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Mesoscale simulation of aggregation of imogolite nanotubes from potential of mean force interactions

The aggregation of colloidal clay mineral particles plays an important role in controlling the mechan-ical and transport properties of soils. Interactions and aggregation of plate-like montmorillonite particles were previously studied with the help of Molecular Dynamics (MD) simulation. This paper investigates the aggregation of cylindrical imogolite-like phyllosilicate nanotubes. Nano-scale MD simulations are carried out to find the potential of mean force between two nanotubes. This PMF is then used in a mesoscale simulation that represents interactions between elemental nanotubes through coarse-graining. We investigate the distribution of water molecules around the curved surfaces, and the effects of the surface charge density and tube length on aggregation. Shorter nanotubes were found to form larger stacks.

Introduction

Clay are among the most abundant minerals on the earth with important industrial applications in construction, environmental, pharmaceutical, and process industries. As a particulate material, the aggregation of particles is one of the most important factors governing the bulk properties of clay, including stiffness, strength, and plasticity in the field of mechanical and civil engineering.

Clay minerals have layered structures at nanoscale, most commonly in the form of some combination of tetrahedral silicate and octahedral alumina layers bonded through sharing of oxygen atoms. The layers constructed from the building blocks come in different sizes and can also foil up to form rolls or tubes. Natural imogolite nanotubes are formed as weathering products of volcanic ash and are tubular in shape with a typical diameter researchers have studied the interactions between platelike particles through molecular simulation, either focusing on the behaviour under different thermodynamic conditions or as a bridging stage between atomistic and mesoscale simulations [4][5][6][7][8][9]. However, the interactions of particles with curved surfaces have not been investigated in detail. This paper studies the aggregation of imogolite-like aluminosilicate tubular particles at mesoscale through molecular dynamics (MD) simulation. Similar methods have been applied to Namontmorillonite in [4] and have provided useful information about the aggregation behaviour, mechanical and transport properties.

In order to get an accurate representation of interparticle interaction, we proceed with free energy perturbation calculations of the water-mediated interaction of two nanotubes, from which the potential of mean force (PMF) (free energy related to the distance between particles) is obtained. The free energy curve (obtained from the atomistic simulations) is then used to calibrate an effective mesoscale pair potential. With the calibrated potential, mesoscale simulations are carried out with coarse-grained particles. We study the geometric properties during the aggregation process for systems with particles of different lengths.

Nanoscale simulation

Simulation methods

We initially compute the free energy associated with the interactions of two imogolite nanotubes in a parallel configuration. We consider an elemental imogolite using data provided in [10] from X-ray diffraction experiments. The primitive cell ((OH) 3 Al 2 O 3 SiOH) has a height of 8.4 Å containing 1/20 sector of a full cylindrical segment. We construct the typical particle segment containing three repetitive segments resulting in a height of 25.2 Å (Figure 1). In order to simulate the interaction of two tubes, we created an orthorhombic simulation box with dimensions 127.0 Å (x) × 63.0 Å (y) × 25.2 Å (z), and periodic boundary conditions at all faces. Two segments of tubes were put at a certain separation d in x-direction in the box parallel to each other and to the zaxis, aligned along the centre line in the x-direction and centered within the unit cell. The centre-to-centre distance between the tubes, denoted by d in the following discussions, will be the controlled parameter, while periodic boundary conditions represent very long imogolite tubes. Horizontal dimensions (x and y) of the box are chosen so as to leave enough space from the tube to the boundaries (more than 20 Å clearance) in order to eliminate the effect from images of the tubes in neighbouring periodic copies of the simulation box. In terms of the size of a water molecule (≈ 3Å), 20 Å corresponded to more than 6 layers of water when solvated, which was deemed adequate to eliminate unwanted effects from boundaries or neighbouring images. The height of the cell in the z-direction, 25.2 Å, corresponds to 3 times the length of the primitive cell of imogolite. After we set the tubes at different spacing d i in place, water molecules are added through a predefined orthogonal lattice of 3.1 Å (x) × 3.03 Å (y) × 3.2 Å (z), resulting in water density of 0.996 g/cm 3 , close to the water density under standard condition (i.e. 1 atm, 298 K) [START_REF] Atkins | Chemical Principles, the Quest for Insight[END_REF]. The choice of the lattice constants was to avoid conflict between water molecules from the adjacent periodic simulation box upon creation. Figure 2 shows a typical configuration.

After initial setup, the system was let to evolve in a canonical ensemble (NVT) under constant temperature 300 K with fixed volume using Molecular Dynamic (MD) simulation with LAMMPS [START_REF] Plimpton | [END_REF]. Temperature control was achieved through the Nosé-Hoover thermostat [13,14]. Interactions between atoms were defined by the CLAYFF force field [15], which has been previously used for molecular simulations of clay minerals [7,16]. In this model, the potential energy contains four parts: harmonic bond and angle terms for bonded atoms, and van der Waals term of the Lennard-Jones (LJ) type and long-range Coulombic electrostatic term for nonbonded atoms (see Appendix 1). Short-range (LJ) terms were calculated with a potential cut-off of 8.5 Å; while long-range Coulombic terms were calculated with the particle-particle-particle-mesh (PPPM) Ewald summation method [17,[START_REF] Hockney | Computer Simulation Using Particles[END_REF]. Timestep was set to 1 fs (10 -15 s). The system was allowed to relax for 500 ps followed by a 2500 ps production period. We recorded 501 configuration, at time intervals of 5 ps, during the production stage for each spacing d i , for the calculation of the potential of mean force. In the NVT simulations, the imogolite tubes were held fixed and rigid. Bond length and angle of water molecules were constrained with the SHAKE algorithm [START_REF] Ryckaert | [END_REF]. The centre-to-centre distance d i ranged from 25 to 60 Å, with 0.25 Å increment. The potential of mean force (PMF), corresponding to the Gibbs free energy, between the two tubes was calculated through a free energy perturbation. At each separation, the configurations were perturbed towards d i + 0.25 Å = d i+1 and to d i -0.25 Å = d i-1 . Differences in potential energy of the perturbed and original states were calculated. The free energy differences between adjacent states were calculated through the following equations [20][START_REF] Chipot | Free Energy Calculations[END_REF][START_REF] Zwanzig | [END_REF]:

G(d i → d i±1 ) = - 1 β ln exp(-β U/2) i exp(-β U/2) i±1
where d i is the starting state, d i±1 is the perturbed state, β = 1/k B T (k B is the Boltzmann constant and T is the temperature), and

U = U(d i±1 ) -U(d i ).
The average was taken over the 501 configurations mentioned above. The PMF at 60 Å was set to zero as a reference point, and the PMF at other spacings d i was back-calculated through the series of G i,i+1 .

To study the effect of surface charge of the nanotubes, we also carried out free energy calculations with charged nanotubes. Natural and synthetic imogolite exhibit relatively high cation exchange capacity [START_REF] Heckman | Climate Change Impacts on Soil Processes and Ecosystem Properties[END_REF]. This is mainly due to the surface charge distribution of the tubes and from the net charge caused by isomorphous substitution, according to, e.g. Gustafsson [START_REF] Gustafsson | [END_REF] and Heckman and Rasmussen [START_REF] Heckman | Climate Change Impacts on Soil Processes and Ecosystem Properties[END_REF], in either octahedral or tetrahedral layers. Considering the result by Gustafsson [START_REF] Gustafsson | [END_REF], which shows a weak positive local charge in the outer layer and a stronger local negative charge in the inner layer, the surface charge in our simulation was introduced as a result of isomorphous substitution in the tetrahedral inner layer. One Si atom in each 8.4 Å segment was substituted with Al atom resulting in a configuration with Si:Al = 294:138 = 2.13, leaving a net surface charge of around 0.0276 C/m 2 . To eliminate asymmetry, substitutions in consecutive segments are 120 • from each other in the plan view. To keep the system charge neutral, Na + ions were added as counterions. Since the system has infinitely long nanotubes, which does not allow material exchange between spaces inside and outside the tubes, we considered two charged cases of which one has counterions within the tubes (case A for brevity) and the other outside the tubes (case B).

Potential of mean force

PMF curves for the charge-neutral case through averaging over different lengths of MD trajectories are shown in Figure 3. The calculated free energy exhibits good convergence after averaging over 2.5 ns. In Figure 3(b), all PMF curves are obtained through averaging over 2.5 ns. The PMF curves exhibit characteristic oscillatory features on top of a general trend, with approximately equally spaced local minima by the size of a water molecule (3 Å, as is shown by the arrows on the bottom curve as an example). The interaction is repulsive when two tubes are close to each other. In the charge-neutral case and case B, there are no dominant potential wells, which is different from that of platelike particles, as presented in [7] in the case of Na-montmorillonite and [8] in the case of graphene, where there are much smaller oscillations in PMF. In order to understand the differences between platelike and cylindrical particles or more generally between slit pores and open-pore space with curved surfaces, we also studied the water distribution in the next section.

PMFs for both uncharged case and case B indicate mostly repulsion between particles. We have found in case A the charged nanotubes together with the counterions inside the tube exhibit net electric dipole moment in the direction aligned with the tubes. The dipole moments are largely constant during each NVT simulation. When the distance between the tubes is small, the two dipole moments tend to be in the same direction. When the distance between the tubes is greater than 30 Å (corresponding to the minimum of the potential well), they tend to be in the opposite direction. The magnitude of the dipole moments is largely the same. As a first approximation, we also did a power law fitting for the tail part (d greater than 35 Å) of the PMF curve for Case A and obtained a best fit power exponent of -2.87 (with correlation coefficient 0.76), which is quite close to dipole-dipole interaction's linear dependence upon d -3 . Since our aim is to investigate microstructures that develop due to aggregation, we have focused our subsequent mesoscale simulations on charged imogolite nanotubes with interior counterions (Case A) only.

Kernel density distribution of water molecules and hydrogen bonds

Kernel density estimation was carried out for oxygen atoms in water molecules and hydrogen bonds. It is Along the perpendicular bisector of the centre-tocentre line segment, we could also observe geometric features of water molecules. Within the region covered by the lower solid box (that is, y ∈ [20.41, 42.59]), distribution curves show peaks at around fixed positions. The peaks, however, are not equidistant from adjacent ones and are not of equal magnitude, but are symmetric with respect to the centre line.

We also investigated the distribution of hydrogen bonds within the above-mentioned regions. A commonly used geometric definition was adopted: a hydrogen bond is said to be established when O-O distance of two water molecules is less than 3.5 Å, and that the H-O-O angle is less than 30 • [25]. As shown in Figure 4(b,d,f), hydrogen bonds were found to have similar distribution corresponding to that of bulk water.

Mesoscale simulation

Coarse-graining technique

Mesoscale simulations were carried out using the PMF obtained in the nanoscale simulation. Nanotubes were coarse-grained into a series of spherical subparticles (Figure 5) treated as rigid bodies. Subparticles are linearly aligned. Interaction between two nanotubes was treated as the sum of pair-wise interactions between subparticles, with intra-tube interactions excluded, i.e. the potential energy of tubes A and B is, LJ potential is adopted as a first approximation, that is, the energy between subparticles α and β is

U AB = α∈A β∈B u αβ
u LJ αβ = 4 σ r αβ 12 - σ r αβ 6
The parameters were obtained through curve fitting in terms of free energy per length (Figure 6), which provides a good approximation of the trend in the computed PMF. We considered tube lengths ranging from 100.8 to 336 angstroms, equivalent to radius to length ratios of 1:10 to 1:30 (Table 1 and Section 3.2), so that it is safe to assume curve-fitting according to results from simulations with two tubes in parallel can provide us with satisfactory results. The fitted values are shown in Table 2 together with other parameters. Mass and radius of subparticles were chosen so at to represent the mass and longitudinal moment of inertia of the corresponding segment of imogolite.

Simulation setup

The mesoscale simulation was implemented using LAMMPS [START_REF] Plimpton | [END_REF]. We start with configurations with 32 tubes within a cubic simulation box with side length 100 nm on a cubic lattice (a = 500 Å), followed by a grand-canonical Monte Carlo (GCMC) simulation to put in enough nanotubes without overlapping. We considered five monodispersed cases. The total number of subparticles was kept constant to be 24,000, and the lengths of the tubes were chosen to be 100.8, 168, 201.6, 252, and 336 Å, corresponding to 12, 20, 24, 30, and 40 subparticles per tube, respectively. In the following discussion, the systems will be named 'CG' (representing 'coarse-grained') followed by the tube size. The systems were then relaxed with MD simulation in a canonical ensemble (NVT) at 300 K for more than 5.0 ns with a time step of 1 fs. The duration of their respective simulations is sufficient to allow full relaxation of the system (see Section 3.4). Temperature control was achieved with the Nosé-Hoover thermostat [13,14].

Validation of simulation

To check the convergence of the systems, we examined the thermodynamic variables. Figure 7 shows the evolution of temperature, pressure, and ratio of kinetic to total energy of the system CG-12 for the first 2.5 ns of simulation. Other systems show similar results. Thermostats for all systems secured the convergence of temperature to our desired values and pressure response also stabilised. The proportion of kinetic energy also converged.

Aggregation behaviour

Figure 8 shows the configurations of systems CG-12, CG-24 and CG-40 in the beginning and at the end of the simulations. The initial configurations from GCMC simulation are completely random. At the end of NVT simulations, tubes align with nearby tubes and form stacks. Shorter tubes give rise to stacks that are more distinguishable than those of longer tubes. The stacks do not exhibit observable long-range order as is found in [28], where the researchers have observed liquid crystalline columnar phase through various imaging technologies. The reason for this might be the difference between the systems in terms of tube lengths, electrolyte, pH, and the presence of an external electric field. These could all be good orientations for further development of this research study. To further analyse the geometry quantitatively, we calculated the order parameter of the assembly for snapshots taken along the process of relaxation. The order parameter S was defined as in [START_REF] Gennes | The Physics of Liquid Crystals[END_REF][START_REF] Andrienko | [END_REF],

S = 3 cos 2 θ -1 2
where the average was taken over all tubes and θ is the angle between the unit vector of each tube and the director vector n of the assembly. The director vector is defined as the major eigenvector of the order tensor,

Q = 1 N N p=1 u p ⊗ u p - 1 3 1 
i.e. the average of the deviatoric part of the projection tensor for the unit vector u p of tubes p = 1, 2, . . . , N. When the nanotubes are linearly aligned (prolate), θ will be close to 0 or π , and hence, S → 1. In contrast, when S is a minimum (-0.5) the nanotubes are orthogonal to each other (oblate). The case with S = 0 corresponds to random orientation (isotropic) [START_REF] Andrienko | [END_REF]. Figure 9(a) shows the effect of tube length on the evolution of the order parameter. For all cases, S remains in a small range 0.05-0.20. This means that the initial configurations generated by the GCMC simulation are random, and the aggregation process does not give rise to a preferred orientation of the tubes, which means the orientation of the stacks formed during the process are randomly oriented. This could also be observed in Figure 10 showing the radial distribution function at the beginning and end of the simulations. In the beginning, the radial distribution functions are like those for 'gaseous phase'. This means the initial configurations are dilute and tubes are uncorrelated. At the end of the simulation, the nanotubes exhibit correlations as in the liquid phase, especially in the case of CG-20 and CG-24. Apart from this, we also looked into the stack size and number of stacks in the assembly. Here a stack is defined geometrically by the following criteria:

(1) distance between centres-of-mass of the tubes is less than 40 Å and angle θ between unit vectors satisfies cos 2 θ > 0.95 (very well aligned, acute angle less than 12.9 • ); or (2) if tubes A and B belong to one stack, and B and C belong to one stack, then A and C belong to one stack.

Figure 9(b) shows the evolution of the number of stacks with time. If a tube does not form any stack with other tubes, it is counted as a stack of 1 tube. The number of stacks is normalised by the total number of the tubes in the system. All systems form more stacks during the simulation process, and the number of stacks tends to level out in the end. Short tubes tend to form more stacks than longer tubes. A difference in the dimension ratio by a factor of around 3.3 (40 to 12 subparticles) can lead to a difference in the normalised stack number by a factor of around 4 (0.8 to 0.2). We also study the stack size distribution of the final configurations of the systems (Figure 11). Shorter tubes like CG-12 and CG-20 have a large span of stack sizes and a relatively high proportion of the tubes form large stacks containing up to 91 tubes (CG-12). However, in the case of longer tubes (CG-24, CG-30, and CG-40), tubes tend to form less large stacks, and most tubes are found to be in stacks of 2-4 tubes.

Conclusions

In this paper, we have studied the aggregation of imogolite nanotubes with nanoscale and mesoscale MD simulations. Nanoscale simulations of two parallel tubular tubes provided us with the potential of mean force between the tubes, which was subsequently used to calibrate an effective interaction function between coarse-grained tubes. Mesoscale simulations of tubes with various lengths were carried out with the coarse-grained effective tube-tube interaction function, and their aggregation behaviour was studied. We found that shorter tubes were better at forming large aggregates or stacks of parallel tubes and present a greater potential of forming membrane-like microstructures. Further investigations are taken in the direction of altering the surface chemistry of the tubes, tuning the salinity of the solution, and adjusting the temperature and pressure of the systems to find the optimal stacking condition. We also plan to refine the representation of the computed PMF curve by either combining LJ and Yukawa potentials [31] or Fourier series [32]. We will also plan to study the mechanical properties of the tube assembly [33] as a function of their length.
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 1 Figure 1. Representation of a section of the nanotube in the simulation. (a) Plan view and (b) front view.

Figure 2 .

 2 Figure 2. Simulation setup: plan (upper) and front section (lower) views. The configuration was taken after 2.5 ns NVT simulation of the system with charge-neutral nanotubes. Boxes in the plan view are explained in Sections 3.2 and 3.3.

Figure 3 .

 3 Figure 3. (a) Convergence of potential of mean force curve for charge-neutral case; (b) potential of mean force curve for cases with charge-neutral particles (middle), charged particles with counterions outside (upper) and inside (lower). The horizontal axis is the distance between the two nanotubes, and the vertical axis the free energy or potential of mean force per unit length in the longitudinal direction.

Figure 4 .

 4 Figure 4. Probability density distribution of water molecules (a, c, e) and hydrogen bonds (b, d, f). The plots were produced with kernel density estimation averaged over 500 configurations. Vertical axes are the likelihood to find an oxygen atom of water/a hydrogen bond. (a) Water, between (lower solid box), (b) hydrogen bonds, between (lower solid box), (c) water, beside (upper solid box), (d) hydrogen bonds, beside (upper solid box), (e) water, across, and (f) hydrogen bonds, across (dashed box).equivalent to a smoothed histogram or a probability density function. The vertical axes of these plots indicate the relative likelihood of finding an oxygen atom or hydrogen bond. In the following discussion, the name 'density distribution' is used for short. Each curve is the result of averaging over 500 configurations over 2.5 ns. Figure4(a) shows the density distribution along the x-axis of oxygen atoms in water molecules within the region between the tubes indicated by the lower solid box in Figure 2. For a certain d i , the region is x ∈ [63.5 -(d i /2) + 11.09, 63.5 + (d i /2) -11.09] = [74.59 -(d i /2), 52.41 + (d i /2)] and y ∈ [31.5 -11.09, 31.5 + 11.09] = [20.41, 42.59]. In Figure 4(a), the density profiles share similar distributions, with the highest density close to the surface of the nanotubes. This corresponds to a formation of a denser

  Figure 4(e) shows the distribution of water molecules along the y-direction within the dashed box shown in Figure 2, corresponding to the region: x ∈ [74.59 -(d i /2), 52.41 + (d i /2)]. Beyond the edges of the two tubes (that is, y ∈ [0, 20.41) ∪ (42.59, 63.0]), water molecules are less structured.

Figure 5 .

 5 Figure 5. Schematic representation of the coarse-grained particle, rendered with Visual Molecular Dynamics (VMD) [26].
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 6 Figure 6. Curve-fitting with LJ and LJ/Coulomb potential forms according to free energy per length data.

Figure 7 .

 7 Figure 7. Time evolution of thermodynamic variables of the system with tubes with 12 sub-particles: (a) temperature, (b) pressure, and (c) energy ratio.

Figure 8 .

 8 Figure 8. Configurations of three systems (CG-12, 24, and 40) in the beginning and end of the simulations. Size of the subparticle was downscaled to 3 Å in radius for clearer observation of the aggregation behaviour. Rendering was achieved with OVITO [27]. (a) CG-12, initial; (b) CG-12, after 5000 ps; (c) CG-24, initial; (d) CG-24, after 6500 ps; (e) CG-40, initial; and (f) CG-40, after 8500 ps.

Figure 9 .

 9 Figure 9. Evolution of order parameter (a) and normalised number of stacks (b) with time. The number of stacks are normalised by the total number of imogolite nanotubes. Individual tubes not attached to others are counted as stacks with a size of 1. N s refers to the number of stacks, and N p the total number of particles.

Figure 10 .

 10 Figure 10. Radial distribution function calculated with respect to the centres-of-mass of the tubes at the end of the simulations.

Figure 11 .

 11 Figure 11. Probability density distribution of finding a tube in a stack of a certain size at the final configurations of systems (a) CG-12 and CG-20; (b) CG-24, CG-30, and CG-40. Stacks of size 1 are not shown in the plots. (a) CG-12 and CG-20, and (b) CG-24, CG-30, and CG-40.

Table 1 .

 1 Parameters for systems with coarse-grained tubes of different lengths.

	Number of sub-particles	12	20	24	30	40
	Equivalent tube length (Å)	100.8	168.0	201.6	252.0	336.0
	Number of tubes	2000	1200	1000	800	600
	Total simulation time (ps)	5000	5500	6500	7500	8500

Name for the system

CG-12 CG-20 CG-24 CG-30 CG-40

Table 2 .

 2 Parameters for mesoscale force field.

	Parameter	Short	Unit
		2.294	kcal/mol
		9.6	kJ/mol
	σ	27.1	Å
	Subparticle mass	4752.69	g/mol
	Subparticle diameter, φ Subparticle spacing, δ	27.27 8.4 *	Å Å
	Notes: Calculation of mass and diameter of subparticles is shown in the
	appendix. (*) subparticle spacing is actually smaller than the radius: subpar-
	ticles were overlapping. But since particles were treated as rigid bodies, this
	would not generate problem or unphysical phenomena.	
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Appendices Appendix 1. CLAYFF force field

CLAFF is a force field proposed in [15]. The parameters was obtained using structural and spectroscopic data fitted to some simple compounds. It consists of non-bonded and bonded interactions, of which the former includes long-range Coulombic interactions and cut-off van der Waals interactions in Lennard-Jones form, and the latter includes harmonic bond and angle stretching terms, i.e.

The four terms take the following forms:

where r ij , q i , q j and θ ijk are the distance between atoms i and j, their charges and the angle formed by atoms i, j, and k; k 1 , k 2 , r 0 , and θ 0 are constants; 0 is the dielectric constant of vacuum; σ ij and ij are constants that are specific to atom types of atoms i and j and is calculated from per-type property through The parameters mentioned above are listed in Tables A1 andA2. In LAMMPS, the LJ potential takes a slightly different form,

Conversion between the two sets of parameters are

Appendix 2. Subparticle properties in mesoscale model

The mass of a subparticle in the mesoscale simulation was obtained from longitudinal line density of the imogolite nanotube, which was 565.797 g/Å.mol, so that M sub = λL = 565.797 × 8.4 = 4752.69 g/mol (A1)

The radius was calculated so as to keep the longitudinal component of the moment of inertia correct. For a spherical subparticle, I subparticle = 2 5 MR 2 reduced = I real , so that

or in terms of diameter φ = 27.27 Å. This is common to subparticles in all tubes.