface.
However, the solvation free energy of an isolated K' ion in
SPC/Fw water obtained from free energy perturbation,
—-269 kJ mol™', is in very good agreement with the experi-
mental values of —269.9 k] mol™" (ref. 38) or —295.0 k]
mol~*.*° Similar surface ion dynamics were also observed in
previous simulations of the orthoclase (001)-water inter-
face,?* while in the microcline-water interface simulations of
Soni and Patey,*® all atoms in the mineral were kept at fixed
positions, except for surface hydrogens. We conclude the
exchange of ions on the surface observed in the simulations
is a realistic feature of the system, but we have also performed
simulations where surface ions were constrained to their
equilibrium positions by a harmonic potential acting along
the z axis. In these simulations, we observed similar equili-
brium hydration layer structures, which confirms that our
sampling in the simulation with unconstrained ions is ade-
quate and indicates that the transient perturbation of the
hydration layer structure, as ions dissolve from or re-adsorb
onto the surface, is quite minor (see Fig. S10%). For sub-
sequent comparison with AFM experiments, we have further
averaged water density data over equivalent positions within
the six surface unit cells of our model interface.

To compare these theoretical results with experiments, a
microcline crystal was cleaved along the (001) plane under
ambient conditions and a droplet of ultrapure water was posi-
tioned on top of the surface before performing two- and
three-dimensional AFM experiments. In Fig. 4(a), a 5 x 5 nm>
drift-corrected*® two-dimensional AFM image of the (001)
microcline-water interface is shown. Therein, a periodic
structure with a unit cell of 0.85 x 1.31 nm” and an angle of
85.7° can be seen as marked by the red quadrangle. Within
the measurement accuracy of our AFM (0.025 nm and 2°),*°
the determined unit cell agrees excellently with the unit cell
of maximum microcline. The averaged unit cell determined
from 162 AFM images at the (001) microcline-water interface
has dimensions of (0.83 + 0.01) x (1.31 + 0.03) nm? and (86.7
+ 2.2)°, again in excellent agreement with the unit cell of
maximum microcline. The unit cell contains two bright fea-
tures. The shown periodic structure in Fig. 4(a) of the (001)
microcline-water interface appears blurred. This blurred
structure might originate from the fact that the water mole-
cules at this interface are rather mobile. Two-dimensional
AFM experiments do not allow for identifying in which
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hydration layer the AFM images are acquired and whether
one or more hydration layers are involved. To answer these
questions, three-dimensional AFM is required.

Hence, we collected three dimensional maps with a size of
10 nm x 10 nm x 1.2 nm. The [100] direction of the microcline
crystal was aligned with the fast scan direction of the AFM.
Fig. 4(b) shows a frequency shift slice normal to the microcline
(001) surface along the [100] direction. At the lower part of the
vertical slice, i.e., close to the microcline surface, the frequency
shift is the largest due to the repulsive interactions between
the tip and the sample. Above this, an oscillatory structure can
be observed normal to the surface up to a height of 0.5 nm.
Further away from the microcline (001) surface, the water was
found to be unstructured as in bulk water. According to the
solvent tip approximation (STA),*' we assigned bright parts in
the frequency shift image to the high water density at the (001)
microcline-water surface.

Besides the structure normal to the surface, a faint lateral
structure is seen as well. In accordance with the blurred struc-
ture observed in the two-dimensional image shown in
Fig. 4(a), the local maxima and minima are, however, some-
times not clearly separated.

The local maxima and minima within a layer are shifted
with respect to the maxima and minima within the next layer.
Consequently, there are two distinguishable positions A and B
normal to the surface, highlighted by red and blue arrows in
Fig. 4(b). At the highlighted positions, Avey vs. 2, + g5 profiles
were extracted and averaged depending on the position.
Fig. 4(c) shows the averaged profiles at the two positions. Note
that the left scale bar coincides with the height of the vertical
slice shown in Fig. 4(b) to facilitate the comparison. As
expected from the results shown in the vertical slice, both pro-
files show a significant increase near the surface due to the
repulsive interactions between the tip and the (001) microcline
surface. In addition, the profile extracted at position B shows a
shoulder (1) in this slope. This shoulder is referred to as the
first water peak. Further from the surface, two more local
maxima can be identified. One of which is seen in the profile
extracted at position A (2) and the other in the profile extracted
at position B (3). The distance between (1) and (3) is 0.29 nm,
which fits in size with the dimensions of a water molecule.
The peaks (2) and (3) are close together, with only 0.07 nm
between them. This can be understood from Fig. 4(b), showing
the water layers shifted into each other. From the 3D maps, we
can extract two-dimensional images parallel to the surface (see
the ESI}). Very close to the surface, i.e., at the height of peak
(1), no contrast can be obtained in the images. Further away
from the surface, e.g., at position (2), the images reveal a peri-
odic structure that closely resemble the structure shown in the
two-dimensional image given in Fig. 4(a).

We now compare the AFM data with the MD calculations.
Fig. 4(d) shows a calculated lateral slice of the water density
parallel to the microcline (001) surface. The best match with
the experiments was obtained when extracting the parallel
slice at a height of z = 2.50-2.55 nm, about 0.4 nm above the
surface ions. In this layer, the microcline unit cell can be
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Fig. 4 Results for the (001) microcline—water interface from two- and three-dimensional AFM experiments (a—c) and MD simulations (d—f). (a)
Drift-corrected two-dimensional 5 x 5 nm? AFM image. The determined unit cell (shown in red) has dimensions of 0.85 x 1.31 nm? and an angle of
85.7°. (b) Slice normal to the microcline (001) surface extracted from a 3D AFM map taken along the [100] direction. The y position at which the slice
normal to the surface where extracted corresponds to the dashed magenta line in the 2D AFM image in (a), which correlates with the lateral slice on
peak position 2 (see Fig. S4(b)f). Two different positions A and B (highlighted by red and blue arrows) can be identified. The dashed magenta line
corresponds to the z position where the 2D AFM image in (a) was taken. (c) Averaged Ave,c Vs. Zp + g5 profiles taken at the red and blue positions in
(b). Three peaks labelled (1)-(3) can be identified. (d) Water density map parallel to the (001) microcline—water interface within the second hydration
layer between z = 2.50 and 2.55 nm from MD simulations. The positions of K* ions and hydroxyl groups in the bulk-terminated surface are overlaid
and the surface unit cell is shown in red. The dark blue marked box displays the original simulation box with a size of 2 x 3 unit cells in [010] and
[100] directions. (e) Vertical slice through the water density extracted along the [100]-direction at the y position indicated by the dashed magenta
line in panel (d). The dashed magenta line indicates the z position of the horizontal slice shown in panel (d). As in the 3D AFM data, two different
positions A and B can be identified, marked by red and blue arrows. (f) Water density profiles extracted at the two positions A and B, averaged over
an area of 0.1 x 0.1 nm? in each of the six surface unit cells. Additionally, the average water density profile over the entire surface (grey) is shown.

Five peaks can be identified in total, labelled (I)-(V). The reference bulk water density is po = 33.7 nm

identified with two bright features per unit cell as in the
experiments.

Fig. 4(e) shows the vertical slice extracted along the [100]
direction. As in the experimental data, an oscillating water
density is observed up to a height of about 0.8 nm away from
the surface. We can again identify two positions A and B exhi-
biting a distinct profile normal to the surface marked by red
and blue arrows, respectively. In Fig. 4(f), the calculated water
density profiles extracted at these two positions are presented.
The shown water density profiles were obtained by averaging
over six unit cells and an area of 0.1 x 0.1 nm” around the
given positions. In addition, the water density averaged over
the entire surface, consisting of six surface unit cells, is shown
(grey). The number density of the local maxima decreases with
increasing distance to the microcline (001) surface. The two
water density profiles exhibit five peaks in total, i.e., two more
than in the experimental data. The MD calculations show a sig-
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nificantly increased water density near the microcline (001)
surface at position A (peak I) and, somewhat less pronounced,
at position B (peak II). The water peaks (I) and (II) are super-
imposed. Subsequently, the water density profile at position A
shows two more local maxima, labelled (III) and (V). The dis-
tances between the water layers (I), (III) and (V) are 0.24 nm
each. In addition, the water density profile at position B con-
tains another local maximum (IV) close to the water layer (III)
determined at position A. The distance between the water
layers (III) and (IV) is 0.08 nm, which is much smaller than the
size of a water molecule. The distance between the two water
layers identified in the water density profile at position B is
0.32 nm. Triggered by the fact that the 2D images parallel to
the surface are similar in experiment and theory when extract-
ing the images at peak (2) in experiment and peak (III) in
theory, we speculate that the first large peak (I) in the MD data
is not seen in the experiment, while peak (II) is identified as
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the shoulder (1) in the repulsive part. This assignment is con-
sistent with the picture that the first clear peaks in the MD
data correspond to the first hydration layer. Similar to what
has been observed before for other systems,*>** we expect that
we are not able to penetrate this first water layer by AFM. Close
to the bound layer, a strong repulsive force is detected, which
prevents imaging. Moreover, the weak peak (V) in theory might
not be resolved in AFM, ie., we arrive at three peaks in AFM
instead of five peaks as in theory.

3. Conclusions

In conclusion, we have investigated the surface structure and
water arrangement on the most stable surface plane of a K-rich,
fully ordered feldspar, namely maximum microcline (001). The
UHV AFM results reveal a surface termination that is consistent
with the o-termination. Residual water in the UHV chamber
appears to readily react with the dangling bonds of the as-
cleaved surface, resulting in a hydroxyl-terminated surface. This
finding is corroborated by DFT calculations, indicating that
water adsorbs dissociatively with an energy gain of about 3 eV.
MD simulations at the microcline (001)-water interface reveal a
well-defined, but complex, lateral structure in the first water
layer and a less ordered second water layer. Based on the sub-
nanosecond timescale for water exchange both within the first
hydration layer and between the first and second hydration
layers and the bulk, we conclude that water molecules at the
microcline (001)-water interface are highly mobile, compared to
other mineral-water interfaces.***> Furthermore, we observed
that K" surface ions can go into solution and return to vacant
surface sites on a timescale of tens of nanoseconds, which
causes surprisingly minor perturbations within the first
hydration layer. Based on these simulation results, we do not
expect AFM experiments to be able to resolve the ion dynamics
at the interface. AFM experiments carried out at the mineral-
water interface reveal a periodic structure with two features per
surface unit cell. A comparison with MD calculations suggests
that the AFM does not penetrate into the first water layer.
Instead, the AFM contrast is likely due to the structuring of the
water in the second water layer, having less well-defined water
positions. This interpretation is consistent with the compara-
tively weak contrast both in two- and three-dimensional experi-
ments. Based on these results, no indication was found for a
favoured lattice match with an ice-like structure, in good agree-
ment with previous literature results.>>*® The molecular-level
insights into the microcline (001)-water interface presented in
this work constitute a prerequisite to understand not only ice
nucleation, but also reactions on feldspar surfaces in general.

4. Methods

4.1 Experimental methods

AFM in ultrahigh vacuum. Dynamic AFM measurements
were conducted in a UHV chamber equipped with a VT STM/
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AFM instrument (Scienta Omicron, Germany) operated with a
MATRIX controller. Measurements were performed with
N-doped silicon cantilevers (Nanosensors, Switzerland) with a
nominal force constant of 40 N m™" and an eigenfrequency of
300 kHz. The cantilevers were glued onto a sample holder,
brought into UHV, and cleaned with Ar ion sputtering. AFM
experiments were performed in the frequency-modulation mode
with constant zero-peak amplitudes between 10 nm and 20 nm.
A constant bias voltage from —10 V to 10 V was applied to com-
pensate the surface contact potential. The base pressure during
the AFM measurements was in the low 10~*! mbar range.

Oriented microcline single crystals were purchased from
SurfaceNet, Germany. X-ray diffraction (XRD) data presenting
the unit cell dimensions, potassium and sodium contents as
well as aluminium occupation for the crystals used here are
given in the ESL T confirming maximum microcline. The crys-
tals were brought into vacuum and degassed at 700 K for
several hours. The crystals were cleaved in situ with a tungsten
carbide blade to expose a pristine surface parallel to the (001)
lattice plane. The samples were annealed for 20 h at 450 K to
remove residual surface charges.

AFM at the solid-liquid interface. Dynamic AFM measure-
ments at the solid-liquid interface were carried out using a
modified*>*” Bruker Multimode with Nanoscope V controller
(Bruker Nano Surface Division, USA). Backside gold-coated
silicon cantilevers (TAP300GD-G, Budget Sensors, Bulgaria)
with an eigenfrequency between 120 and 140 kHz and a
quality factor from 6.5 to 8.5 were used. These cantilevers have
a nominal force constant of 40 N m™". The oriented microcline
single crystals used for the measurements at the mineral-
water interface were purchased from SurfaceNet, Germany.
Lattice dimensions, potassium and sodium contents as well as
aluminium occupancy as revealed from XRD are listed in the
ESL.T The crystals were clamped into a sample holder and
cleaved along the (001) plane with a tungsten carbide blade. A
drop of ultrapure water (Stakpure GmbH, Germany, 18 MQ
cm) was placed on top of the freshly prepared microcline (001)
surface.

For 3D mapping, the z-piezo signal was modulated with a
triangular waveform.*” The threshold for the frequency shift
was set to 40 kHz and a constant value of 1 A was used for the
oscillation amplitude. After 3D mapping, the deflection sensi-
tivity of the cantilever was determined by recording the deflec-
tion while the unexcited cantilever was moved into the sample.

AFM image processing. Two-dimensional AFM images were
calibrated and corrected for linear drift with the SPM image
drift correction software unDrift."” The fast and slow scan
directions in two-dimensional AFM images are marked with a
bold arrow and a triangle in the top right corner, respectively.
The third scan direction in three-dimensional AFM data is
indicated with a slim arrow. The displayed channel is also
indicated in the top right corner, where z, corresponds to the
z-piezo displacement and Ave, corresponds to the excitation
frequency shift.

XRD measurements. A single crystal was examined on a
Rigaku Supernova diffractometer using Mo Ka (4 = 0.71073 A)
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radiation. The crystal was kept at room temperature during
data collection. Using Olex2,*® the structure was solved with
the SHELXT*® structure solution program using Intrinsic
Phasing and refined with the SHELXL® refinement package
using Least Squares minimisation.

MI-UHV-4b. X and Na share the same position with a ratio of
93:7. Crystal data for AlKgo35Na0,06508Si3 (M = 277.30 g
mol™): triclinic, space group P1 (no. 2), a = 7.2227(13) A, b =
7.6478(14) A, ¢ = 7.9029(14) A, a = 113.221(17)°, § = 104.213
(15)°, y = 103.675(15)°, V = 360.67(12) A%, Z = 2, T = 100.0(1) K,
u(Mo Ka) = 1.335 mm™*, Dy = 2.551 g cm™>, 7178 reflections
measured (6.062° < 26 < 60.064°), 2542 unique (Rj,c = 0.0429,
Rsigma = 0.0803) which were used in all calculations. The final
R, was 0.0607 for 1990 reflections with I > 26(I) and wR, was
0.1791 for all data.

Mi-I. K and Na share the same position with a ratio of 93: 7.
Crystal data for AlK,¢3Nago,0sSi; (M = 277.22 g mol™): tri-
clinic, space group P1 (no. 2), @ = 7.2098(8) A, b = 7.7022(14) A,
¢ =7.8231(15) A, a =113.060(18)°, = 104.062(12)°, y = 103.900
(12)°, V = 359.32(11) A%, Z = 2, T = 293.70(11) K, u(Mo Ka) =
1.338 mm ™, Dy = 2.562 g em >, 6152 reflections measured
(6.112° < 26 < 60.056°), 2195 unique (Rin; = 0.0323, Ryigma =
0.0532) which were used in all calculations. The final R, was
0.0642 for 1841 reflections with I > 26(I) and wR, was 0.1704
for all data.

4.2 Theoretical methods

Density functional theory. All first-principles calculations in
this work were performed using the periodic plane-wave basis
VASP code®™** implementing density functional theory. To
accurately include van der Waals interactions for this system,
we further used the Tkatchenko-Scheffler method with itera-
tive Hirshfeld partitioning,”® shown to be best suited for ionic
systems.>*® Projected augmented wave potentials were used
to describe the core electrons®® with a kinetic energy cutoff of
500 eV (with PREC = accurate). Systematic k-point convergence
was checked for all systems with sampling chosen according to
the system size. This approach converged the total energy of
all the systems to the order of 1 meV. For calculations of the
feldspar surface, we used a 2 x 1 x 2 supercell (208 atoms total,
see the ESIt), a vacuum gap of at least 1.5 nm and a 3 x 3 x 1
k-point grid. The upper four layers of the surface were allowed
to relax to a force of less than 0.01 eV A™". Water adsorption
energies were calculated as the total energy difference per
water between the relaxed combined system and the isolated
surface and water molecules.

Molecular dynamics. We simulated the microcline (001)-
water interface in a 3D periodic simulation box containing
1043 water molecules in contact with a mineral slab containing
3 x 2 x 3 microcline unit cells, with the (001) surfaces being
exposed along the z direction and the (001) and (010) directions
aligned with the [, and [, vectors of the simulation box with
dimensions of [, = 2.5734 nm, [, = 2.592 nm, and /, = 6.5631 nm
and angles of @ = # = 90° and y = 89.12°. The microcline unit
cell structure was taken from Bailey®® and the fully ordered Al
positions were kept across the entire slab. The atomistic inter-
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actions within the microcline crystal and between microcline
and water were described by the the CLAYFF force field®” and
water molecules were described by the flexible SPC/Fw model.>®
We included the non-bonded three-body potentials between Si/
Al, O, and H atoms in microcline and used partial charges for
oxygen atoms connected to tetrahedral Al optimized for feld-
spars.** Molecular dynamics simulations were carried out with
the LAMMPS code®® using a velocity Verlet integrator with a 1 fs
timestep. Lennard-Jones interactions were smoothly tapered to
zero between 0.8 and 0.85 nm. Real space Coulomb interactions
were cut off at 0.85 nm and long-range electrostatics were calcu-
lated with the Particle-Particle-Particle-Mesh (PPPM) method.
We first equilibrated the system in an NpT run at p = 1 bar and
T = 300 K using a Parrinello-Rahman barostat and a Nosé-
Hoover chain thermostat of length 5 with time constants of
1.0 ps, and 0.1 ps, respectively, where only the z box vector was
allowed to fluctuate to obtain the correct density of water in the
bulk region of the box while maintaining the geometry of the
microcline surface unit cell. We then carried out a 140 ns pro-
duction run in the NVT ensemble at T = 300 K, discarding the
first 35 ns as equilibration and saving frames every 1 ps for sub-
sequent analyses. A second NVT trajectory of 70 ns was also pro-
duced from the same starting configuration, but where surface
K' ions were constrained by a harmonic potential along the z
axis to keep them from going into solution. The solvation free
energy of a K" ion in SPC/Fw water was calculated using the free
energy perturbation (FEP) method in LAMMPS. The coulombic
and Lennard-Jones interactions between the ion and water were
gradually switched off over 10 stages, respectively. In each simu-
lation, the potential energy differences were averaged over 10 ns
in the NPT ensemble at T = 300 K in cubic simulation boxes of
initial side length 5 nm. The final value of the solvation free
energy includes the usual correction terms for volume effects
and charging the ion in a box of finite size.
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