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Abstract

Solvent expulsion away from an intervening region between two approaching
particles plays important roles in particle aggregations yet remains poorly understood. In
this work, we use metadynamics molecular simulations to study the free energy landscape
of removing water molecules from gibbsite and pyrophyllite slit pores representing the
confined spaces between two approaching particles. For gibbsite, removing water from
the intervening region is both entropically and enthalpically unfavorable. The closer the
particles approach each other, the harder it is to expel water molecules. For pyrophyllite,
water expulsion is spontaneous, which is different from the gibbsite system. A smaller
pore makes the water removal more favorable. When water is being drained from the
intervening region, single chains of water molecules are observed in gibbsite pore, while
in pyrophyllite pore water cluster is usually observed. Water-gibbsite hydrogen bonds
help stabilize water chains, while water forms cluster in pyrophyllite pore to maximize
the number of hydrogen bonds among themselves. This work provides the first
assessment into the energetics and structures of water being drained from the intervening
region between two approaching particles during orientation attachment and aggregation.

1. Introduction

Oriented attachment (OA) has been identified as a non-classical crystallization
pathway that generates large crystal structures by aggregating lattice-matched particles.
OA was originally observed by Penn and co-workers in studies of nano-crystalline TiO,
using atomic resolution transmission electron micrographs'- 2 Thereafter, subsequent
investigations have been carried out for materials that are relevant in many biological,
geological, and industrial processes where structure formation cannot be explained using
classical crystallization concepts®®. OA occurs in two steps. In the first step, two particles
approach each other to a proximity and remain separated by a thin layer of solvent. During
this step, particles can rotate and translate to a lattice-matched configuration®!3. In the
second step, the two particles jump into contact by eliminating the intervening solvent
layer'3. Overcoming energy barriers associated with eliminating intervening solvent layer
is important for attachment to occur'3-7.

The mechanism of OA, as well as its kinetics, has been studied extensively using
various electron microscopic techniques'> 1> 1819 "ag well as molecular simulations!3: 14
20-22 These studies focused on the driving forces of OA and the effects of particle-particle,
particle-solvent, and solvent-solvent interactions on OA. It has been shown that facet
specific interactions facilitate the OA mechanism in several nanomaterials of variable
crystal morphologies® '3 22, Some computational studies of OA in vacuum conditions
show that the electrostatic interactions between approaching particles drives OAZ 24,
However, many recent studies showed that intervening water can facilitate the alignment
and coalescence due to water hydrogen bonding with the surfaces® !'!- 20 21, Regarding
solvent expulsion during OA, in some cases, approaching particles encounter substantial
energy barriers'? 1516, In other cases, OA occurs simultaneously'.

Even though significant research progresses have been made to understand OA,
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one question remains unanswered: How does expulsion of solvent from the intervening
region between two approaching particles occur? This question is not only relevant to OA
but also to random?® and pressure-induced?® aggregation. In general, it is challenging to
observe experimentally the behavior and motion of intervening solvent during expulsion.
Molecular simulations have been widely used to understand nanoconfined water as it can
provide atomistic details of confinement and its effects. Unfortunately, to our knowledge
molecular modeling has not been applied to study solvent exclusion from confined space
between two approaching particles.

In this study, we apply metadynamics?’ molecular simulation to investigate the
energetics and water structure during expulsion of water confined between two gibbsites
or two pyrophyllite surfaces. The study of gibbsite aggregation is relevant to the nuclear
waste management at the Hanford and Savannah River tanks. Aluminium
(oxy)hydroxides are present in high concentrations in those tanks as complex
aggregates®®, which are difficult to decompose due to unpredictable crystallization
patterns®®. Treating nuclear waste by decomposing these complex mineral aggregates is
necessary to clean up these sites. OA is one of the mechanisms that has been widely
studied experimentally to understand aluminium (oxy)hydroxide aggregates3’-32. Our
previous work focused on understanding gibbsite crystal face selectivity of OA!7, energy
barriers encountered during gibbsite particle rotating, sliding, and approaching!!, and role
of hydrogen bonding on OA®. In this study we focus on the effect of gibbsite
hydrophilicity on water expulsion. In addition, water expulsion from confined space
between two pyrophyllite surfaces is also studied for comparison. Pyrophyllite is
hydrophobic?, meaning a comparison with hydrophilic gibbsite will provide an
understanding of the effect of surface chemistry on water expulsion.

2. Methods

The main purpose of this work was to study the energetics of the removal of
intervening water molecules from the region between two approaching particles during
aggregation. We studied two systems: gibbsite-water (Figure 1a) and pyrophyllite-water
(Figure 1b). In the top panel of Figure la, we report a simulation box containing two
gibbsite layers that form a slit pore along the z direction. This slit pore represents the
confining space between two approaching particles. In our previous study, we’ve shown
that basal-basal contact is the most favorable attachment!’. Therefore, in this work, the
slit pores were generated using two basal (001) gibbsite surfaces. The gibbsite ribbon is
periodic in the y direction and has an edge in the x direction. The method to build a
gibbsite layer with edge can be found in our previous work® '-17. Water molecules filled
the slit pore (blue region) and the green regions outside the slit pore (Figure 1a). There
are always large vacuum regions along the x direction. Water molecules in the slit pore
(blue region) are considered as intervening water molecules during the gibbsite particle
OA. Intervening water molecules can exchange with water molecules in the solution (i.e.,
in green regions).

To study the energetics of water expulsion from the slit pore, we calculated the
free energy or potential of mean force (PMF) as a function of number of water molecules
in the blue region. The PMFs were calculated using the PLUMED package®* available in
LAMMPS?, During the PMF calculation, the number of water molecules in the slit pore
can change from zero to a pre-defined number documented later in the text. When the
number of water molecules is zero, all water molecules in the slit pore move to the
solution through the edges. When the number of water molecules increases from zero,
water molecules move from the solution to the slit pore.

During the PMF calculation, the slit pore width does not change. To investigate
the OA process (i.e., the slit pore becomes smaller and smaller), we simulated extra

2



simulations with smaller pore size (middle and bottom panels of Figure 1a). In principle,
a free energy surface with two variables (e.g., number of water molecules and pore width)
is a better presentation of the aggregation process. However, obtaining such a free energy
surface is practically challenging due to limited computational resources. Therefore, we
calculated the PMF as a function of the number of intervening water molecules at
different pore sizes ranging from 8.6 A to 4.3 A (e.g., number of water layers changes
from 3 to 1, respectively). The pore width was determined by calculating the average z
coordinate of the surface oxygen atoms. The simulation box x and y dimensions were
100.0 A and 20.3 A. The gibbsite particle dimension in x direction is 36.0 A. The box z
dimensions for the three pore widths are 17.0, 14.0, and 12.7 A, respectively. There are
896 gibbsite atoms and 594, 528, and 360 water molecules for each pore width.

Figure 1. Simulation snapshots representing the side views of gibbsite (a) and
pyrophyllite (b) pores of different pore width. Purple- Al, orange-O, cyan-H, yellow- Si,
red-water O, white-water H).

The gibbsite surface is hydrophilic due to OH groups attached to octahedral Al
atoms®3. To investigate how surface hydrophobicity affects water expulsion, we
investigate pyrophyllite-water systems of 9.8, 7.8, and 5.8 A pore widths (Figure 1b). To
create a pyrophyllite layer with edge, we followed the method used previously to create
montmorillonite with edges3® 37. There are 2988 atoms for the pyrophyllite and 1664
water molecules in all pyrophyllite-water systems. The simulation box x and y
dimensions are 100.0 and 31.1 A respectively. The pyrophyllite particle dimension in x
direction is 36.0 A. The box z dimension of each pore width is 33.0, 32.0, and 31.0 A,
respectively.

Before the PMF calculation, the systems were equilibrated for 1 ns in an NVT
(constant number of molecules, volume, and temperature) ensemble. All simulations were
performed using a timestep of 1.0 fs. A Nosé -Hoover thermostat®® with a time constant
of 1 ps was used to control the temperature (300 K). A flexible SPC water model®® was
used to describe the water interactions. The CLAYFF force field*® was used to describe
the particle interactions with additional Al-O-H angle terms to describe edge hydroxyl
groups.*! The short-range intermolecular interactions were evaluated with a cut-off
distance of 10 A, and the long-range interactions were evaluated using three-dimensional
periodic boundary conditions and the particle-particle particle-mesh (PPPM) solver with
a tolerance of 10-4.42



The well-tempered metadynamics(WTMetaD)?”> 43> 44 simulations (i.e., PMF
calculation) were carried out at 300 K in an NVT ensemble for 100 ns. The initial height
of the Gaussian was set to 1.0 kcal/mol and the width was set to 1.0 A. The Gaussians
were deposited every 500 steps and the bias factor was set to 10.0. The evidence for PMF
convergence was reported in the supporting information.

3. Results

In Figure 2a, we report the free energy as a function of number of water molecules
in the gibbsite nanopores with different pore sizes. The free energy profiles indicate an
increase in free energy with a decreasing number of water molecules in all slit pores. The
gibbsite surfaces are hydrophilic due to the OH groups attached to Al atoms. Hence, the
water molecules like to enter the confined environment. In other words, water expulsion
from the intervening region between two gibbsite particles is an uphill process.
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Figure 2. Free energy profiles as a function of number of water molecules in the slit
gibbsite (a) and pyrophyllite (b) nanopores.

The slope of the free energy profile increases with decreasing pore width. From
the largest to smallest pore width considered, the free energy necessary to remove a water
molecule from the pore (i.e., negative slope of the plot) increases from 2.2 to 3.6 and 5.5
kcal/mol, respectively. Note that inside the slit pore, a water molecule experiences
water/water and water-surface interactions. When the water molecules move to the
solution, it only experiences water-water interactions. For comparison, we provide here a
few important energy quantities related to water-water interactions, e.g., the averaged
configurational energy (i.e., potential energy) is ~10 kcal/mol®, and a water-water
hydrogen bond energy is about 4.5 kcal/mol.*¢ The increases in the amount of energy
required to remove water from slit pore to solution when decreasing pore size suggests
nanoconfinement affects water removal. The closer the particles approach each other, the
harder to remove intervening water. On one hand, this will assist in maintaining a solvent
separated state facilitating proper alignments and overlaps of the nanoparticles during
OA. At the solvent separated state, particles can undergo different motions such as sliding
and rotating until proper alignment. Effect of these motions on the OA process have been
discussed elsewhere!”. On the other hand, the results in Figure 2a also suggest that the
final jump-into-contact step might be very difficult for gibbsite particles, unless energy
is provided (e.g., drying) to eliminate the intervening water.

At the smallest pore width (4.3 A) considered in this work, water resides within
the gibbsite pore as a single water layer configuration (Figure 3a). The number of water



molecules in the slit pore is about 70. As we documented in previous work?® !, at this
configuration water molecules can form two hydrogen bonds with surface hydroxyl
groups and two hydrogen bonds with neighbouring water molecules. When the number
of water molecules is reduced to 40 (Figure 3b), 30 (Figure 3c), or 20 (Figure 3d), isolated
long and short water chains are visible. It is interesting to observe that during the water
removal in the PMF calculation, water distribution in the slit pores is random and single
file water configurations are regularly observed. Within a single water chain, water
molecules form hydrogen bond with surfaces OH group and with neighbouring water
molecules (Figure 4a).

The free energy profiles for pyrophyllite (Figure 2b) with three different pore
widths suggest a completely different trend compared to the gibbsite system, i.e., water
removal from the intervening region is thermodynamically favorable. The smaller the
pore, the water removal is more favorable. This is expected because pyrophyllite is
hydrophobic while gibbsite is hydrophilic. Reducing the pyrophyllite pore size from 9.8
to 7.8 and 5.8 A, the slope of the energy profile increases from 0.09 to 0.17 to 0.3 kcal/mol.
The magnitude of the free energy used to add or remove a water molecule from
pyrophyllite slit pore is much smaller than that for gibbsite system. Note that the
minimum energy for pyrophyllite in Figure 2b is observed around 20 water molecules.
That is because some last water molecules form hydrogen bonds with the edge
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Figure 3. The simulation snapshots representing the top view (xy plane) of the water
distribution in gibbsite 4.3 A pore with 70 (a), 40 (b), 30 (c), and 20 (d) water molecules
and in pyrophyllite 5.8 A nanopore with 80 (e), 70 (), 60 (g), and 40 (h) water molecules.



Figure 3e-h shows the snapshots during the PMF calculation for the smallest (5.8
A) pore width of pyrophyllite. These snapshots demonstrate that during water removal,
the remaining water molecules inside the slit pore form a cluster (Figure 3e-g) instead of
the water chain observed for gibbsite. Water molecules in the cluster usually form
hydrogen bonds with the neighbouring water molecules (Figure 4bc) and rarely form
hydrogen bonds with the surface. In other words, water chain is stable in gibbsite slit pore
because a water molecule can form hydrogen bond with surface. In pyrophyllite pore,
because a water molecule rarely forms hydrogen bonds with surface, a cluster is the
configuration in which a water molecule can maximize the number of hydrogen bonds
formed with other water molecules. A more quantitative comparison of hydrogen bonding
was performed for the smallest pore widths of gibbsite and pyrophyllite as shown in
Figure 4d. An hydrogen bonding is determined by a geometric criteria, where Rog...0, <
3.6 A, r4..0a<2.45 A, and Oy4-04..0.< 30° (d and a denote donor and acceptor).*’ These
criteria were originally defined for a water-water hydrogen bond. We applied the same
criteria for water-surface hydrogen bond. This doesn’t guarantee a correct definition of
hydrogen bond between water-surface. Therefore, the results for water-surface hydrogen
bond is for qualitatively discussion. The results in Figure 4d indicate that the number of
water-water hydrogen bond in pyrophyllite pore is more than the number of water-water
hydrogen bond in gibbsite pore. In addition, water-gibbsite hydrogen bond is higher than
water-pyrophyllite hydrogen bond. These results support the argument about water chain
and water cluster we observed from simulation snapshots (Figure 4 a,b, and ¢).

At smaller numbers of water molecules, such as 40 (Figure 3h), most water
molecules remain close to the edge of the surface and form hydrogen bonds with the edge
atoms of pyrophyllite.
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Figure 4. Side view of a water chain in gibbsite pore (a) with hydrogen bond network
(red dash lines). A water in the middle of the chain can form two hydrogen bonds with
the neighboring water molecules and two hydrogen bonds with the surface oxygen or
hydrogen. In pyrophyllite, clusters of water are formed instead of chains (b, c). Side (b)
and top (c) views illustrate the water hydrogen bond network of water cluster in
pyrophyllite pore. The average number of H-bonds (d) between water-water, and water-
surface as a function of number of water molecules in gibbsite 4.3 A and pyrophyllite 5.8
A nanopores. H-bonds were calculated only for the confined water. Water at the edges of
the particle and the bulk were not considered.

We next examine the enthalpic and entropic contribution to the free energy profile
obtained from fluctuation theory approach. To examine the enthalpic and entropic
contribution we have applied a simple extension of fluctuation theory as proposed by
Thompson and colleagues,*® 4° to decompose the free energy into its energetic
contributions of entropy and internal energy. By assuming that the system is in
equilibrium with the bias potential used in metadynamics, the Helmholtz free energy, AA



(x) can be calculated from the probability distribution of the collective variable (P(x)),
which is in our case the number of water molecules within the pore (Equation 1).
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Here, f = 1/kgT where kg is the Boltzmann constant and T is the temperature (300K). P(
Xo) 1s the probability density at a reference point of x. This approach utilizes the
temperature derivative of the free energy which was calculated using,

0MA(x) 0 [ 1 l P(x) (2)
op~ opl” B P(xo)
where P(x) was calculated by,
Tr{e—BH+AV)BAV §[x — %]}/ Quy (3)

P(x) =

Tr{e-FH+AVeBAV}/Qyy

Here Tr indicates the trace (integration over phase space), Q,y is the partition function
and H + AV is the modified Hamiltonian in the presence of the bias potential.*®

This approach utilizes the temperature derivative of the free energy, hence permitting the
calculation of entropy and internal energy from single temperature simulation.
Decomposing the free energy into internal energy and entropy aids in understanding the
driving forces of intervening water expulsion. The internal energy, AU, and entropy,
—TAS, contributes to the free energy for each pore width of the gibbsite systems as a
function of the number of water molecules within the pore, as shown in Figure 5.

Both AU and —TAS contributions increase by decreasing the number of water
molecules in the slit pore. The internal energy is the dominant contribution to the free
energy. The entropy has modest effects in comparison. When removing water molecules
from the pore to the solution, the internal energy increases, suggesting that gibbsite-water
interactions are slightly more favorable compared to water-water interactions. The
entropic contribution (-TAS) increases, hence the entropy of the system decreases when
removing water molecules from the nanopores to the solution. Therefore, a higher number
of water molecules within the pore is more entropically favorable. This is because when
the pore is filled with water, excess volume becomes available outside the pore which
creates more disorder (note that the volume of the simulation box does not change during
the PMF calculation). In other words, water expulsion from the intervening region

between two gibbsites particles is entropically and enthalpically unfavorable.
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Figure 5. Internal energy (red) and entropic (blue) contributions to the free energy (black)
for 8.6 (a), 5.6 (b), and 4.3 (c) A gibbsite pores. The dashed lines show an average of
every 10 data points to guide the eye.



For comparison, we also calculated the entropy using the finite difference

temperature derivative of the free energy as:
A(T + AT) — U(T) 4)
AT

Here, T=300 K and AT is chosen to be 30 K. The internal energy contribution, U, is
calculated using, U = A + TS. The results are shown in supporting information for 4.3 A
gibbsite pore. The two calculation methods (fluctuation theory approach and finite
temperature derivative) provide consistent trend for the entropic and internal energy as a
function of number of water molecules in the nanopore. However, the finite temperature
derivative method not only requires additional simulations, but also needs additional
simulation time to produce smoother trends. Therefore, the fluctuation theory approach
gives better results. We also applied the fluctuation theory approach to understand the
contribution of internal energy and entropy to the free energy profile for pyrophyllite
system. However, because the magnitude of the free energy change as a function of
number of water molecules in pyrophyllite nanopores is very small (e.g., the scale of
Figure 2b) compared to gibbsite system, a clear trend on the changes of internal energy
and entropy is not visible (see supporting information). Therefore, we cannot make any
conclusion about changes in internal energy and entropy as a function of water molecules
in pyrophyllite nanopore.

4. Conclusion

We applied metadynamics molecular simulations to investigate the free energy of
removing water molecules confined in gibbsite and pyrophyllite nanopores of three
different pore widths. The interpretation of simulation results is linked to the water
expulsion from the intervening region between two particles during aggregation/oriented
attachment to provide an energetic picture of this poorly understanding process. For
gibbsite, removing water from intervening region is energetically uphill, with unfavorable
entropy and enthalpy. The closer the particles approach each other, the harder it is to expel
water molecules. The results for pyrophyllite are different from that of gibbsite, i.e., water
expulsion is spontaneous. The smaller the pore, the more favorable the water removal.
We also observed that water can form a hydrogen bond with the gibbsite surface more
abundantly resulting in long water chains in nanopore during water expulsion. For
pyrophyllite system, water molecules usually form a large cluster instead of a water chain
to maximize a hydrogen bond network among themselves. Overall, this work provides
insight into the water expulsion from the intervening region between two particles during
aggregation/oriented attachment.
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