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Solvents can dramatically affect molecular crystals. Obtaining
favorable properties for these crystals requires rational design
based on molecular level understanding of the solid-solution
interface. Here we show how atomic force microscopy combined
with molecular dynamics simulations can be utilized for
understanding critical surface properties, namely crystallinity and
hydrophobicity, as crystals are exposed to water-ethanol
mixtures. We report the formation of dynamic heterogeneous
disordered surface (DHDS) layers at the solid-solution interface.
The observed DHDS layer was affected by the solvent
composition and a variation in the water-ethanol ratio caused
significant changes in surface properties.

Careful selection of solvent can be used to control the habit"?
and surface properties®® of molecular crystals. The habit,
referring to the shape of crystals, is affected by the properties
of crystallization medium and has dramatic consequences for
the behaviour of the resulting crystals. The surface chemistry
of molecular crystals can, on the other hand, also be
modified during the final crystallization step using additives
or changes in the solvent composition. Such changes in the
crystallization environment will cause rearrangements in the
intermolecular interactions at the solid-solution interface
and in this way, alter the properties of the resulting crystal
surface. A better understanding of the dynamics of solvent
effects on molecular crystal surfaces is of great importance
for the fine chemical, food and pharmaceutical industry,
because surface properties are key parameters influencing
processability, solubility and stability of particles.” Surface
specific information can be difficult to obtain with ensemble
measurements and it can be even more difficult to
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characterize dynamic solid-solution interfaces.
Characterization methods that have been used to investigate
crystal surfaces exposed to liquids include ambient pressure
X-ray photoelectron spectroscopy (APXPS),° quartz crystal
microbalance (QCM),” vibrational spectroscopies such as
infrared (IR),’ Raman’ and UV VIS'® as well as atomic force
microscopy (AFM). Here we report how in situ AFM combined
with molecular dynamics (MD) simulations can be utilized to
investigate surface crystallinity and hydrophobicity as crystals
are exposed to solvent mixtures. This has potentially
interesting applications for crystal engineering purposes as
important steps such as crystal growth and washing can be
described as an interaction between the crystal surface and a
liquid medium. A better understanding and control of these
processes could vastly advance optimization of particle habit
and resulting bulk powder behaviour.

AFM is a well-suited technique for investigating solid-
solution interfaces with nanoscale resolution. A schematic of
an in situ AFM experiment, where a coated tip is used to

Fig. 1 Schematic of the experimental setup with a paracetamol crystal
mounted in an atomic force microscopy (AFM) liquid cell. In the right
part of this schematic, the probe is approaching a dynamic
heterogeneous disordered surface (DHDS) layer, indicated in grey
colour, on the (-1-1 0) surface of paracetamol in water-ethanol
mixture.
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measure a crystal surface is shown in Fig. 1. The morphology
depiction is adapted from Finnie et al'* and the indexing
was performed using single crystal X-ray diffraction. An
optical image of the setup is shown in Fig. S1.f We have an
interest to visualize the dynamics at the solid-solution
interface in situ and especially, the formation of a surface
layer we have named dynamic heterogeneous disordered
surface (DHDS) layer.

AFM is well-known for topographic images useful for
visualization of surface roughness and determining
polymorphic transformations.'>'* AFM can also probe local
variations or changes in surface properties by obtaining
force-distance curves. In this mode, the AFM tip is
approaching the sample from a distance, while the force on
the cantilever is monitored. Parameters like indentation and
adhesion force can be extracted as shown in Fig. S2.7
Changes in indentation on crystal surfaces have previously
been correlated with different degrees of crystallinity as an
AFM tip will indent further into a less well-ordered crystal
lattice using a fixed force.'* If hydrophobic alkanethiols are
attached to a gold-coated AFM tip, the adhesion force is
related to the hydrophobicity of the surface in an aqueous
environment. AFM has previously been used to characterize
molecular crystal surfaces in situ using liquid cells"**>*® and
coated AFM tips have been used to probe the chemical
properties of molecular crystal surfaces.>*'* Force maps,
consisting of thousands of these force-distance curves extend
the use of AFM as it enables nanoscale visualization of
chemical properties on heterogeneous surfaces. Force maps
of this type have previously been reported to obtain reliable
and reproducible results."’

AFM provides very high resolution in the z-direction (<1
nm). The resolution in the xy-directions is not easily defined
as it depends on the tip shape and surface roughness, but it
is typically on the order of 10 nm. Even with this resolution it
can be difficult to elucidate local molecular orientations or
determine if solvent molecules are incorporated in crystal
surfaces. MD simulations can provide a qualified guess for
this information,"®'® so the method should be interpreted
carefully and correlated with experimental results.”® A better
understanding of the intermolecular rearrangements causing
changes in surface properties would give a deeper
understanding of the interaction between solvent molecules
and crystal surfaces and might make it possible to predict
the outcome of new experiments. Comparison with AFM
results is ideal for this type of system because it bridges the
gap between surface properties and molecular scale
interactions. Results from the two methods have previously
been compared to characterize the hydration layer of
p-nitroaniline in water and octanol,** but to the best of our
knowledge it has not previously been utilized to elucidate the
surface properties of a molecular crystal during solvent
exposure. MD simulations are particularly useful for studying
crystal surfaces exposed to liquids, because they are ideal for
molecular scale systems with highly dynamic interactions.*
Especially the GROMACS package** combined with the
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CHARMM force field*® is well suited for such systems and is
therefore used in this study.

In this study, paracetamol exposed to saturated water—
ethanol mixtures is used as a model system. A saturated
solution was used in order to significantly slow down the
dissolution of the crystal, when the solvent mixtures in the
liquid cell were exchanged. It is well-known that paracetamol
can form three different polymorphic forms depending on
the crystallization conditions. It can form the stable form I,
the metastable form II and the wunstable form III
Paracetamol crystallizes into form I in both ethanol and
water and this solvent selection therefore makes it possible
to investigate how different solvent ratios can affect the
surface chemistry without changing the polymorphic form.
Paracetamol was recrystallized in water-ethanol mixtures
containing 0%, 20% and 40% v/v ethanol. XRPD was used to
confirm that all paracetamol samples had the same
polymorphic form. This was done to ensure that no
polymorphic transformations were induced during the
experiment.

AFM force maps consisting of 20 x 20 force curves over a 5
x 5 um area were obtained on the (-1-1 0) crystal face of one
paracetamol crystal exposed to saturated water—ethanol
mixtures containing 0%, 20%, 40% and 0% v/v ethanol by
continuously exchanging the solution in the liquid cell
between each experiment (Fig. 2). Indentation and adhesion
force were extracted from the force curves as illustrated in
Fig. S2.f The visualization of data in Fig. 2 reveals that sub-
micrometre domains with different properties appear at the
paracetamol surface. In most areas, adhesion force and
indentation seem to be inversely related, but some smaller
areas show both high adhesion force and indentation. It has
previously been shown that adhesion force with a
hydrophobic tip is a measure of the hydrophobicity of a
surface in an aqueous environment,** while indentation has
been related to the structural integrity of a dry crystal
surface.'* The domains were formed because of fluctuations
in concentration close to the surface, probably influenced by
nanoscale surface features.

To compare the surface properties in the different
solvent mixtures, five force maps were obtained in each
solvent mixture at least 15 um apart from each other to
ensure a representative dataset (Fig. 3). Three different
combinations of surface properties emerge: at 0% ethanol
adhesion force is high and indentation is low, at 20%
ethanol both are high and at 40% the adhesion force is low
and indentation is high. Changes in surface properties were
fully reversible, when the solvent was changed back to pure
water. To understand the abrupt change in adhesion force,
it is important to consider that it is influenced both by the
surface properties and by the hydrophobicity of the
solution. As more ethanol is added, the force required to
pull the hydrophobic AFM tip back into the solution phase
becomes lower. These effects balance each other out in the
20% ethanol case, but for 40% the solution effect
dominates.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Atomic force microscopy force maps visualizing adhesion force with a hydrophobic tip (top) and indentation (bottom) on a paracetamol

surface exposed to water-ethanol mixtures.

To further understand the intermolecular structure in the
solid-solution interface, MD simulations were performed
with 0%, 20% and 40% water—-ethanol mixtures. The results
are shown in Fig. 4. The MD simulations support the
interpretation that the change in the indentation behavior is
related to a formation of dynamic heterogeneous disordered
surface (DHDS) layers. In the term DHDS layer, we refer to
“dynamic”, because there is a constant movement of
molecules in the layer, and between the DHDS layer and the
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Fig. 3 Surface properties of paracetamol exposed to water-ethanol
mixtures. Average values for the adhesion force and indentation, taken
over five atomic force microscopy force maps (corresponding to 2000
force curves) at least 15 pm apart, was obtained for each solvent
mixture. The error bars reflect the standard error.
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solution phase and the solid phase. Similarly, we refer to
“heterogeneous”, as the DHDS layer is a mixture of
paracetamol, ethanol and water molecules and, “disordered”,
because the long-range order cannot be observed in this
layer. Most surfaces exposed to liquids could in principle be
described similarly, but the magnitude is vastly different in
this case considering the difference between the ethanol
volume percentages in Fig. 3 and 4. The fractional mass
density of the paracetamol molecules in the DHDS layer
increased continuously during the formation until the end of
the simulations which suggest that the system had
equilibrated, see Fig. S4. We did not expect sub-micron scale
domains as periodic boundary conditions were used in the
MD simulation. However, the formation of DHDS in the MD
simulation, with molecules moving back and forth between
the solution and the crystal surface, could explain why
domains with certain properties spontaneously emerge in the
experimental observation (Fig. 2). The MD simulations
presented in Fig. 4 are cropped to better visualize the solid-
solution interface. A full simulation box is shown in Fig. S3.}
Additionally, dry crystals from the experiments were
visualized using optical microscopy, scanning electron
microscopy and AFM, see Fig. S5-S7.f These dried surfaces
did not indicate any significant variations between crystals
grown in 0%, 20% or 40% ethanol and the observed
nanoscale surface features were characteristic terrace formed.
Therefore, we did not expect surface topography to affect the
results in Fig. 3, but it could influence where domains of
surface properties as shown in Fig. 2 would emerge. We note
that the present method could also be used in the opposite
situation, to characterize recrystallization in situ at the
surface of amorphous particles. This would be, however,
significantly more complex because the physical contact
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Fig. 4 Snapshots of molecular dynamics (MD) simulations of
paracetamol (green) exposed to a) 0% ethanol (pink), b) 20%, and c)
40% ethanol-water mixture. In b) and c), a dynamic heterogeneous
disordered surface (DHDS) layer has formed in the solid-solution
interface. Stable crystal surface layer indicated with white, DHDS with
grey and liquid phase with blue background. Ethanol in the liquid
phase is not shown.

during the AFM measurement can affect the crystal growth
mechanism.

The solubility of paracetamol is 14.9 mg mL™" in water
and 209.91 mg mL™" in ethanol.*® Therefore, crystal growth
or dissolution could be induced during or after solvent
exchanges, even though saturated solutions were used,
because of fluctuations in concentration close to the surface.
The Noyes Whitney equation®® is a well-established model for
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estimating the dissolution rate. A simplified version of this
equation uses a rate constant k that is depending on
diffusion coefficient, surface area, container volume and the
term diffusion layer. The diffusion layer is not a physical
entity, but a description of a zone of increased concentration
expected to extend from a surface during dissolution. For our
system, the diffusion layer thickness can be estimated to be
approximately 6 nm. The equation and the values are shown
in the ESL} Compared to the results presented in Fig. 2, the
diffusion zone is very local, and the molecules are not nearly
as dense as in the DHDS layer, so we did not expect it to
affect the AFM measurements significantly.

In summary we have demonstrated how AFM combined
with MD simulations can be utilized for elucidating critical
surface properties, in particular surface crystallinity and
hydrophobicity during solvent exposure. We report the
presence of DHDS layers on the (-1-1 0) surface of a
paracetamol crystal exposed to water-ethanol mixtures, and
we obtained different combinations of hydrophobicity and
crystallinity by using saturated solvent mixtures. This has
potentially interesting applications for crystal engineering
purposes as molecular crystal surfaces can be manipulated in
this way to obtain favorable properties. Finally, we
acknowledge the Independent Research Fund Denmark
[Grant No. 8022-00154B] and [Grant No. 8021-00339B] as well
as the Villum Foundation [Grant No. 17387] for financial
support.
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