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Abstract

:

We report the results of large-scale molecular dynamics simulations of adsorption nanoparticles on solid surfaces. The particles were modeled as stiff aggregates of spherical segments. Three types of particles were studied: rods, rectangles, and triangles built of the same number of segments. We show how the particle shape affects the adsorption, the structure of the surface layer, and the degree of the removal of particles from the solvent. The systems with different segment–segment and segment–surface interactions and different concentrations of particles were investigated. The ordered structures formed in adsorption monolayers were also analyzed. The results are consistent with experimental observations.
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1. Introduction


For over two decades, nanoparticles have found substantial and growing roles in science and technology. We can now produce nanoparticles of various shapes, both homogeneous and heterogeneous, surface-modified particles, including patchy and hairy particles, and many more [1,2,3,4]. The great variety of nanoparticles creates many possibilities for their technological applications in numerous fields, such as heterogeneous catalysis [5], the production of different electronic devices [6], biological and chemical sensors [7], and medicine for the imaging, diagnosis, and treatment of diseases [8].



Nanoparticles not only have many practical applications but are also very interesting from a purely cognitive point of view. Therefore, different systems containing nanoparticles have been studied, mainly various bulk phases and fluid–fluid interfaces [9,10]. Most of the research has concentrated on the self-assembly of nanoparticles leading to the formation of new ordered structures. Several excellent reviews have been made available in summarizing the self-assembly strategies according to different shapes and interactions [11,12].



Relatively little attention has been paid to the study of nanoparticles on solid surfaces. However, the experimental and theoretical investigations have shown that the structure of the adsorption layer containing nanoparticles can be controlled by the surface potential [13,14,15,16,17,18,19,20,21,22,23,24,25,26]. Various theoretical methods have been used for modeling the interaction of nanoparticles with solid surfaces, including computer simulations [15,16,17,19,20,21,22,26] and density functional theory [18,23,24].



The behavior of different particles near solid surfaces has been studied. In particular, studies of hairy particles have focused on the changes in the internal structure of the polymer coating on the different substrates, and the surface-induced self-assembly [16,17,18,19,20,21]. Moreover, the influence of the substrate on the behavior of spherical patchy particles [22] and, above all, Janus particles have been investigated [23,24,25]. Much effort has also been devoted to the study of pore-confined Janus particles [25,26] to explore how interactions between particles, the nature of pore walls, and their separation influence self-assembly.



The process of adsorption of nanoparticles on solid surfaces has rarely been investigated. Usually, nanoparticles are considered as the adsorbent, but not adsorbate [27,28]. However, recently the importance of the adsorption of nanoparticles on solids has been increasing. Many commercial products containing nanoparticles release them into the environment. They should, therefore, be treated as a new type of potentially toxic pollutant. For example, silver particles are a very popular aseptic agent, but they can accumulate in the food chain and pose a threat to the environment. Research is ongoing on methods for removing nanoparticles from the environment. One of the most promising methods is just adsorption on solid surfaces [27].



Research on the adsorption of nanoparticles on solids was stimulated by achievements in understanding the adsorption mechanism of small molecules, polymers, and peptides. Nevertheless, this issue has not been the subject of systematic theoretical research and a number of detailed questions have not yet found a satisfactory answer. So far, the influence of particle shape on the amount of adsorption and the morphology of surface layers has not been investigated. Our research aimed to fill this gap. The influence of shape on the behavior of nanoparticles at the liquid–liquid interface has already been discussed in detail [9]. Moreover, the shape effect in cellular uptake of nanoparticles has been confirmed [29]. The results of these studies inspired us to investigate the influence of the shape of nanoparticles on the adsorption on the surfaces of solids.



In this work, we analyzed the behavior of rods, rectangular plates, and triangular plates on different surfaces. We dealt with nanoplates because such nanoparticles can have particularly interesting catalytic [30], optical [31], and antibacterial [32] properties.



We focused on the role of particle shape in the adsorption and assembly. Our goals were twofold. Firstly, we wanted to answer the question of how the particle’s shape influences the amount of adsorbed particles and, thus, the ability to remove them from the solvent. Secondly, we studied the structure of surface layers in different conditions. For this purpose, we changed the interactions between particles, their interactions with the substrate, and the system density. Finally, we concentrated on the morphology of monolayer films formed on the substrate via adsorption.



Our simulations proved that the particle shape can play a key role in the adsorption, removal of nanoparticles from the bulk phase, and surface-induced assembly. However, quantitative effects associated with the particle shape considerably depend on the interactions in the system and the concentration of nanoparticles. We have formulated a few detailed conclusions regarding the behavior of nanoparticles in different systems. In general, the behavior of rigid rods on solid surfaces is different than that of plates. For example, we found that in good adsorption conditions, there are more rods than plates and more triangles than rectangles in the surface layer. Moreover, surface layers built of plates considerably differ from those formed by the rods, they are thicker and more “rough”. Rods are adsorbed parallel to the surface, in contrast, the plates are slightly tilted relative to the substrate. In dense monolayers, rods form ordered structures more easily than plates. The shape of the particle determines the type of ordered phases formed.



This paper is organized as follows. In Section 2, we present the results concerning the adsorption of different nanoparticles, their removal efficiency, the structure of surface layers, and the morphology of adsorbed monolayers. Section 3 describes the model used and the simulation protocol. Section 4 concludes the study.




2. Results and Discussion


2.1. Description of Studied Systems


We address here the issue of the behavior of nanoparticles of various shapes on solid surfaces. It is well-known that the nanoparticle shape influences its adsorption properties. Therefore, it is desirable to investigate how the shape of nanoparticles affects the behavior on solid surfaces. The scope of the study was quite wide. We investigated the effects of nanoparticle shape, the adsorption energy, and the inter-particle interactions on the adsorption process and the structure of the surface layer. We varied the system parameters to achieve results that would reveal general trends in the behavior relevant to practical applications. We considered the adsorption of two model particles, inert and attractive ones, on the weak (   ε s *  = 2.0  ), moderately strong (   ε s *  = 3.5  ) and strong surface (   ε s *  = 5.0  ). The average density of the systems varies from    ρ 0  = 0.02   to    ρ 0  = 0.06  .




2.2. Adsorption of Nanoparticles on Solid Surfaces


To characterize an amount of adsorption, we have computed the following quantities: (i) the excess adsorption, (ii) the real adsorption, and (iii) the degree of the removal of the particles from the bulk phase. The calculations were made for different sets of system parameters.



We begin with the discussion of excess adsorption isotherms presented in Figure 1. The results for inert and attractive particles are shown in the left and right panels, respectively. We see here that the excess adsorption is always greater for stronger surfaces and for attractive particles. The strongest influence of the inter-particle attraction is observed for rods that have the surface most exposed to contact with other particles.



The most important finding is that particle shape significantly affects excess adsorption. However, this influence depends on the system parameters. We observe the following relationships:




	-

	
  Γ ( r o d s ) < Γ ( r e c t a n g l e s ) < Γ ( t r i a n g l e s )  , for inert particles and weaker surfaces;




	-

	
  Γ ( r e c t a n g l e s ) < Γ ( r o d s ) < Γ ( t r i a n g l e s )  , for inert particles and the strongest adsorbent;




	-

	
  Γ ( r e c t a n g l e s ) < Γ ( t r i a n g l e s ) < Γ ( r o d s )  , for attractive particles.









Notice that for inert particles and weak surfaces, the adsorption of plates is significantly stronger than the adsorption of rods, while the opposite effect is observed for attractive particles. The attractive plates are strongly sucked out from the surface layer by particles in the bulk phase. Moreover, the excess adsorption of rectangles is always lower than that of triangles.



We counted the real adsorption from Equation (6) using the thickness (h) of the surface layer estimated from the density profiles. Determination of the h is not straightforward because the density gradually tends to the bulk value, and even small fluctuations in density can affect the estimation. We assumed that the dividing surface between the adsorption layer and the bulk phase is located at the distance from the surface at which the local density of segments differs from its bulk value more than   5 %   [20].



Figure 2 shows the real adsorption plotted as the function of the average system density,   ρ 0  . The effect of the shape of particles on the real adsorption, N, is qualitatively the same as in the case of the excess adsorption,  Γ . Surprisingly, for inert particles and the strongest surface, the real adsorption isotherms for different particles are similar. However, for attractive particles, the impact of shape is significant. This is a consequence of the complex interplay between particle–particle and particle–surface interactions in the inhomogeneous system.



In addition, we also evaluated the degree of the removal of the particles from the bulk phase. We found that the shape of the particles affects the efficiency of their removal from the solvent. The degree of removal of particles,  ν , always rises strongly with increasing adsorption energy and attractive interaction between particles. Figure 3 displays the results for attractive particles. We see here that the degree of removal considerably increases with increasing the average density,   ρ 0  . Moreover, for the strongest adsorbent, the removal of rods is the most effective. Completely different results were obtained for inert particles.



In this case, the degree of removal changes only slightly with the   ρ 0  . Moreover, the removal efficiency is considerably lower, for example, when    ε s *  = 5.0   and    ρ 0  = 0.06  ,   ν ( r o d s ) = 0.45  ,   ν ( r e c t a n g l e s ) = 0.44  , and   ν ( t r i a n g l e s ) = 0.46  . This means that the removal of triangular plates is the easiest, but the shape of the effect is insignificant.




2.3. Structure of Surface Layer


To complete the picture of the behavior of nanoparticles on a solid surface, we computed the selected structural characteristics of studied systems and analyzed the relevant snapshots. We discuss here the following functions determined for considered particles: (i) the segment density profiles obtained for different densities and the fixed energy of interaction with the substrate, (ii) the segment density profiles obtained for different energies of interaction with the substrate and the fixed density, and (iii) the orientation-order parameter as a function of the energy of interaction with the substrate.



Figure 4 presents the density profiles of segments for inert (solid lines) and attractive (dashed lines) rods (a), rectangles (b), and triangles (c), plotted for    ε s *  = 3.5   and different densities,   ρ 0  : 0.02 (black lines), 0.04 (red lines), and 0.06 (green lines). The increase in the average system density causes an increase in the segment density near the substrate. All density profiles   ρ (  z *  )   show one well-pronounced and high maximum at    z *  ≈ 0.89  . This indicates the presence of a relatively dense adsorption layer on the surface. Then, the density falls to a minimum at    z *  ≈ 1.53   or    z *  ≈ 1.40   for inert and attractive particles, respectively. It is worth noting that these minima are lower than the bulk density. The more particles there are in the first layer, the deeper the minimum.



Density profiles were estimated for different particles that differed significantly, which confirmed disparate morphologies of the adsorbed layers. In the case of inert rods, apart from the high first maximum, the profiles exhibit a small and wide peak indicating the formation of the second layer. This suggests that inert rods are adsorbed parallel to the surface. For attractive rods, however, we see a series of three gradually decreasing peaks in the density profiles. Molecules adsorbed in the first layer attract others and a multilayer surface phase is built (see Figure 4a). This conclusion is confirmed by the snapshots presented in Figure 5, where we see the adsorption monolayer for inert particles (part a) and the multilayer surface phase for attractive particles (part b).



The segment density profiles obtained for the plates are considerably different than those calculated for rods. The surface layer is thicker, the density more slowly decreases to the bulk values. The differences are particularly visible in the case of inert particles. For plates, there are three peaks in the density profile. Likely some of the rectangles and triangles are set at an angle to the surface. Indeed, one can see it in the snapshots presented in Figure 5c,e.



In the case of attractive particles, the outer part of the adsorption layer of plates is more diffuse than that for rods (Figure 4). For both plates, the adsorbed phase is more irregular and “rough” (Figure 5).



To further explore the role of particle shape in adsorption, in Figure 6 we plotted density profiles of different particles for    ρ 0  = 0.06   and two adsorbents—the weakest (solid lines) and the strongest (dashed lines).



Figure 6a shows density profiles,   ρ (  z *  )  , for the inert particles adsorbed on these adsorbents. If    ε s *  = 2.0  , all density profiles,   ρ (  z *  )  , show one well-pronounced and high maximum at    z *  ≈ 0.89  . This indicates the presence of a dense adsorption layer on the surface. For rods, there is a shallow minimum at    z *  ≈ 1.59  . Then, the density smoothly tends to the bulk value. However, two low peaks are also observed for the plates, indicating that the second and third layers of segments are present. The profiles for rectangles and triangles are very similar. As the adsorption energy increases to    ε s *  = 5.0  , the density profiles considerably change. For all particles, there are deep minima at    z *  ≈ 1.40  . For rods and rectangles, the second peaks are higher and sharper. Only a small third peak is observed for plates. Then, the densities gradually decrease to the bulk density. The surface layer is now much thicker than for the weak substrate.



Also for attractive particles (Figure 6b), the profiles obtained for rods are considerably different than those determined for plates. For    ε s *  = 2.0  , in the density profile of rods, we see three sharp peaks, while for plates the density decreases almost gradually and only two minor peaks are observed. As the adsorption energy increases to    ε s *  = 5.0  , the second peaks become higher also for plates.



The high segment density at    z *  ≈ 0.89   and the lower density in the outer part of the adsorption layer suggest that the particles lie directly on the surface. The first-layer particles occupy a larger surface area and maximize the interactions with the surface.



To provide a deeper insight into the morphology of the surface layer, we present the particles with at least one segment in contact with the surface (   z *  < 1  ). This corresponds to the arrangement of the particles adsorbed in the first layer. Figure 7 shows the exemplary distributions of particles on the surfaces with    ε s *  = 2.0   and 5. We begin with a discussion of the rod’s behavior (the top row). Most of the rods lie on the substrate. Notice that single segments or their clusters containing fewer than six segments in the snapshots correspond to molecules at an angle to the substrate. Inert rods are randomly distributed on the weak adsorbent (part a). It is interesting, however, that on the strong surface (part b), inert rods assemble into clusters where they are arranged parallel to each other. These clusters are randomly oriented. We see here islands of the smectic phase. Obviously, more particles are adsorbed on the strong surface. The density of the first layer is high, and packing effects are significant. The entropy-driven ordering is observed. In the case of attractive rods, both enthalpy and entropy contributions to the free energy support the formation of the smectic phase (see part c). We discuss this issue in detail in the next paragraph.



In lower rows, we show results for plates. We see here that considerably fewer inert plates lie on the weak substrate (parts d, g). With increasing the energy   ε s *   more particles are adsorbed parallel to the surface. In dense phases, inert plates form small islands of ordered structures. This tendency is reinforced for attractive particles (Figure 7f,i). Rectangles are arranged parallel to each other, while triangles form “zippers” built of inversely oriented particles.



We also analyzed the second adsorption layer (not seen here) and found that only rods are parallel to the surface, but the plates are randomly oriented to the substrate. The rods form “low walls” at the surface, while for plates, the outer part of the surface layer is chaotic.



To quantify the orientation effects, we calculated the orientation-order parameter   S z   shown in Figure 8. Indeed, rods always adsorb parallel to the surface, the order parameter    S z  = − 0.5  , and does not change with increasing adsorption energy. Contrary, a considerable part of plates are tilted to the surface. Nevertheless, the orientation parameter   S z   still is low and varies from −0.48 to −0.02 (for attractive triangles). This corresponds to the dihedral angle with the surface    7 ∘  <  (  90 ∘  − θ )  <  34 ∘   . The parameter   S z   decreases with the increasing adsorption energy. Thus more plates lie parallel to the stronger adsorbents. For the weakest adsorbent, in the first layer, the parallel adsorption of rectangles is slightly stronger than the parallel adsorption of triangles. The opposite is true for strong adsorbents. A crossing point shifts to lower adsorption energy for attractive plates. Moreover, attractive interactions between particles cause more particles to be set at a certain angle to the surface. It is likely that interactions with particles in the bulk phase cause flat nanoparticles to be unable to align perfectly parallel to the surface.




2.4. Surface-Induced Assembly of Nanoparticles


We carried out an additional series of simulations for systems in which the monolayer adsorption occurs. For this purpose, we considered particles with a low average density    ρ 0  = 0.01   in contact with strongly attractive surfaces with    ε s *  = 5.0   and    ε s *  = 6.5  . The analysis of the density profiles always confirmed the formation of only one adsorption layer.



The structures obtained for both surfaces are very similar. This observation seems to be slightly surprising. However, in considered systems, almost all particles are absorbed even on the weaker adsorbent. Therefore, an increase of   ε s *   only slightly affects the amount of adsorption and the structure of the structure of the monolayer. In Figure 9, we show exemplary equilibrium configurations of rods, rectangles, and triangles on the surface with adsorption energy    ε s *  = 6.5  . To facilitate the analysis of the structure, rod ends, and vertices of rectangles and triangles are marked in green. We see that the nanoparticles have a tendency to assemble into ordered structures. Rods form patches of the smectic phase where the particles are arranged in parallel. These islands are randomly oriented towards each other. Notice that such an ordering is observed also for inert rods and the attractive interactions between particles only slightly increase the size of the ordered lobes. Significantly different results were obtained for the plates considered. In order not to lengthen the article, we do not show snapshots of monolayers built of inert plates. For the inert rectangles, the particles are randomly distributed on the surface. For the attractive rectangles, however, we see chaotically distributed short chains glued together with the longer sides (see Figure 9c). Under assumed conditions, the rectangles do not form extensive ordered assemblies on the time scale of our simulations. In turn, the inert triangles assemble into small ordered patches, while for attractive triangles, large ordered islands are visible (marked with a black line in Figure 9d). The triangles form alternatively oriented stripes with vertexes located on a triangular lattice. As has been mentioned, due to attractive interactions between particles, their adsorption on the substrate increases. This means that the packing of the monolayer also increases and the tendency to entropy-driven ordering intensifies.



The results of our simulations are qualitatively consistent with those obtained from previous theoretical [33,34,35] and experimental [36,37,38,39] studies devoted to the shape-directed assembly of nanoparticles.



The monolayer adsorption of nanoparticles on the substrate corresponds to covering the surface with tiles. For sufficiently dense monolayers, close-packed structures are obtained. It is well-known that rods tend to assemble into the smectic phase [36]. The plates can form more complex space-filling coverings. The simplest are Platonic surface tilings, which consist of regular triangles, squares, or hexagons. Glotzer and coworkers [33,34,35] studied the self-assembly of hard polygon plates in two-dimensional systems using Monte Carlo simulations. They considered inert plates with excluded volume interactions only and particles with edge-to-edge and edge-to-vertex attractive interactions or both. They found that triangles and squares can assemble without attraction between the nanoplates and due solely to entropy. The vertexes of these plates are located at triangular and square lattices, respectively. However, the behavior of rectangles was different. In the case of rectangles with low values of aspect ratio degeneration, rectangular tilings were observed [34]. On the other hand, rectangles with aspect ratio 2 have a tendency to self-assemble the random domino (parquet) tiling [35] because of their higher entropy.



Unfortunately, there are no experimental results regarding the structure of layers formed on solid surfaces solely as a result of the adsorption of nanoparticles. Methods to assemble nanoparticles in precise two- and three-dimensional architectures are described in the review [39]. The predominant technique simply dries colloidal suspensions of nanoparticles on substrates. However, in the interfacial assembly method, the ordered structure is formed at a liquid–liquid interface and transferred onto glass substrates for solvent evaporation [38].



The structures predicted by our simulations have been found in real systems [36,37,38,39]. For example, Ye et al. [38] synthesized colloidal upconversion nanophosphors of various shapes and compositions and investigated their assembly on glass substrates. They have shown that nanorods form islands of smectic phases (Figure 1d in [38]). After slow evaporation of concentrated   L a  F 3    triangular nanoplates from solution in toluene/hexane, a hexagonally close-packed (hcp) superlattice formed on the TEM grid [37]. In this superlattice, the nanoplates lay flat on the face and self-assemble into nanoarrays via edge-to-edge formation (Figure 2a in [37]). The structure of the adsorbed layer shown in Figure 9b is the same.





3. Materials and Methods


3.1. Model of the Studied Systems


We considered three types of nanoparticles in contact with solid surfaces within the coarse-grained model [40]. The particle consisted of six spheres (segments) connected together to form rods and rectangular and triangular plates. The considered particles were stiff. Each segment had a diameter  σ . We used an implicit solvent model [41,42], which treats solvents as a continuous medium surrounding the particles. This meant that no solvent molecules were present in the system, but all interactions should be considered as effective, solvent-mediated ones.



The interactions between the particle’s segments were modeled through the truncated and shifted Lennard–Jones potential [43].


  u =      4  ε p     ( σ / r )  12  −   ( σ / r )  6    − Δ u  ( r )  ,        r <  r  c u t   ,       0 ,         otherwise ,        



(1)




where


  Δ u  ( r )  = u  (  r  c u t   )  +  ( r −  r  c u t   )  ∂ u  (  r  c u t   )  / ∂ r .  



(2)







In the above,   r  c u t    is the cutoff distance for the particle’s segments interactions, while   ε p   characterizes the strength of effective interactions between them. To switch on or switch off attractive interactions, we use the cutoff distance. For attractive interactions,    r  c u t   = 2.5 σ   while, for repulsive interactions,    r  c u t   = σ  . By changing the values of the parameters   ε p   and   r  c u t    we can mimic the presence of various solvents.



The energy of interactions of segments with the solid surfaces is given by the Lennard–Jones (9-3) equation [44,45,46].


   v k   ( z )  =       2 15   ε s     ( σ / z )  9  −   ( σ / z )  3    ,        z <  z  c u t   ,       0 ,         otherwise ,        



(3)




where   z  c u t    is the cutoff distance, while   ε s   is the parameter characterizing interactions of segments with the surface. The potential (3) is commonly used to describe the interactions of particles with a flat structureless solid surface [44,45,46]. As previously, to switch on or switch off attractive interactions with the surface, we used the cutoff distance parameters. The energy of the wall potential was shifted so that it fell to zero at the cutoff distance [15,18].



We introduce the standard units commonly used in molecular simulations [47]. The diameter of spheres is the distance unit,  σ , the segment–segment energy parameter for softly repulsive segments,  ε  is the energy unit, and the mass of a single segment is the mass unity, m, and the unit of temperature is   ε /  k B   , where   k B   is the Boltzmann constant. The basic unit of time is   τ = σ   ε / m    . We neglect the gravity effects.



As usual, we defined the reduced (dimensionless) quantities [47], such as the reduced distances    l *  = l / σ  , the reduced energies    E *  = E / ε  , and the reduced temperature    T *  =  k B  T / ε  .



We also defined the number density of segments   ρ = 6  N p  / V  , where   N p   denoted the number of particles and V was the volume of the system.



In the implicit solvent model, effectively repulsive interactions between particles correspond to solvophilic (hydrophilic) particles. Particle–solvent interactions are more energetically profitable than particle–particle ones. Repulsive segments do not form clusters. In this paper, we call particles built of repulsive segments “inert particles” (inert towards each other). Inversely, attractive effective particle–particle interactions mimic the solvophobic (hydrophobic) particles that have a tendency to aggregate.



We carried out simulations for attractive substrates. In this case, our model can be used to describe distinct real systems, namely: (i) non-polar particles on non-polar (hydrophobic) substrates or (ii) polar particles on polar (hydrophilic) substrates. For example, in the case of metallic nanoparticles, strong attractive interactions with silica substrate are observed while organic particles are attracted by non-polar methylene-capped silicon surface [14].



We used the energy parameters assumed in the previous simulations of nanoparticles near the surfaces [15,16,17,18,19,20,21,48].




3.2. Simulation Protocol


We performed molecular dynamics simulations using the LAMMPS package [45,46], followed by post-processing by means of in-house codes to evaluate the system observables. Nose–Hoover thermostat was applied to regulate the temperature. The simulation box was a cuboid of reduced dimensions equal to   L x *  ,   L y *  ,   L z *   along the axes x, y, and z, respectively. Standard periodic boundary conditions in the x and y directions were assumed. The solid surface was located at    z *  = 0.0  . From the top, the system was closed by a repulsive wall. Temperature was kept at    T *  = 1  .



All simulations were carried out for 7200 segments (1200 particles). Our simulations were performed for repulsive and attractive particles. We carried out two series of simulations. Firstly, we modeled adsorption on three surfaces characterized by the energy parameters:   ε s  =2.0, 3.5, and 5.0. For each set of parameters, we studied systems with the average densities of segments,   ρ 0  : 0.02, 0.03, 0.04, 0.05, 0.06. We assumed that    L x *  =  L y *  = 60 σ   or   85 σ   and the average density of the system was regulated by changing the box height (  L z *  ). Secondly, we investigated the monolayers formed on the surfaces with   ε s *   = 5 and 6.5. For this purpose, in the system with    ρ 0  = 0.02   we increased the surface, leaving the height of the box and the number of particles unchanged. Then the average density of segments was    ρ 0  = 0.01  .



Each system was equilibrated using at least   10 8   time steps until its total energy reached a constant level, at which it fluctuated around a mean value. The production runs had at least   10 7   time steps. During the simulation, we calculated the density profiles of segments and total energy.



Examples of the equilibrium configurations were presented using the OVITO [49].




3.3. Computed System Observables


The thermodynamic measure of the adsorption is the excess adsorption (per unity of the surface area) defined as


  Γ =  ∫ 0 h   ( ρ  ( z )  −  ρ b  )  d z ,  



(4)




where   ρ ( z )   is the local density of segments and   ρ b   is the density of the segments in the bulk phase that is determined from the density profile. At equilibrium, far away from the surface, the segment density reaches a plateau corresponding to the bulk density. Obviously, the local density of the particles is    ρ p   ( z )  = ρ  ( z )  / 6  .



The excess adsorption can be obtained experimentally from the following equation


  Γ = V (  ρ 0  −  ρ b  ) ,  



(5)




where V is the volume of the adsorption system,   ρ 0   and   ρ b   are densities before and after adsorption.



In turn, the real adsorption (a number of segments in the adsorbed layer per unity of the surface area) is given by


  N =  ∫ 0 h  ρ  ( z )  d z ,  



(6)




where h is the thickness of the surface layer. We estimated h from the segment density profile [20]. For extremely low densities in the bulk phase and strong adsorption,   Γ ≈ N  .



We defined the degree of the removal of the particles from the bulk phase as


  ν = ( 1 −  ρ 0  /  ρ b  )  



(7)







To characterize the orientation of particles adsorbed at the surface we determined the angle between a rod and the normal to the substrate ( ϕ ) and the dihedral angle between a plate and the plane normal to the surface ( α ). We considered the particles with at least one segment touching the surface. Then, the orientation of rods and plates was characterized by the orientational-order parameter


   S z  = 3 c o  s 2   ( θ )  − 1  



(8)




where   θ = ϕ   or   θ = α   for rods and plates, respectively. The values of   S z   vary between −0.5 (for particles parallel to the substrate) and 1 (for particles perpendicular to the substrate).





4. Conclusions


In this work, we reported the results of large-scale molecular dynamics simulations of adsorption nanoparticles on solid surfaces. The influence of the shape of particles on their behavior on the substrates was discussed. We considered three types of particles, rods, rectangles, and triangles built of the same number of segments.



Firstly, we analyzed the adsorption of the particles on the solid surfaces. For this purpose, excess adsorption isotherms, real adsorption isotherms, and the degree of the removal of the particles from the bulk phase were evaluated for all studied systems. We found the following:




	
The shape of particles considerably affects the adsorption and the degree of the removal of the particles from the bulk phase;



	
In good adsorption conditions, there are more rods than plates and more triangles than rectangles in the surface layer;



	
For attractive particles, the degree of the removal of the particles considerably depends on the shape, and it is easier to remove rods from the environment than plates, while for inert particles, the shape effect is insignificant.








Secondly, we investigated the impact of the shape of nanoparticles on the structure of adsorbed layers and showed the following:




	
For inert particles, monolayer adsorption occurs, while for attractive ones, the multilayer surface phase is formed;



	
Surface layers built of plates considerably differ from those formed by the rods, they are thicker and more “rough”;



	
Rods are adsorbed parallel to the surface, while the plates are slightly tilted relative to the substrate;



	
All inert particles are randomly distributed over the surface of weak adsorbents, while on the strongest surface, plates form small ordered aggregates and rods assemble into larger patches;



	
Attractive particles assemble into ordered islands in which rods form patches of smectic phase, rectangles lie parallel to each other, while triangles form “zippers” built of inversely oriented particles.








Finally, we studied dense adsorption monolayers formed at very strong adsorbents. In such monolayers, we found the following:




	
Inert and attractive rods form quite large patches of smectic phase;



	
Inert rectangles do not form any ordered structures, while attractive rectangles are glued together with the longer sides into short strings;



	
Inert triangles assemble into small ordered patches, while attractive triangles form large islands of alternatively oriented stripes with vertexes located on a triangular lattice.








These results are qualitatively consistent with those obtained from previous theoretical [33,34,35] and experimental [36,37,38,39] studies of the assembly of nanoparticles. Our research shows that adsorption on solid surfaces can be used to produce ordered two-dimensional structures of nanoparticles.



In summary, we have shown how the shape of nanoparticles influences their adsorption on solid surfaces, the structure of the surface layer, and the possibility of the formation of two-dimensional ordered structures on the substrate. We hope that our results will be a starting point for further theoretical and experimental research in the field of nanotechnology and environmental protection.
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Figure 1. Excess adsorption isotherms of inert (a,c,e) and attractive (b,d,f) rods (black circles), rectangles (red squares), and triangles (green triangles) on the surfaces with    ε s *  =   2.0 (a,b), 3.5 (c,d) and 5.0 (e,f). Symbols correspond to simulation points. Lines serve as a guide to the eye. 
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Figure 2. Real adsorption of inert (a,c,e) and attractive (b,d,f) rods (black circles), rectangles (red squares), and triangles (green triangles) on the surfaces with    ε s *  =   2.0 (a,b), 3.5 (c,d), and 5.0 (e,f). Symbols correspond to simulation points. Lines serve as a guide to the eye. 
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Figure 3. The degree of the removing of the particles from the bulk phase as a function of the average system density for attractive rods (black lines), rectangles (red lines), and triangles (green lines) on the surfaces with    ε s *   =    2.0 (solid lines) and 5.0 (dashed lines). 
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Figure 4. Density profiles of segments for inert (solid lines) and attractive (dashed lines) rods (a), rectangles (b), and triangles (c) for    ε s *  = 3.5   and different densities   ρ 0  : 0.02 (black lines), 0.04 (red lines), and 0.06 (green lines). The abscissa is scaled logarithmically. 
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Figure 5. Side views of fragments of the equilibrium configurations of inert (a,c,e) and attractive (b,d,f) rods (a,b), rectangles (c,d), and triangles (e,f) adsorbed on the surface with    ε s *  = 3.5  ;    ρ 0  = 0.02  . 
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Figure 6. Density profiles of segments for inert (a) and attractive (b) rods (black lines), rectangles (red lines), and triangles (green lines) for surfaces with    ε s *  = 2.0   (solid lines) and    ε s *  = 5.0   (dashed lines);    ρ 0  = 0.06  . The abscissa is scaled logarithmically. 
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Figure 7. Views from above on the particles with at least one segment in contact with the surface (   z *  < 1  ). The left column (a,d,g) presents results for    ε s *  = 2.0   and inert particles, the middle column (b,e,h) is for    ε s *  = 5.0   and inert particles, while the right column (c,f,i) is for    ε s *  = 5.0   and attractive particles. The layers containing rods, rectangles, and triangles are shown in the top (a–c), middle (d–f), and bottom rows (g–i), respectively. Ordered patches are marked as black quadrilaterals. 
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Figure 8. The orientational–order parameter   S z   as a function of the energy   ε s *   for inert (solid lines) and attractive (dashed lines) rods (black lines), rectangles (red lines), and triangles (green lines);    ρ 0  = 0.06  . 
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Figure 9. Views from above on the equilibrium configurations of inert (a) rods and attractive rods (b), rectangles (c), and triangles (d) adsorbed on the surface with    ε s *  = 6.5  ;    ρ 0  = 0.01  . The ordered patche is marked as a black quadrilateral. 
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