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Abstract

Solid-liquid interfaces are omnipresent both in nature and technology. In particular,
processes occurring at the mineral-water interface are pivotal in geochemistry, biology
as well as in many technological areas. In this context, gypsum - the dihydrate of cal-
cium sulfate - plays a prominent role due to its widespread distribution in the Earth’s
crust and its manifold applications in technology. Despite this, many fundamental ques-
tions regarding the molecular-scale structure, including the fate of the water molecules
that form part of the crystal structure at the aqueous interface, remain poorly studied
so far. Here, we present a combined atomic force microscopy (AFM) and molecular
dynamics (MD) investigation to elucidate the details of the gypsum—water interface at
the molecular level. Three-dimensional AFM data shed light into the hydration struc-
ture at the interface, revealing one water molecule per surface unit cell in the lowest
layer accessible to experiment. From the comparison with simulation data, we conclude
that the AFM tip does not penetrate into the surface-bound layer of crystalline wa-
ter. Instead, the first hydration water layer on top of the crystalline water is mapped.
Our findings thus indicate that the water within the gypsum structure remains tightly

bound, even at the interface with bulk water.

Introduction

The structure and properties of almost all surfaces at ambient conditions are governed by the
existence of a thin water film at the interface.!»? This interfacial water is known to affect many
natural® and application-oriented fields,* including biological, geological, environmental and
industrial processes. In particular, mineral-water interfaces play a prominent role due to
the omnipresence of mineral surfaces in the environment and in technological areas. For
example, mineral-water interfaces are pivotal in processes such as dissolution, weathering
and cloud formation, as well as oil recovery,” mineral flotation® and tribology.”

Gypsum, the dihydrate of calcium sulfate (CaSO,-2 H,0), is one of the most abundant



rock-forming minerals in the Earth’s crust. Its use in construction dates back to the Ne-
olithic age,® and it still represents a commodity material in the building industry with an

annual worldwide production of about 150 million tons.? Consequently, the formation, 1%

3 of gypsum and its related compounds, anhydrite

processing? and mechanical properties®
(CaS0O,) and bassanite (CaSO,-0.5Hy0O), have been studied in great detail. Using infrared
spectroscopy, the water dynamics inside gypsum crystals can be studied, indicating that the
crystal water in bulk gypsum is constrained to a single conformation.'® In contrast to this
intense research effort mainly addressing bulk properties of gypsum, the molecular structure

at the surface,>-16

and in particular the interaction of the surface with water, have only
rarely been studied.!” An interesting question in this respect is whether or not the crystal
water of the surface remains intact upon immersion in water, as has been previously found
for the first layer of crystal water in brushite (CaHPO,-2 H,0). 1819

Gypsum possesses a monoclinic crystal structure that is composed of alternating bilayers
of calcium sulfate and water. The water bilayers connect the calcium sulfate bilayers via
hydrogen bonds, explaining the perfect cleavage that results in the {010} and {010} planes.
Using atomic force microscopy (AFM) operating in contact mode, > the {010} surface
has been imaged, providing details of the surface structure such as etch pits.® Shindo et
al. have presented molecularly resolved AFM images, revealing two distinct features per
unit cell that have been ascribed to the crystal water molecules.'® These results suggest
that the crystal water remains rigid on the surface upon cleavage in air. Sum-frequency
generation (SFQG) vibrational spectroscopy at the gypsum (0 10) surface has provided insights
into the rearrangement of the crystal (i.e., structural) water molecules upon cleavage and
the structure of adsorbed (i.e., hydration) water when increasing the relative humidity.'?
From the OH vibrations, the SFG data indicate that the first and second hydration water
layers atop the crystal water form a rather ordered structure that is greatly influenced by

the presence of the gypsum surface. While SFG provides unsurpassed insights into the

water orientation and dynamics at the interface, the spatial information is limited as the



signal is averaged over a certain volume at the interface where the structure is locally no
longer centrosymmetric. AFM, on the other hand, nowadays allows for direct imaging of the
interfacial hydration structure with molecular resolution.?%2! So far, however, no AFM data
on the hydration structure at the gypsum—water interface exist.

Here, we present a combined AFM and molecular dynamics (MD) investigation of the
gypsum {010}-water interface. Our three-dimensional (3D) hydration maps reveal one
water molecule per surface unit cell within the water layer nearest to the surface that is
accessible in AFM experiments. Comparing these results with the MD simulations indicates
that the water layer closest to the surface imaged in AFM corresponds to the first hydration
water layer atop the crystalline water layer of gypsum. Our results suggest that the crystal
water in gypsum remains tightly bound to the underlying calcium sulfate layer even upon

immersion in bulk water.

Methods

Atomic Force Microscopy Measurements

All experiments were performed with a modified commercial atomic force microscope?? that
has been equipped with photothermal cantilever excitation?® and custom 3D mapping hard-
ware and data acquisition software.?*

The gypsum crystal was obtained as a large block (several cm in width, height and depth)
from A. Schwotzer (KIT, Karlsruhe, Germany). For the AFM measurements, we cut small
chunks of the crystal, glued them onto sample holder disks and cleaved them prior to each
measurement using adhesive tape. In this way, a single sample with a fixed, defined surface
(either (010) or (010)) could be used in multiple measurements. Within a few minutes after
cleaving, we immersed the crystal and the cantilever in pure water (MilliPure water) and

started the AFM measurements. The crystal directions indicated in the AFM images were

deduced from the shape of the etch pits'® that could be observed.



25,26 3 dynamic AFM mode where

The AFM was operated in frequency modulation mode,
the amplitude of the cantilever oscillation is kept constant (0.5 to 1 nm for 2D imaging and
approximately 0.1 nm for 3D mapping) by adjusting the excitation force amplitude. The
phase shift of the cantilever oscillation (relative to the driving force) is kept constant by
adjust the excitation frequency.

The full 3D data set consists of excitation frequency shift data acquired along a scan that
measures 3 nm to 5 nm in each lateral direction (x and y) and approximately one nanometer
in the vertical (z) direction (along the surface normal). The recording of a single 3D map
takes approximately 4 minutes. By analyzing consecutively recorded 3D data sets, linear

drift compensation was applied in the lateral dimensions. Afterwards, the recorded 3D data

set is projected and interpolated onto two dimensions, either in vertical or lateral slices.

Molecular Dynamics Simulations

Classical molecular dynamics simulations were performed using fully flexible molecular force
fields. For water, we used the SPC/Fw model,?” which can reproduce key properties at
ambient conditions, e.g. the experimental pair distribution function, dielectric constant,

8

hydrogen bond dynamics and is transferable to high temperatures® and supercritical con-

1.,3 while

ditions.?® The intramolecular parameters of sulfate were taken from Allan et a
the interaction between gypsum and water was taken from our previous study,3! where the
parameters were fitted to the hydration free energy of the ions and the solubility of the solid
phases of CaSO,.

The gypsum (010)-water interface was modelled using a monoclinic periodic cell with
dimensions of 54 A x 64 A x 123 A along the cell vectors and angles of 90.00, 90.00 and
113.60 degrees. The gypsum slab contained 1,600 CaSO,-2 H,O units over 8 layers and was
approximately 60 A thick along the direction normal to the interface. The cell contained a

total of of 9,821 water molecules. 10 surface unit cells were replicated along both the (100)

and (001) directions. Classical MD simulations were run using LAMMPS.3? The NPT-



equilibrated cell at 300 K and 1 atm was taken from our previous work.3? Using this cell, we
performed a 60 ns NVT simulation, controlling the temperature at 300 K with the velocity—

1.3 with a relaxation time of 1 ps. A cutoff of 10 A was

rescaling thermostat of Bussi et a
used for the real space contribution to the electrostatic interactions and the reciprocal space
electrostatics were calculated using the PPPM algorithm3® with an accuracy of 1075, We
used a time step of 1 fs and collected the atomic trajectory every 1 ps. The atomic trajectories
from the MD simulations were analyzed by calculating the full atomic 3D density map, the
water density profile and 2D density maps.

The full atomic density map shown in this work was calculated from the FEFMD trajectory
on a three-dimensional grid with bins of approximately 0.2 x 0.2 x 0.2 A3, The density was
extracted from the 3D map and used spline interpolation to calculate the density on a given
grid of points.

We also performed ab initio molecular dynamics simulations in order to provide a com-
parison with the hydration structure on gypsum (010) given by the classical force field.
A smaller cell was used with dimensions of 12.554 A x 11.182 A x 65.362 A along the
cell vectors and angles of 90.00, 90.00 and 114.11 degrees. The gypsum slab contained 32
CaSOy -2 HyO units over 4 layers and was approximately 28 A thick along the direction nor-
mal to the interface. The cell contained a total of 214 water molecules. The surface unit cell
was doubled along both the (100) and (001) directions.

AIMD simulations were performed with the program CP2K 3% using the Gaussian-planewave
approach of the Quickstep module.3” The BLYP exchange-correlation functional®®3% was
used and dispersion corrections were included using the D3 approach of Grimme and co-
workers. °“The norm-conserving pseudopotentials of Goedecker—Teter—Hutter?' were used,
with a small core for Ca, in conjunction with a triple-¢ polarized basis set (TZVP) except
for the more ionic case of Ca?" where DZVP was chosen instead. The auxiliary basis set
planewave cutoff was set to be at least 400 Ry. Solution of the Kohn—Sham equations was

achieved using the orbital transformation algorithm with full kinetic preconditioning.*? The



simulations were performed in the NVT ensemble at a temperature of 330 K with a hydro-
gen mass of 2 amu. This set of conditions was selected based on previous observations that
the use of an elevated temperature partially compensates for the systematic overstructuring
of liquid water by most GGA functionals. Temperature control was maintained using the
canonical sampling through rescaling of the velocities algorithm.3* A time step of 0.5 fs was
used and the simulations were run for 50.8 ps starting from a configuration that was previous

equilibrated with the classical force field.

Results and Discussion

As shown in Figure la, the gypsum bulk crystal is composed of calcium sulfate bilayers that
are separated by crystal water bilayers. These layers are oriented with their surface normal
along the [010] direction. The distance between two water bilayers amounts to 0.76 nm.*3
Upon cleavage, the (010) and the (010) surfaces are formed. These two surfaces are mirror
images of each other. The surface structure of the (010) and (010) surface is shown in
Figure 1b. The surface unit cell has dimensions of 0.56 and 0.63 nm in the [100] and [00 1]
directions, respectively, and comprises one CaSO, unit and two crystal water molecules in
the adjacent water layers. Two types of etch pits are known to form on these surfaces.!'® The
more frequently observed type of these etch pits form with their etches along the [001] and
[101] directions, and they are elongated along the [00 1] direction. Therefore, these etch pits
can be used for a convenient discrimination of the two cleavage planes, (010) and (010).'

For AFM imaging, a gypsum crystal is cleaved in air and immersed in deionized water.
A set of representative overview images taken at the gypsum-water interface is given in
Figure 2. Figure 2a shows a stepped surface with an etch pit in the center of the image.
From the shape of the etch pit, we can identify the (010) surface plane and the surface
directions, which are marked in the image. Figure 2b presents a similar surface with step

edges and etch pits. Here, however, the etch pits exhibit the mirror-imaged shape, i.e., we
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Figure 1: Schematic representation of the gypsum crystal structure. (a) The crystal is
composed of bilayers of crystal water alternating with bilayers of calcium sulfate. The surface
normal of the layers is aligned along the [010] direction. (b) Surface structure of the (010)
and (010) cleavage planes. The two surfaces are mirror images of each other. Calcium
is represented by a green sphere, while the sulfur of the sulfate group and the oxygen of
the crystal water are shown by yellow and red spheres, respectively. A surface unit cell is
marked, comprising one calcium sulfate unit and two crystal water molecules. The shape of
an etch pit is also shown for each surface.

can identify this surface as the (010) surface plane. Figures 2c and d present excitation
frequency shift images of the (010) and (010) surfaces, respectively. In these images, the
stepped structure of the edges and etch pits can be clearly seen. The heights of the steps
seen here correspond to 0.76 nm or multiples thereof, in accordance with the bulk gypsum
crystal structure (Figure la).

Having identified the surface plane from the large-scale images exhibiting etch pits, we
acquire high-resolution images at the interface. A high-resolution image of the (010) plane
is shown in Figure 3a. A flat terrace region is seen with clear atomic-size features. As can
be seen from the image after zooming in, reproduced in Figure 3b, the unit cell exhibits
dimensions of about 0.6 nm, in accordance with the surface unit cell dimensions presented
above. As evident from Figure 3b, only a single feature can be identified within the unit cell.

This is an interesting finding as two crystal water molecules exist in the surface unit cell.
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Figure 2: AFM images taken at gypsum cleavage planes immersed in deionized water. In
the upper panel, the data from the z-piezo channel are shown, while the two images in the
lower panel are from the excitation frequency shift channel. From the etch pits shown in the
images, we can identify the (010) surface in images (a) and (b), while the (010) surface is
shown in images (c) and (d). Images (a) and (b) were rotated to align the data with the
[001] direction pointing upwards.

To shed light on the surface hydration structure, we perform three-dimensional (3D)
AFM hydration layer mapping. From the 3D data sets, vertical slices can be extracted that
allow for the investigation of the hydration structure at the interface. Vertical (zz) slices
provide information on the water structure normal to the crystal plane, while lateral (xy)
slices allow for elucidating the hydration structure at a given height parallel to the surface. A

representative illustration of these slices is given in Figure 4. These slices are extracted from

a 3D data set taken at the gypsum (010)-water interface. An interactive exploration of the



Figure 3: Atomically-resolved AFM image of the (010) cleavage plane immersed in deionized
water. (a) Image exhibiting a flat surface terrace with individual features. (b) Zoom into the
image shown in (a) with the apparent surface unit cell marked by a rhomboid. The images
are rotated to align the data with the [00 1] direction pointing upwards.

full 3D data set can be found at https://gypsum.soengen.net/analysis/lateral.html
(Only during review: Username and password are both "gypsum", URL will be changed for
final publication). From the vertical slice (Figure 4a) taken along the [1 0 0] surface direction,
the water layering perpendicular to the (010) surface can be seen. Making use of the solvent-

4445 we assign the bright areas in the excitation frequency map to

tip approximation (STA),
high water density, while dark areas correspond to low water density. We want to note that
the STA constitutes a simple model that has been shown to be incapable to capture important
features at the solid-liquid interface, e.g., tip chemistry and confinement.*® However, in the
present work we do not rely on a quantitative discussion. The only assumption made is that
a single feature in AFM represents a single water molecule. As can be seen in Figure 4a,
a layered water structure with several layers can be identified in the slice. In the lower
region, when the cantilever is close to the surface, the excitation frequency shift becomes
very positive. In this area it is ambiguous to assign this bright area to either a hydration
water layer or the crystal surface plane. In addition to the experimental ambiguity, from
these data it remains unclear how the layers of crystal water behave upon contact with bulk

water. Further insights regarding this question can be gained by investigating the lateral

slice extracted at a given height. For example, a lateral slice can be extracted at the height
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of the first bright layer atop the bright area, which corresponds to the layer nearest to
the surface that is accessible with AFM (see marker at the left side in Figure 4a). The
corresponding lateral slice is given in Figure 4b. Here, a periodic pattern and a unit cell can
be identified. The unit cell dimensions are again approximately 0.6 nm in both directions,
i.e., they correspond to the bulk surface unit cell. Interestingly, also in this layer, a single
feature is seen within the unit cell. As two water molecules are expected in a single layer
of the crystal water, we hypothesise that the bright layer at the height indicated with the
marker in Figure 4a either does not correspond to the crystal water or that the crystal water
has changed structure upon immersion in bulk water.

In order to resolve the open questions regarding the interpretation of the atomic force
microscopy data, we have complemented this with molecular dynamics simulations of the
gypsum-water interface. We performed both classical force field-based (FFMD) and ab initio
(AIMD) simulations (for a comparison of the FFMD and AIMD water oxygen profiles, see
Supporting Information Part I). Here the AIMD results are employed for validation purposes,
while the FFMD is used for full analysis due to the superior level of statistical convergence.
To arrive at a similar representation as in the vertical AFM slices, we show the MD water
oxygen density taken in a 0.2 A thick slice along the normal to the gypsum-water interface
in Figure 5a. A density profile along the surface normal, integrated over the entire surface,
is shown to the left of this plot. A well-defined peak can be identified in the density profile
at 2.3 A from the plane defined by the uppermost calcium and sulfur atoms. This finding is
an indication of a well-structured and spatially-confined layer of crystal water at the surface.
A much broader double-peak is seen at 4.4 A from the surface, which is associated with the
first two hydration layers due to the liquid phase. To gain further insight as to the number
of water molecules per layer, we can fit the peaks with Gaussian functions (Supporting
Information Part II). Our analysis corroborates the existence of two water molecules per
surface unit cell in the first water layer, which corresponds to the expected number consistent

with the crystalline water in the bulk-truncated structure. The following two water layers,
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(a) Lateral slice

(b) Vertical slice

Figure 4: Lateral and vertical slices through an AFM excitation frequency data set taken
at the gypsum (010)-water interface. (a) Lateral (xy) slice parallel to the (010) surface
(approximately 0.1 A thick) taken at the height indicated by the brown marker in (b). A
unit cell is marked. Within the unit cell, a single feature is found. (b) Vertical (zz) slice
along the [100] surface direction (approximately 0.24 A thick), exhibiting a bright lower
region and three bright layers on top.

that constitute the water in the interfacial hydration structure, share another two water
molecules per surface unit cell, i.e. there is a single water molecule per surface unit cell
in each of these layers. As can be seen in the vertical plot, these two hydration layers are
considerably less confined as compared to the layer of crystal water, however, they clearly
differ from the more uniform density as seen in bulk water further above the surface. In

addition to the vertical density slice, we show the MD density in 0.15 A thick layers parallel
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to the surface (i.e. lateral slices). The density shown in Figure 5b is taken at the position
of the crystal water, i.e. 2.3 A from the plane defined by the uppermost calcium and sulfur
atoms. Here, two water molecules per surface unit cell can be identified. Figure 5¢ shows a
parallel slice taken at the position of the first hydration water, ¢.e. 4.4 A from the surface.
At this height, a single feature is seen per surface unit cell, in accordance with the water
density profile.

Based on these MD results, we can now return to discussing the AFM data. Interestingly,
MD predicts that one water molecule per surface unit cell corresponds to the first hydration
layer atop the crystal water. This is exactly what we find in the layer nearest to the surface
seen in the 3D maps. Thus, we align our AFM vertical slide in Figure 5d in a way that
the lowest layer accessible in AFM is positioned at the height of the first hydration layer
found in the MD simulation. As can be seen in the comparison in Figure 5, in this way
we obtain an excellent match between the theoretical and experimental results. As shown
in the lateral slice extracted at the height of the crystal water in Figure 5e, basically no
information can be gained at this height close to the surface. This is due to the fact that the
excitation frequency shift becomes very positive close to the surface and the data are difficult
to interpret. Thus, to obtain unambiguous data in AFM, the data close to the surface cannot
be used. The layer nearest to the surface that produces reliable results is further from the
surface at the position indicated by a red line in Figure 5d. The respective lateral slice is
shown in Figure 5f and exhibits one feature per surface unit cell.

From this comparison, we can assign the layer nearest to the surface imaged in AFM to
the first hydration layer. Interestingly, the structure in the crystal water cannot be resolve
as it is hidden in the steep increase in the excitation frequency shift. This finding indicates
that the AFM tip cannot penetrate into the crystal water layer. This conclusion is further
corroborated by our MD simulations, which show that no water exchange occurs for the
calcium sites at the surface for the whole duration of the simulation, suggesting a strong

binding of the crystal water molecules even in the presence of bulk water.
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Conclusion

In this work, we have studied the interface between the {010} cleavage plane of gypsum
and water. Upon cleavage along {010}, the crystal water of gypsum becomes exposed. The
fate of the crystal water is investigated by a combined AFM and MD study. Our 3D AFM
data provide insights into the hydration at the interface, revealing a layered water structure
close to the surface. In the water layer nearest to the surface that can be imaged with
AFM we resolve a lateral pattern with one water molecule per surface unit cell. Our MD
data indicate that the layer of crystal water remains intact and largely unperturbed, even in
contact with liquid water, and that this layer contains two water molecules per surface unit
cell. Interestingly, the simulation reveals a single water molecule per surface unit cell in each
of the two hydration layers above the crystal water layer. From this result, we conclude that
the layer nearest to the surface resolved by AFM corresponds to the first hydration layer
and not the crystal water, 7.e., the AFM tip does not penetrate into the final layer of water
that forms part of the gypsum structure. This finding is in perfect agreement with a tightly
bound layer of crystal water that remains stable upon immersion in bulk water. Hence the
{010} surface termination of gypsum should be regarded as the layer of structural water,

rather than calcium sulfate, at least in the presence of any significant degree of humidity.
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Figure 5: Comparison of the results from the force-field molecular dynamics and atomic
force microscopy. (a) Water oxygen density plotted along the surface normal and along the
[100] surface direction. A density profile integrated over the entire surface is given to the
left, showing the crystal water (lowermost peak) and the first and second hydration layer
(following two peaks). (b) Water oxygen density in a layer parallel to the surface plotted at
a height of 2.3 A from the plane defined by the uppermost calcium and sulfur atoms (blue
line). This plane corresponds to the position of the crystal water molecules: Two water
molecules per surface unit cell can be seen. (¢) Water oxygen density in a layer parallel to
the surface plotted at a height of 4.4 A from the plane defined by the uppermost calcium
and sulfur atoms (red line). This plane corresponds to the position of the first hydration
layer. A single water molecule per surface unit cell can be seen. (d) An experimental lateral
slice corresponding to the region shown in (a). Using the solvent-tip approximation, 45
the bright areas are associated with high water densities. The slice is aligned at a height
so as to maximize the correspondence with the theoretical data. To the left, the excitation
frequency shift versus distance plot is shown. Close to the surface, the excitation frequency
shift is very positive and the data become ambiguous. (e) Lateral slice taken at the position
indicated by the blue line in (d). Due to the static deflection at this position close to the
surface, the interpretation of these data is ambiguous. (f) At a position further apart from
the surface (red line in (d)), a much clearer image can be obtained. Here, a single feature
is seen within a surface unit cell. The surface directions are the same as in Figure 4. For
an interactive visualization visit: https://gypsum.soengen.net/analysis/lateral.html

(Only during review: Username and password are both "gypsum", URL will be changed for
final publication).
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