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Abstract 

Engineering nano wires to develop new products and processes is highly topical due to their 

ability to provide highly enhanced physical, chemical, mechanical, thermal and electrical 

properties.  In this work, using molecular dynamics simulations, we report fundamental 

information, about the structural and thermodynamic properties of individual anatase titania 

(TiO2) nanowires with cross-sectional diameters between 2 and 6 nm, and aspect ratio (Length: 

Diameter) of 6:1 at temperatures ranging from 300 to 3000 K.  Estimates of the melting-

transition temperature of the nanowires are between 2000 and 2500 K.  The melting transition 

temperature predicted from the radial distribution functions (RDFs) shows strong agreement 

with those predicted from the total energy profiles.  Overall, the transition temperature is in 

reasonable agreement with melting points predicted from experiments and simulations reported 

in the literature for spherical nanoparticles of similar sizes.  Hence, the melting-transition 

temperature of TiO2 nanowires modelled here can be considered as shape independent.  

Furthermore, for the first time based on MD simulations, interaction forces between two 

nanowires are reported at ambient temperature (300 K) for different orientations: parallel, 

perpendicular, and end-to-end.  It is observed that end-to-end orientations manifested the 
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strongest attraction forces, while the parallel and perpendicular orientations, displayed weaker 

attractions.  The results reported here could form a foundation in future multiscale modelling 

studies of the structured titania nanowire assemblies, depending on the inter-wire interaction 

forces.  

Keywords: MD simulations, RDF, potential energy, interaction forces, anatase, titania 

1 Introduction 

Recently there has been a growing interest in understanding the properties of nanoparticles and 

their applications as they possess superior physical, chemical, thermal and electrical properties.  

These properties make nanoparticles highly desirable in a wide range of industries and 

application areas including photonics (Gorkhover et al., 2016), chemical sensors (Zheng et al., 

2000), catalysis (Chaudhari et al., 2006; Haverkamp, 2010; Soo-Jin Park, 2010) and electronics 

(Karmakar et al., 2011).  The use of nanoparticles, in the form of metallic oxides, in base fluids 

for engineering applications is fast evolving.  It has been observed through experiments (Ding 

et al., 2010; Garg et al., 2009) and numerical modelling (Okeke et al., 2011), that the suspension 

of nanoparticles in conventional heat transfer fluids such as water and ethylene glycol enhances 

the heat transfer properties of the fluids.  Nanoparticles such as nanowires are also a novel class 

of functional materials with significant potential to be developed into innovative, smart devices 

and systems (Francioso et al., 2008).  The shape of these particles provides them with enhanced 

optical and electrical properties, making them useful in a wide variety of applications.  For 

example, they can be synthesized in controlled conditions as semiconductors with enhanced 

electrical transport properties (Chen and Mao, 2006). They are also used in innovative, dye-

sensitized solar cells (DSSC) with enhanced performance of electron movement, offering low-

cost materials (Mohd Azlishah et al., 2014). Nanowires also have enhanced photo-

electrochemical properties as they can decouple the directions of light absorption and charge 
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carrier collections (Hwang et al., 2012).  Nanoparticles are also applied in the area of medicine 

for drug targeting and delivery, in vitro and in vivo diagnostics, reduced toxicity, as well as 

production of enhanced biocompatible materials (Duncan, 2003; Ferrari, 2005).  They are 

highly desirable in this area due to their large surface area to mass ratio and quantum properties 

which give them the ability to adsorb and transport other compounds such as drugs, probes and 

proteins (De Jong and Borm, 2008). They are currently being applied in the treatment of cancer 

using injectable drug delivery technologies to aid in targeting tumour cells (Ferrari, 2005).  

Most recently, a new self-reporting nanomedicine is developed to deliver chemotherapy or 

immunotherapy as well as report the effectiveness of the therapy in real-time (Kulkarni et al., 

2016).  Such applications could depend on fundamental level information about nanoparticles 

such as their structural orientations under different thermal conditions and the interaction forces 

between contiguous nano wires. 

In the current work, molecular dynamics simulations are carried out for anatase titania 

nanowires of different cross-sectional diameters over a range of temperatures.  The focus is on 

understanding their structural properties and inter-wire force-separation relations.  It is 

anticipated that these properties will play an important role in application areas such as energy 

generation and storage and targeted drug delivery (Pritesh et al., 2012; De Jong and Borm, 

2008).  Titania has been investigated widely due to its many desirable properties, including low 

cost (Lin et al., 2012), ease of production (Mahshid et al., 2007) and recyclability (Abdullah et 

al., 2016).  It exists in three crystalline forms namely rutile, anatase and brookite, with rutile 

and anatase, being the most important forms.  Using molecular dynamics simulations, studies 

on TiO2 nanospheres have been carried out previously, to understand their thermal 

characteristics such as melting transition temperature, as well as structural properties (Okeke 

et al., 2016).  In this, the melting point of the nanospheres was evaluated from the variation in 

the potential energy of the system as a function of temperature.  Also, the radial distribution 
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functions (RDF’s) of the nanoparticles were linked to the variation of potential energy of the 

system with temperature.  It was observed that changes in the gradient of a plot of potential 

energy versus temperature associated with the melting transition occurred at temperatures 

similar to those associated with the broadening of peaks in the RDFs (Okeke et al., 2016).  

Here, using a similar approach, we investigate these properties for TiO2 nanowires with cross-

sectional diameters ranging from 2 to 6 nm at temperatures from 300 to 3000 K in a vacuum.  

Furthermore, we investigate the interaction force between two nanowires with respect to 

separation distance and orientation using molecular dynamics simulations.  These forces are 

known to influence the inter-particle interactions and are useful in understanding the processing 

behaviour for particle assemblies such as aggregation, packing, flowability, adsorption, and 

stability (Zeng et al., 2010; Boal et al., 2000; Xu et al., 2006; Dong et al., 2006).  The ordering 

and assembly of particles into defined structures can be controlled by exploiting the inherent 

inter-particle interactions.  For example, by heating and applying surface pressure, nanorods 

can be engineered into nanowires as a result of a controlled, irreversible coalescence of the 

rods at the air-water interface (Min et al., 2008; Pradhan and Efrima, 2004; Acharya and 

Efrima, 2005).  Understanding interaction forces between nanoparticles at different mutual-

orientations will provide more insight into their assembly into various microstructures for a 

wide range of functional applications.  The current work illustrates an approach for predicting 

such forces as a function of particle orientation, which has never been exploited before, to the 

best of our knowledge, especially for nanowires. 

2 Simulation details 

2.1 Creation of nanoparticles 

Three dimensional anatase TiO2 nanowires (nano rods of circular cross-section) were created 

using the BIOVIA Materials Studio 7.0 modelling package (Materials Studio suite of 
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crystallographic programs).  This package is used to study and analyse models of structures at 

the atomic scale, as well as build and represent molecular structures with enhanced graphics. 

The crystallographic data for anatase presented in Table 1 (Naicker et al., 2005; Jagtap et al., 

2005), were used to build an atomistic model of a perfect crystal lattice.  Then, using the bulk 

lattice, atomic Cartesian-coordinates for cylindrical arrays of atoms, representing nanowires of 

anatase, were calculated for cross-sectional diameters ranging from 2 to 6 nm.  In this 

procedure, the unique crystallographic axis (c axis) of the tetragonal unit cell of anatase was 

aligned parallel to the unique axis of the cylinder.  The origin of the cylindrical coordinate-

system, used to describe the nano-wire, was taken to coincide with the origin of the unit cell.  

A polygonal approximation to a circular boundary condition was made so as to accommodate 

the discrete positions of atoms with orientations described by Miller indices.  The boundary 

was imposed with the constraint of maintaining charge neutrality overall.  Hence, excess 

surface atoms of titanium and oxygen were removed (Fig. 1) to ensure stoichiometric and 

electrical neutrality (Okeke et al., 2013) of the wires. 

Table 1 Experimental unit cell parameters and space group for anatase (Horn et al., 
1972; Naicker et al., 2005) 
 

The typical average length (L):diameter (D) ratio of nanowires used in previous experiments 

range between about 10:1 and 20:1 (Shirale et al., 2010; Moshofsky and Mokari, 2013; 

Gudiksen et al., 2001), however here, this ratio is limited to 6:1 due to computational 

restrictions on the total number of atoms.  The information obtained from the current 

simulations is useful and indicative of the nano scale properties of TiO2 in different shapes 

(Okeke et al., 2016).  

Fig. 1 A typical 3 nm anatase nanowire created using Materials Studio. Ti and O atoms are 
represented in red and blue colours respectively 



6 
 

The sizes of the particles and their corresponding number of Ti and O atoms are presented in 

Table 2. 

Table 2  Size nanowires with corresponding number of atoms 

 

2.2 Representation of the interatomic potentials 

The Matsui – Akaogi force field (Koparde and Cummings, 2005; Filyukov et al., 2007; 

Koparde and Cummings, 2007; Matsui and Akaogi, 1991) which is widely reported in literature 

for modelling TiO2 polymorphs, was used to carry out molecular dynamics simulations in this 

work.  This force field is known to be the most suitable for carrying out atomistic simulations 

of bulk titania polymorphs for a wide range of temperatures.  It is reliable over a range of TiO2 

configurations and is capable of reproducing structures of titania polymorphs which were 

experimentally determined, and their order of relative stability (Koparde and Cummings, 2007) 

as a function of particle size (assuming a spherical shape).  The mathematical form of the two-

body, rigid-ion interatomic potential is expressed as follows. 

ܷ൫ݎ௜௝൯ ൌ ݌ݔ௜௝݁ܣ ቆെ ௜௝ቇߩ௜௝ݎ െ ௜௝଺ݎ௜௝ܥ ൅ ௜௝ݎ௝ݍ௜ݍ  
(1) 

Here ܷ ൫ݎ௜௝൯ is the pairwise interaction energy, ݎ௜௝ is the distance between sites i and j.  A partial 

charge occurs when the electrons in chemical bonds are unequally distributed due to differences 

in electronegativity between atoms (Heinz et al., 2004).  Hence, an asymmetric distribution of 

the electrons occurs.  A partial charge model was employed   to describe the electrostatic 

interactions of the Ti and O atoms, with magnitudes of +2.196 and -1.098 (Naicker et al., 2005) 

respectively.  The parameters ܣ௜௝, ߩ௜௝ and ܥ௜௝, are provided in Table 3.  

Table 3  Potential parameters for TiO2 (Oliver et al., 1997) 
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2.2.1 Simulation methodology 

The classical molecular dynamics code, DL_POLY Version 2 (Smith et al., 2010; Smith and 

Forester, 1996), was used in this work to carry out molecular dynamics simulations.  Newton’s 

equations of motion were integrated using the Verlet leapfrog algorithm within DL_POLY. 

Simulations were carried out in the canonical ensemble (NVT), and the temperature of the 

system was maintained using the Berendsen thermostat (Smith et al., 2010; Berendsen et al., 

1984).  No periodic boundary conditions were used here.  The distance cut-offs for the energy 

and force calculations were chosen to be greater than the length of the nanowires by 10 Å, to 

ensure that all atom-atom interactions were taken into account during simulations.  The direct 

Coulomb summation technique available in DL_POLY was used in calculating the electrostatic 

interactions.  Simulations were carried out for a period of 1 ns, sufficiently long to achieve a 

steady state in the atomic structure of the particles (Okeke et al., 2016).  A time step of 1 fs 

was used in the simulations. 

3 Results and discussion 

3.1 Thermodynamic properties 

Potential energy variation with temperature for nanowires with cross-sectional diameters 

between 2 to 6 nm is presented in Fig. 2.  A general increase in potential energy with 

temperature can be observed for rods of all diameters as expected.  The melting point of the 

TiO2 nano-rods can be estimated from the change in slope of the temperature dependence of 

the potential energy manifested in the total energy profiles.  Melting points and phase transition 

temperatures have been estimated previously for anatase spherical nanoparticles from total 

energy profiles (Okeke et al., 2016), where the melting transition temperature was observed to 

range between 1500 and 2000 K for nanoparticles diameters in the range 3 to 4 nm, and 2000 

and 2500 K for diameters in the range 5 to 6 nm.  Similar approaches have been employed by 
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others (Filyukov et al., 2007) who estimated the melting point for anatase nanospheres as  

2250 K.  In Fig. 2, the rate of change of potential energy (or energy gradient) with temperature 

is observed to increase linearly especially below the melting-transition temperature for all 

particle cross-sectional diameters.  The melting transition temperature is represented by the 

region of temperature associated with a pronounced increase in the rate of change of potential 

energy with temperature.  The region of temperature that encompasses this transition is 

characterised by a temperature range with lower and upper bounds.  The gradient of the curve 

above the melting transition is less than the gradient of the curve below the melting transition 

reflecting a decrease in the heat capacity at constant volume of the liquid state compared to the 

solid state.  The melting transition temperatures for 3 nm is seen to occur between 1500 and 

2000 K, and for 4 to 6 nm, between 2000 and 2500 K.  Overall, it can be seen that the melting 

transition temperature estimated in the current work for nanowires is comparable with those 

observed in the work of Okeke, et al. (Okeke et al., 2016) and Filyukov et al, (Filyukov et al., 

2007) for spherical nanoparticles.   

Fig. 2 Potential energy of 2 – 6 nm size nanowires as a function of temperature 

 

3.2 Structural properties 

Radial distribution functions (RDFs) of Ti and O pairs for nanowires of various diameter are 

shown in Fig. 3 and 4.  RDFs describe the variation of atomic number-density as a function of 

the distance from a reference atom.  They can be employed to characterise the structure of 

liquid and solid phases (Brostow, 1977).  RDFs describe the local coordination around a 

specific atom and represent the internal structure of a material.  The probability of locating an 

atom at a distance ݎ from a reference atom compared to a homogenous material such as an 

ideal gas, of the same number density, is represented by the function, ܩሺݎሻ (Okeke et al., 2016).  
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This function is useful in estimating the coordination number ݊௜௝ሺݎሻ for distinct atomic-sites 

in a structure (Brostow, 1977).  In structural analysis, the number of nearest neighbours 

surrounding a reference/central atom is its coordination number which is also associated with 

the bond length between the central atom and its neighbouring atoms.  The coordination 

number, ݊௜௝ሺݎሻ, is given by the following expression (Brostow, 1977); 

݊௜௝ሺݎሻ ൌ නߩߨ4 ௥೘ೌೣ௥೘೔೙ݎሻ݀ݎሺܩଶݎ  
(2)

Where ߩ is the number density and is given as; ߩ ൌ ܰ ܸ⁄  in which case ܰ is the number of 

atoms/molecules in a system of volume ܸ.  In this work, coordination numbers of Ti atoms 

were determined by setting a cut off of 2.3 Å which represents the position of the first minimum 

after the first peak on the RDF plot (Hines et al., 1985).  The coordination numbers of Ti for 

the different rod diameters and temperatures are reported in Table 4. 

Table 4  Coordination number for corresponding particle size, initial bond length (before 

simulation), and temperature for anatase TiO2 nanowires 

A bond length of 1.91 Å for all diameters (fixed aspect ratio), can be observed from Table 4, 

which is similar to bond lengths observed in the literature (Naicker et al., 2005; Okeke et al., 

2016; Tang et al., 1993; Zhang et al., 2008; Banfield et al., 1993), but, in those instances, for 

TiO2 spherical nanoparticles.  A coordination number of 5 for 2 to 6 nm nanowires at 

temperatures ranging from 300 to 1500 K, can be observed in Table 4.  Similarly, for 

temperatures from 2500 to 3000 K, the nanowires are seen to have a coordination number of 

4.  In the temperature range from 300 to 1500 K the atoms have relatively highly ordered 

structures with, typically, highly coordinated atoms.  However, as the temperature increases to 

between 2000 and 3000 K, this is accompanied by an under-coordination of the atoms.  The 

melting point estimated from the total energy profile is seen to fall within the transition 

temperature region between 2000 and 2500 K in Table 4, where the coordination number drops 
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from 5 to 4.  In Table 4, the system is seen to become tetrahedrally coordinated (i.e. 4-

coordinated TiOn units, n < 6) as the temperature increases and approaches the transition 

temperature region, and the coordination number increases with increasing wire diameter (for 

a constant aspect ratio).  The tetrahedral coordination is known to represent liquid or molten 

systems (Hoang, 2008), and is usually at temperatures of about 3000 K.  

Structural configurations in the form of RDFs (generated from the time-averaged RDF values 

over the entire simulation) for typical cases of 3 and 6 nm diameter nanowires, are shown in 

Fig. 3 and 4.  The trends of the results were identical for other particle sizes, and hence, were 

not repeated here. The RDFs are observed to transform from a well-ordered to molten 

configuration for increasing temperature, as also represented in Table 4.  The well-ordered 

configuration is characterised by a profile with predominantly narrow peaks (for temperatures 

below 2000 K).  The molten configuration is characterised by a profile with fewer and 

broader/stretched-out peaks (for temperatures above 2000 K).  The narrow and broad peaks in 

the profiles of both configurations, can be best observed in the case of 6 nm in Fig. 4.  The 

greater order observed for low temperatures such as 300 K can be attributed to the higher 

coordination number of nano-rods that are highly crystalline.  However, these peaks are seen 

to broaden and stretch out as the temperature increases.  The degree of order of the peaks is 

seen to decrease with an increase in temperature, and the intensity is seen to reduce for high 

temperatures of 3000 K.  This is the region where the structure is in the liquid state.  The 

temperature at which the peaks start to broaden (i.e. 2000 K) represent the melting transition 

temperature, similar to what was observed for the meting point estimated from the total energy 

profile.  Overall, an increase in particle diameter from 3 to 6 nm is characterised by an increase 

in coordinated TiO2 units represented by an increase in well-ordered sharp peaks as the particle 

size increases.  

Fig. 3 RDF’s for Ti – Ti, Ti – O and O – O pairs of 3 nm nanowires 
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Fig. 4 RDF’s for Ti – Ti, Ti – O and O – O pairs of 6 nm nanowires 

Structural changes in anatase nanowires after performing molecular dynamics simulations at 

temperatures between 300 and 3000 K, are shown in Fig. 5.  A distortion in the form of bending 

of the particles is seen to occur at high temperatures, mostly above 2000 K.  This is seen to be 

more obvious in the case of 2 nm, however, the observed bending is seen to decrease as the 

wire diameter increases, above 4 nm.  This trend can be linked to observations made in the 

variation of potential energy with temperature on the total energy profile, and the RDFs.  The 

melting transition temperature can be associated with the temperature at which the structural 

bending is seen to occur, which is above 2000 K.  Also, the coordination numbers shown in 

Table 4 are lower for 2 nm, and increases as the wire diameter increases.  The structural change 

of the nanowires presented in Fig. 5, shows a less coordinated structure for 2 nm particle size, 

however, the coordination is seen to increase as the particle size increases. 

Fig. 5 Structural change of anatase nanowires before and after MD simulation at different 
temperatures (Ti and O atoms are shown in red and blue colours respectively). 

 

3.3 Prediction of inter-wire interaction forces 

Molecular dynamics simulations have been used to predict interaction forces in relation to 

separation distance between nanowires (Fig.6) with three different orientations (Fig.7) at 

ambient temperature (300 K).  The interaction between similar or dissimilar particles is 

important in unit operations such as fluidization (Salameh et al., 2012; Larson et al., 1993), 

coating (Jono et al., 2000), and agglomeration.  For small particles (< 10 nm), the effects of 

molecular structure of the particles (in both vacuum and liquid environments) or the 

distribution of terminal groups on the surface of the particles (especially in liquid 

environments), may influence these interactions (Salameh et al., 2012; Ramirez-Garcia et al., 

2011).  Inter-particle/atomic forces for micro and nanoparticles are usually obtained using 
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experimental force spectroscopy measurements, for example, using an Atomic Force 

Microscope (AFM) (Binnig et al., 1986).  The observed interaction forces are presented in the 

form of force-displacement curves as seen in Fig. 8.  Force-displacement curves describe the 

non-contact, attractive and repulsive regions along a separation distance between two materials.  

These regions represent non-bonded interactions and are independent of an explicit bonding 

connection between materials.  The interaction plot (Fig. 6) depicts a region in which a long-

range attractive force (i.e. van der Waals force) is experienced, and a region at smaller 

separation distances in which a short-range repulsive force (i.e. Lennard-Jones, Morse force 

etc.) is experienced.  Modelling of these interactions is dependent on the distance between the 

particles and so these through-space interactions are usually modelled as a function of an 

inverse power of the distance (Leach, 2001).  In force fields, the non-bonded terms are usually 

regarded as electrostatic interactions and van der Waals interactions (or dispersion forces). 

 

Fig. 6 A typical force-displacement curve showing the non-contact, attractive and repulsive 
regimes 

Force-displacement curves for separation distances between two nanowires at different 

orientations have been obtained using a molecular dynamics simulation approach, within the 

DL_POLY package.  The orientations are shown in 2D in Fig. 7.  The approach used involved 

fixing a formula unit of TiO2 in each particle at the centre of mass of the particles, so that the 

particles were constrained to their centre of mass separation distances.  The particles were 

constrained to their centre of mass distance for a series of simulations, and were only advanced 

towards each other, prior to each simulation.  Each simulation formed a separation distance, 

and the interparticle force was averaged over each simulation. The separation distance and 

calculated interparticle forces obtained from the series of simulations, were used to produce a 

force-displacement curve.  
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Fig. 7 2D orientations of nanowires for interaction force predictions (a) parallel, (b) 
perpendicular, and (c) end-to-end. Ti and O atoms are shown in red and blue colours 
respectively. 

The separation distance used in the Fig. 8 was the surface-to-surface distance between two 

nanowires of different orientations (Fig.7).  There is limited information with regards to studies 

on interaction forces between nanowires in the literature, however, the magnitude of the forces 

in our study are in good agreement with those for spherical nanoparticles available in the 

literature (Laube, et al 2015).  In the current study, the particles were initially separated at a 

distance of 20 nm, and they started to attract to each other at a separation distance of about 8 

nm for the end-to-end orientation, and 6 nm for both parallel and perpendicular orientations.  

In all three cases of orientations, the particles are seen to be most attractive at a separation 

distance of 4 nm, after which, they become repulsive.  Also, the end-to-end orientation is seen 

to possess the most attractive (strongest attraction) and repulsive forces, while the parallel and 

perpendicular orientations are seen to possess the lower attractive (weaker attraction) and 

repulsive forces.  This can be observed from the magnitude of their forces, where the end-to-

end orientation is seen to have attractive and repulsive forces of -0.38 and 0.15 nN, 

respectively, whereas, the parallel and perpendicular orientations are seen to have attractive 

and repulsive forces of -0.1 and an average of 0.01 nN, respectively.  The stronger attraction 

observed in the case of end-to-end orientations can be attributed to the high surface area 

(diameter-wise) of the two interacting surfaces in contact.  However, the parallel orientation 

had both contact surfaces (length-wise) with low surface area.  The perpendicular orientation 

had one surface with high surface area (diameter-wise), and low contact surface area (length-

wise), hence the weaker attraction observed.  It is also recognised that high surface area to 

volume ratio of nanoparticles is relatively more favourable to interparticle interactions than for 

particles of macroscopic size. 
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Fig. 8 Force-displacement curve for 2 nm nanowire showing different orientations  

 

4 Conclusion 

Molecular dynamics simulations have been carried out to investigate the thermodynamic and 

structural properties, as well as interaction forces of anatase TiO2 nanowires.  Melting points 

of the nanowires of different cross-sectional diameters, were estimated from the variation of 

potential energy of the system with temperature from the total energy profile.  It was observed 

that the temperature associated with the melting transition increased with increasing particle 

size.  The melting transition temperature was estimated to be between 2000 and 2500 K, and 

was similar to that for spherical TiO2 nanoparticles studied previously.  This suggests that the 

melting point of TiO2 nanoparticles is independent of the shape of the particles for the size 

range considered in this work.  The RDFs were characterised with peaks which were highly 

ordered at low temperatures, and broadened out at high temperatures.  This trend was linked to 

the variation of potential energy of the system, and hence, to the melting transition temperature. 

The melting transition temperature occurred at similar temperatures associated with the 

broadening of peaks in the RDFs.  Furthermore, interaction forces of the particles have been 

predicted for different orientations.  The end-to-end orientation was observed to possess 

stronger attraction force, and attributed to the high surface area (diameter-wise) of the two 

surfaces in contact.  However, both parallel and perpendicular orientations had contact surfaces 

with relatively low surface area (length-wise), hence resulting in weaker attraction forces. 

These results increase our fundamental understanding of the structural and thermal properties 

of titania nanowires which could assist in future research in key areas such as developing 

enhanced heat transfer fluids for energy generation and storage, as well as enhanced drug 

targeting and delivery for which information on the interaction between individual wires would 
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be crucial in evaluating their macro-scale properties.  Further studies are required to evaluate 

the interaction forces between nanowires under a wide range of conditions including varying 

temperature, aspect ratio and for other shapes.  Further understanding is required on the 

variation of interaction forces in relation to the location of the contact point of the contiguous 

nano wires on their surfaces.  Also, future studies are desired to extend the current simulations 

under a longer time duration than the present cases by using more computing resources. 
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  Fig.1 A typical 3 nm anatase nanowire created using Materials Studio. Ti and O atoms are 

represented in red and blue colours respectively 

 



Fig.2 Potential energy of 2 – 6 nm size nanowires as a function of temperature 
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Fig.3 RDF’s for Ti – Ti, Ti – O and O – O pairs of 3 nm nanowires 

 

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

 

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

300 K

 

 

 

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

500 K

 

 

 

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

1000 K

 

 

 

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

1500 K

 

 

 

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

2000 K

 

  

 

G
 (

r)

Radius (Å)

 Ti - O
 Ti - Ti
 O - O

2500 K

 

 

 

 

G
 (

r)

Radius (Å)

  Ti - O
 Ti - Ti
  O - O

3000 K



 

 Fig.4 RDF’s for Ti – Ti, Ti – O and O – O pairs of 6 nm nanowires 
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Fig.5 Structural change of anatase nanowires before and after MD simulation at different 

temperatures (Ti and O atoms are shown in red and blue colours respectively). 

 



 

Fig.6 A typical force-displacement curve showing the non-contact, attractive and repulsive 

regimes 

 



 

Fig.7 2D view of the orientations of nanowires for studying their interactions (a) parallel, (b) 

perpendicular, and (c) end-to-end. Ti and O atoms are shown in red and blue colours 

respectively. 

 



 

Fig.8 Force-displacement curve for 2 nm nanowire showing different orientations  
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Table 1 Experimental unit cell parameters and space group for anatase (Horn et al., 1972; 

Naicker et al., 2005) 

Phase Crystal System Space group a, Å b, Å c, Å 

Anatase  Tetragonal I41/amd 3.784 3.784 9.514 

 



Table 2 Size of the nanowires with corresponding number of atoms 

 Diameter (nm) No. of Ti atoms No. of O atoms Total no. of atoms 

2 1124 2248 3372 

3 3644 7288 10932 

4 8812 17624 26436 

5 17421 34842 52263 

6 30037 60074 90111 

 



Table 3 Potential parameters for TiO2 (Oliver et al., 1997) 

Interaction ࢐࢏࡭/ eV ࣋࢐࢏/ Å ࢐࢏࡯/ eV Å6 
Ti - O 16957.53 0.194 12.59 

Ti - Ti 31120.2 0.154 5.25 

O - O 11782.76 0.234 30.22 

 



Table 4 Coordination number for corresponding particle size, initial bond length (before 

simulation), and temperature for anatase TiO2 nanowires 

Wire 
diameter 

(nm) 

 (Å) 
ሺ࢘ሻ 

Mostly ordered state Transition state 
Liquid 
state 

Ti - O 300 K 500 K 1000 K 1500 K 2000 K 2500 K 3000 K 
2 1.91 5.55 5.55 5.41 5.22 4.96 4.71 4.50 

3 1.91 5.63 5.62 5.44 5.24 5.01 4.76 4.54 

4 1.91 5.74 5.73 5.61 5.31 5.05 4.80 4.60 

5 1.91 5.87 5.87 5.62 5.42 5.11 4.88 4.67 

6 1.91 5.96 5.95 5.70 5.54 5.23 4.99 4.74 
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