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Abstract 

 In the present work geometric optimizations, Metropolis Monte Carlo, and 

molecular dynamics simulations were done to study the feasibility of synthesizing Ni and 

Pt nanowires inside the pores of one dimensional zeolite frameworks.  Conditions studied 

included different frameworks (cancrinite (CAN) and mordenite (MOR)), metal 

concentrations, silicon to aluminum ratios (Si/Al), and temperatures.  It was found that 

the formation of metal nanowires is influenced by all these parameters.  

 In general, larger sizes of interconnecting windows between main pore channels 

and side pockets (which is the case of MOR) could have a detrimental effect in the 

formation of nanowires inside zeolites.  This effect can be reduced with the use of low 

Si/Al which can promote the displacement of guest metal atoms from the side pockets to 

the main pore channels, where metal nanowires could be formed.  High metal 

concentrations also promote the migration of metal atoms to the pore channels, as well as 

the formation of elongated nanostructures.  If these variables are managed adequately, an 

increase in temperature has a positive effect in the formation of metal nanowires because 

it increases the mobility of guest metal atoms  

 The viability of forming stable one dimensional Pt structures inside the pores of 

Virginia Polytechnic Institute Eight (VET) - type zeolites was also evaluated by using the 

above mentioned molecular simulations techniques, as well as grand canonical Monte 

Carlo.  The resulting nanostructures were optimized and analyzed as formed both inside 

and outside of the zeolite template.  The results show that theoretically it is possible to 

form relatively thermally stable ultrathin nanowires, when synthetized at a low Si/Al ratio 
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and a high temperature.  The results also show that the stable Pt nanowire structure 

obtained with the pcff forcefield was qualitatively similar to the one obtained with DFT.    
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Resumen 

  En el trabajo que se presenta a continuación, se realizaron optimizaciones 

geométricas, y simulaciones de Metropolis Monte Carlo y de dinámica molecular para 

estudiar la viabilidad de sintetizar nanocables de Ni y Pt dentro de los poros 

unidimensionales de zeolitas.  Las condiciones estudiadas incluyeron el uso de distintos 

armazones de zeolitas (cancrinita (CAN) y mordenita (MOR)), concentraciones de 

metales, razón de silicio y aluminio (Si/Al), y temperaturas.  Se encontró que la 

formación de nanocables metálicos está influenciada por todos estos parámetros.   

 En general, el mayor tamaño de ventanas de interconexión entre los canales de 

poro principal y bolsillos laterales (que es el caso de MOR) podría tener un efecto 

perjudicial en la formación de nanocabes dentro de zeolitas.   Este efecto puede reducirse 

con el uso de una baja razón de silicio a aluminio (Si/Al), lo cual promueve el 

desplazamiento de átomos metálicos de los bolsillos a los canales de los poros 

principales, que son los lugares donde podrían formarse nanocables metálicos. Las altas 

concentraciones de metales también fomentan la migración de estos átomos a los poros 

de la zeolita, así como la formación de nanoestructuras alargadas.  Si estas variables se 

manejan adecuadamente, un aumento de temperatura tendrá un efecto positivo en la 

formación de nanocables pues aumenta la movilidad de los átomos metálicos y por lo 

tanto la posibilidad de interactuar entre ellos y formar estas estructuras.   

 En adición, se evaluó la viabilidad de formar estructuras unidimensionales 

estables de Pt dentro de los poros de zeolitas del tipo Instituto Politécnico de Virginia 

Ocho (VET), utilizando las técnicas de simulación molecular mencionadas anteriormente, 
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así como simulaciones de Monte Carlo en el conjunto gran canónico.  Las 

nanoestructuras resultantes se optimizaron y evaluaron tal como se formaron dentro de la 

plantilla de la zeolita y luego de su remoción de esta.  Los resultados muestran que 

teóricamente es posible formar nanocables ultra delgados con relativa estabilidad térmica 

en la zeolita VET, si estos se sintetizan a Si/Al bajos y altas temperaturas.  Los resultados 

también muestran que la estructura más estable de Pt obtenida con el campo de fuerza 

pcff es similar, cualitativamente hablando, a la obtenida después de optimización 

geométrica con DFT. 

 

 

  



 1 

Chapter 1 - Introduction 

1.1 Ultrathin Metal Nanowires 

 Nanotechnology is one of the most promising fields of science and engineering.  

It has potential to benefit mankind with the creation of new materials, devices, and 

systems with novel properties. [1] This field is mainly about the creation, study and uses 

of nanoparticles, which are particles with at least one dimension smaller than 100 nm.
 
[2]    

The range of potential uses of nanoparticles is ample and includes diverse applications 

such as drug and gene delivery, [3,4] cancer treatment, [5,6] biosensors,
 
[7] reaction 

catalysis,
 
[8] and electronic data storage.

 
[9] 

 Nanoparticles have received substantial attention from the scientific community 

because of their unusual and interesting physical properties.  For example, gold 

nanoparticles in solution can scatter visible light instead of absorb it, presenting unusual 

colors such as deep red or black. [10] These nanoparticles are also effective catalysts 

while in the bulk gold is inert. [11] Property changes of nanoparticles, with respect to 

those of bulk materials, are mainly due to the fact that, at the nanometer scale, the 

fraction of atoms on the surface is greater than for particles of larger size.  Because of the 

relation between nanoparticle's size and its uncommon properties, it is an active area of 

research to synthesize them with the smallest possible size. [12]  

 There are many types of nanoparticles which can be classified according to their 

size, shape, and composition. [13] Our interest is on ultrathin metal nanowires, which are 

one-dimensional structures with no empty cores and with diameters of less than 10 nm. 

[14] These particles have the potential to be used in applications such as catalysis, [11, 



 2 

15] sensor applications, [16,17] and very small electronic circuits. [17] Unusual 

properties of ultrathin nanowires include, among others,: quantum conductance, [18] low 

thermal conductivity such as in Si and Ge alloys nanowires, [19] ferromagnetism in Pt 

and Pd nanowires, [20] and negative magnetoresistance, [21] such as in Bi nanowires. 

[22] 

 

1.2 Templated Synthesis of Metal Nanowires 

 The methods to synthesize metal nanowires make use of certain techniques such 

as ligand control, oriented attachment, and the use of templates.  A review of these and 

other techniques for the synthesis of metal nanowires and other nanostructures is 

available elsewhere. [14,23] 

This dissertation focuses on the templated synthesis, a convenient and well 

documented technique in which certain materials help to provide control over the size 

and shape of metal nanowires during the growth of these particles.  When compared with 

other techniques, the templated synthesis has the advantage of yielding more 

monodisperse nanowires.   

 The methods that make use of templates for the synthesis of metal nanowires 

include the infiltration of molten materials, [24] supercritical inclusion, [25-28] and 

impregnation of metal-salt solutions [29-30] in porous materials such as mesoporous 

materials and zeolites.  Other methods are vapor-liquid-solid (VLS) reaction using 

nanocrystals [31] and micellar growth. [32] 
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 Materials that can be used as templates for the synthesis of metal nanowires 

include nanocrystals [31,33,34-36], mesoporous materials [25-30,37], inorganic polymer 

templates [38,39] and zeolites [24,40].  Among them, mesoporous materials are one of 

the most successful templates used for synthesis of metal nanowires. [41-49] These 

materials are highly ordered structures with pore sizes between 1.5 to 40 nm.  Using these 

templates copper, [41] gold, [42,43] palladium, [44-45] rhodium [46] and platinum [47-

49] nanowires have been synthesized, with diameters ranging between 2.5 to 20 nm.             

 An alternative as templates for the synthesis of ultrathin metal nanowires are 

zeolites with one dimensional pore channels such as cancrinite, mordenite and Virginia 

Polytechnic Institute Eight (VPI-8), with the CAN, MOR and VET structural 

frameworks, respectively.  These materials have small pores with diameters ranging 

between 0.4 to 1.3 nm, which can be theoretically used to cast ultrathin metal nanowires.  

 In the next section the composition, structures, and properties of zeolites are 

discussed, as well as some research work related to the use of these materials in the 

synthesis of ultrathin metal nanowires.     

 

1.3 Zeolites and Their Use as Templates 

 Zeolites are crystalline aluminosilicate materials commonly found in nature, 

whose discovery in 1756 is attributed to Alex Fredrick Cronsted, a Swedish mineralogist.  

Cronsted coined the word zeolite, which based on its etymological origins (in Greek) 

means boiling stone.  The name was given by Cronsted because of his observations with 



 4 

stilbite, a mineral that lost considerable amounts water in the form of vapor when heated. 

[50] 

 The commercial uses of zeolites are broad and include, among others, purification 

and softening of water, [51] separation of specific compounds such as CO2, SO2 and N2 

in gaseous mixes, [52] catalytic cracking in petroleum industry, [53] soil treatment [54] 

animal nutrition, [55] and removal of fission products in nuclear waste. [56] It has also 

been used as an additive in detergents, [57] and asphalt concrete. [58] A review of the 

many applications of zeolites is available elsewhere. [59] The variety of uses for zeolites 

is due mainly to the properties of these materials, which include the ability to selectively 

adsorb molecules on a size exclusion process and to interchange a wide variety of ions.  

These properties are intimately related to their internal structure and pores sizes. 

 Typically, zeolites are composed of Si, Al, and O atoms.  Each Si and Al atom in 

the zeolite framework is connected to four oxygen atoms in a tetrahedral configuration.  

In this arrangement Si
4+

 cations are charged balanced with the corresponding O anions.  

In the case of Al
3+

 cations, however, it results in net negative partial charge that can be 

balanced by extra-framework cations such as Na
+
, K

+
, Ca

2+
 or H

+
; the later being 

commonly used to provide the necessary Bronsted acidity for zeolite’s  applications in 

catalysis.  The ratio of Si atoms to Al atoms (Si/Al) can vary from infinite to one, 

depending on the zeolite structure and the synthesis process.  Si/Al values lower than one 

are not favored energetically because of the high electrostatic repulsion of Al atoms in 

adjacent tetrahedrals.  

 The Si and Al tetrahedrons are interconnected in a unique arrangement of atoms 

for each framework type, forming cavities or channels with pore diameters ranging 
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between 0.4 to 1.3 nm. Depending on the framework type, zeolite pores can be 

interconnected; thus these materials can have one, two or three dimensional pore 

channels.   

 There are over 200 zeolite frameworks, of which about 40 of them can be found 

in nature and the others have been artificially synthesized.  More information about these 

and other zeolite frameworks is available at International Zeolite Association (IZA) 

Structure Commission Website. [60]  Key examples of these are given in Figure 1.1. 

     

A    

 

       
     Cancrinite (CAN) 

 

C 
 

 

 

 

         

 

 

        
 

 

 

 

       
 

 

 

                     Faujasite (FAU)  

   B 

 

            

                     New (Imperial Chemical Industries) - 87 (NES) 

        

Figure 1.1 - Examples of zeolites with one (A), two (B), and three (C)   

dimensional pore frameworks 
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 The use of zeolites as templates for the synthesis of metal nanoparticles has been 

studied and promising results have been obtained for 0D clusters. [61,62]  However,  

limited results have been obtained for ultrathin metal nanowires synthesized inside 

zeolite pore structures.  Silicon [63] and silver [64] nanowires have been obtained in 

zeolites using a disproportionation reaction with thermal evaporation and electron beam 

irradiation, respectively. With these methods wires grew inside and outside the pores of 

the zeolites.  Similar results were obtained in a study that used an electron beam to 

irradiate copper containing zeolite, for the production of single crystal copper wires. [65] 

More recently, Pt nanowires were synthesized on the surface of mordenite granules using 

the solid state reduction method. [66] A common result in these studies was that the 

diameter of the reported nanowires was larger than the size of the pores, evidencing the 

limitations of these synthesis methods in terms of the effective use of the zeolite as a 

template.  A notable exception is Bi, a metallic element considered as a "poor metal"; 

these nanowires have been effectively synthesized obtaining one-dimensional structures 

of only two atoms across by infiltrating molten material in zeolite mordenite. [24] 

 

1.4 Motivation and Scope of this Dissertation 

 As discussed in the previous section, there is a lack of relevant literature on the 

effective use of zeolites as templates for synthesis of ultrathin metal nanowires.  This lack 

of literature can be attributed to the many variables that affect the templated synthesis 

process, including those related to the diffusion limitation and electrostatic influence of 

the zeolite framework.  It is reasonable to state that a better understanding of the effect of 
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these variables will ultimately help researchers to develop methodologies for the effective 

synthesis of ultrathin metal nanowires in zeolites.   

 The study of the combined effect of many of these variables using experimental 

techniques can be overwhelming in terms of cost and time.  One effective way to study 

the effect of these parameters is through the use of molecular simulation techniques.  For 

example, the diffusion of molecules and nanowire stability can be studied using 

techniques such as molecular dynamics, while the adsorption of molecules inside zeolite 

pores can be studied using Monte Carlo simulations.  In this dissertation, the research 

work was focused on the study of conditions that promote the formation of ultrathin 

metallic nanowires in zeolites by means of molecular simulations.   

 The main objective of this research is to study the behavior of neutral Ni and Pt 

metal atoms inside zeolites with the one dimensional pore channels using molecular 

simulations under conditions that simulate the final steps of templated synthesis methods 

in which ultrathin nanowires could be formed.  The idea is to gain a greater insight of the 

driving principles that describe the suggested process.  The study was centered in the 

effect of zeolite framework, Si/Al ratio, local metal loading, and temperature on the 

positioning of metal atoms inside the zeolite frameworks and their role in the formation 

of metal nanostructures inside the pore channels. 

 In the next chapter, a brief discussion of the molecular simulation tools used in 

this dissertation is presented.  This includes the techniques of geometric optimizations, 

Monte Carlo simulations, and molecular dynamics.  Also a discussion of Density 

Functional Theory and forcefield methods for the estimation of potential energy of 
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molecules is presented, as well as theory related to mechanical statistics for the 

computation of energy of systems at equilibrium. 

 A literary review of pertinent research works is presented in Chapter 3.  Work 

related to molecular simulations in zeolites and structural stability of nanostructures is 

included. 

 In Chapter 4, the effect of metal loading and Si/Al on the positioning of Ni atoms 

inside CAN and MOR zeolite frameworks is studied.  Geometric optimizations and 

Monte Carlo simulations were used under the canonical ensemble to find the most stable 

location of Ni atoms.  The results presented in this chapter were published in Sensors and 

Transducers [67] and Molecular Simulation Journals. [68] 

 Chapter 5 is a study related to the one presented in Chapter 4, but for Pt atoms 

inside the MOR framework.  A similar approach to the one in Chapter 3 was used to 

determine the most stable places were Pt atoms are positioned inside the MOR 

framework at different metal loadings and Si/Al conditions, but this study also includes 

the effect of temperature and the use of molecular dynamics.  The dynamic behavior of Pt 

atoms inside MOR was studied with molecular dynamic simulations using fixed loads of 

Pt atoms at different Si/Al and temperature conditions. These results were published in 

Molecular Simulation Journal. [69] 

 In Chapter 6, the viability of forming stable one dimensional Pt structures inside 

the pores of VET-type zeolites was evaluated.  Monte Carlo simulations under the grand 

canonical ensemble were used to promote the formation of one dimensional Pt structures 

within the VET framework.  The resulting nanowires were geometrically optimized and 

analyzed as formed both inside and outside of the zeolite. The unidimensional structures 
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were also geometrically optimized using DFT and the results compared.  The thermal 

stability of the one dimensional Pt structures formed was also studied using molecular 

dynamics techniques.  This work was submitted to the journal Molecular Simulation 

Journal and is currently under revision. 

 Finally, the last chapter includes an analysis, discussion and final conclusions of 

all the results presented in this dissertation.  This chapter also includes recommendations 

for future studies.  
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Chapter 2 - Molecular Simulations 

 In this dissertation, three of the most used and proven techniques for molecular 

simulations are used: geometrical optimizations (also called energy minimizations), 

Monte Carlo simulations, and molecular dynamics.  In this chapter, these techniques are 

introduced as well as the common methods used by them to measure energy of particles; 

i.e., Density Functional Theory and forcefields.  Explained as well is the theoretical basis 

of statistical mechanics which allows total energy computation of systems in equilibrium 

for both Monte Carlo and molecular dynamics.  A more detailed review of these and 

other techniques and methods can be found elsewhere.  [70-73] 

 

2.1 Geometric Optimizations 

 Geometric optimizations in molecular simulations imply the finding of the 

coordinates of the atoms of a system that yield the lowest potential energy configuration. 

When geometric optimizations are done, the final result represents a stable or equilibrium 

state of a molecular system which corresponds to a global or local minimum on the so-

called potential energy surface.  During optimization, numerical procedures are employed 

to move atoms in order to reduce the gradients of potential energy of the system until 

they become negligible.  Geometry optimizations do not take into consideration the effect 

of temperature during the minimization process. The final state reported from these 

optimizations represents the configuration of atoms at 0 K. 

 The process of minimization in geometrical optimization usually requires the 

evaluation of a function for the potential energy of a system, as well as the first and 
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second derivatives of this function.  As with any other function at a local or global 

minimum, the first derivative of the potential energy function with respect of each 

variable is zero (for all inflection points) and the second derivative is positive (which is 

exclusive of the minima points in which the function interval is concave upward).    

 There are several numerical methods for minimization that can be used to perform 

geometric optimization.  Two of the most used are the steepest descent and the conjugate 

gradient.  These methods are preferred because they only require the first derivative.  

This implies less computational demands and faster execution times, which are critical 

for systems with a large number of atoms.  Steepest descent and conjugate gradient 

change the coordinates of atoms, moving the whole system closer to a minimum point.  

In both methods, the gradients used to find the minima are orthogonal (or parallel) to the 

net force.  The main difference between the two methods consist in the direction of the 

movement through the successive steps; while the steepest descent method uses 

orthogonal vectors for movements, the conjugate gradient uses conjugated directions.  In 

this dissertation the conjugate gradient method was used because it converges faster when 

the position of atoms are not far away from the local minimum, as it was usually the case 

in our systems. 

 Geometric optimizations often confront the problem of identifying points which 

represents a global minimum.  Typically several minimizations are performed at different 

starting points and comparisons of energy values of the final conformations are used to 

select the global minimum.  Other method widely used is simulated annealing, which 

combines the use geometric optimizations in a sequence with Monte Carlo or molecular 

dynamics simulations (explained below) at different temperature intervals where the 
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system is permitted to reach equilibrium.  The variation in temperatures permits to 

overcome existent energy barriers that circumscribe local minima.  

 

  2.2 Monte Carlo Simulations 

 Monte Carlo molecular simulations, which are based on the principles of 

statistical mechanics, are preferred over molecular dynamics simulations (explained 

below) to estimate bulk physical properties of very large systems because they require 

less computational time.  

The most commonly used Monte Carlo method for molecular simulations is the 

Metropolis Monte Carlo.  This method is appropriate only for systems in equilibrium and 

is used, among others things, to estimate thermodynamical properties and sorption 

isotherms of gases in porous materials.  It is based on a rejection sampling algorithm, 

created by Nicolas Metropolis, [74] which selects a sequence of samples (events) from a 

probability distribution (e.g. Boltzmann distribution law).  The sequence created is a 

Markov chain, in which probability of selecting a new state (from a finite number of 

possible states) only depends on the current state.  As the new state of the Markov chain 

does not depend on a sequence of previous events there is no need to register them, 

considerably reducing computational resources required in this type of simulation.           

The algorithm presented in Figure 2.1 illustrates a typical implementation of 

Metropolis Monte Carlo.  The movement of a randomly selected particle is proposed 

from a place described by the position vector o


to a new place described by n


, a 

randomly selected position.  The potential energy of the new state )( nE 


, usually 
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calculated by a forcefield expression (see section 2.4.2), is compared with the one of the 

previous (or older) state )( oE 


.  If the movement represents a decrease in the energy of 

the state, it is always accepted.  If not, a random number between 0 and 1 is generated 

and compared with the probability that the particle can reach the new position.  If the 

random number is less or equal than the probability, the movement is accepted; if the 

number is greater than the probability, the movement is rejected.   When the movements 

are accepted, a counter (I) is increased and the value of some accumulative register is 

altered.  Typically, this register is done to estimate thermodynamic properties of the 

system studied, such as energy, entropy, etc.  The contribution of such property for the 

specific state is added in the register and finally the property is calculated by estimating 

the mean value based on a density of probabilities.    

 

FIGURE 2.1 - Schematic Representation of the Metropolis Monte Carlo Algorithm 
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As mentioned before, Metropolis Monte Carlo is intended for systems that are in 

equilibrium.  Because of that, before measuring the properties of a system, several 

equilibration steps are done with the Metropolis algorithm until the mean total energy of 

the system reaches a constant value.  Also, when this method is used to estimate 

thermodynamic properties, it is expected that the system evaluated satisfies the principle 

of ergodicity, that is, the system must have the same behavior when the property 

measured is averaged over time as when it is averaged over space. 

The majority of Monte Carlo molecular simulations follow the same algorithm 

proposed by Nicolas Metropolis.  The main differences are on the computation of the 

probability that a molecule can reach a new position, which depends on the set of 

properties which are fixed in the system studied during the simulation.  For example in 

the so called canonical ensemble, which is the one used in classical Metropolis Monte 

Carlo simulations, the fixed properties are the number of moles, temperature, and 

volume.  The grand canonical ensemble is an open system with constant volume, 

temperature, and chemical potential.  The microcanonical ensemble on the other hand is 

an isolated, closed system with constant energy, volume, and number of moles.  The 

isobaric/isothermal ensemble is an alternative approach, where a closed system with fixed 

pressure, temperature, and number of moles is used.   

 

2.3 Molecular Dynamics 

Classical molecular dynamics simulate the movement of molecules on an 

individual basis, treating atoms as rigid bodies.  Because of that assumption, the 
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movement of atoms and molecules is described by using Newton’s well known equation 

of force 

              amFF
i

inet


 .    {1}     

Here 
netF


 is the net force over a specific particle (atom), m and a


 are the net mass and 

acceleration of that particle, respectively, and
iF


 is the force between the particle and 

another particle identified with the subscript i.  The acceleration vector a


 can be 

expressed as the second derivative of the position vector with respect to time.  Because of 

that, we have in Newton’s law a simple but effective way to describe the motion of 

particles as a function of time.  For a single particle in which Newton’s law is applied, the 

mass term will not represent any trouble; the main issue arises in the estimation of the net 

force applied to this single particle.  This force can be calculated as the gradient of the 

potential energy ( potE ) of the particle: 

               .potnet EF 


             {2} 

In order to use effectively these equations, the potential energy of the particle must be 

estimated.  This energy estimation is usually done with forcefields, as discussed below. 

 Once the energy is calculated, the problem is reduced to solving numerically the 

systems of equations that describe the movement of the particles.  There are several ways 

to perform this task, but the most commonly used is the one described by the Verlet 

algorithm.  This method resolves directly the Newton equation of motion by estimating 

the new position of the particle )( ttr 


 for the time step t, using:  



 16 

       )()()(2)( 2 tatttrtrttr


  .   {3} 

Here )(tr


 is the present position of the particle, )( ttr 


is the position of the previous 

iteration, and )(ta


is the acceleration of the particle.  Equation 3 is obtained by the sum of 

the truncated Taylor expansions that define )( ttr 


 and )( ttr 


; such truncation 

produces an error of the order of t
4
. [67] By adding these expressions, the velocity terms 

are canceled.  When the velocity is needed, it can be calculated using the expression: 

          )2/()]()([)( tttrttrtv  


.      {4} 

The errors related to the velocity computation on the Verlet algorithm are of the order of 

t
2
. [70] There are many algorithms that have been proposed to improve the exactness of 

molecular speed values during simulations over the ones estimated by the Verlet 

algorithm (e.g. prediction correction methods, leap frog, and velocity Verlet).  However, 

when considering global properties, all these algorithms (included Verlet) have errors of 

the same order and generate very similar trajectories. [70] The preference of the Verlet 

algorithm over others is because it is a simple algorithm that is easily implemented and 

requires less computational time and resources.     

 

2.4 Methods for Energy Computation 

2.4.1 Quantum Mechanical Methods 

 The Latin words ab-initio mean “from the beginning”.  In ab-initio methods, 

energy calculations are performed using the principles of quantum chemistry; the use of 

empirical data is not allowed.  All ab-initio methods have their basis on the numerical 
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nonrelativistic solution of the Schrödinger equation, which describes the space/time 

dependence of quantum systems.  

 The first of these methods, developed by Douglas R. Hartree, [75] is a numerical 

method that approximates wave functions and energies of atoms.  The approach used by 

Hartree was expanded later by Vladimir Fock, [76] with the inclusion of the anti-

symmetry principle of the wave function, related to the presence of two electrons in the 

same quantum state.   

 During ab-initio calculations, wave functions that describe the system are 

represented by state vectors whose components are linear combinations of certain 

functions called basis functions; these are selected from the so called basic sets, which 

are sets of functions that describe atomic orbitals of certain atoms.  The first basis sets 

created were based on the Slater type orbitals, which were introduced by John Slater in 

1930. [77] Basis sets based on Slater type orbitals are interesting from a theoretical point 

of view, but they are not practical for fast calculations.  However, Slater type orbitals can 

be approximated by a linear combination of Gaussian type orbitals; the use of Gaussian 

orbitals can speed computations between 4 to 5 orders of magnitude when compared with 

the Slater type orbitals.  Among the most used basis sets are the ones created by Pople et 

al. [78] and the ones from Dunning et al. [79] 

 Ab-initio methods have the advantage that they can be made to converge to exact 

solutions.  However, for simulations of systems with a large number of atoms they are 

impractical, due to the large number of computations required.  As energy computations 

in many ab-initio methods consider the wave function of each electron and their 

contribution to the many body wave function, the addition of atoms in a simulation 
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increases exponentially the time required for computations.  In general the time it takes to 

do these simulations is considered to approximately scale as N
4
 were N is the number of 

basis functions.    

 A very popular method that is a variant of the ab-initio methods is the Density 

Functional Theory (DFT).  This method developed by Hohenberg and Kohn, [80] has its 

roots on the Thomas-Fermi model. [81] The main idea behind the DFT is to replace the 

calculation of the many body electronic wave function with the calculation of the overall 

electronic density distribution of the system.  Because the many body electronic wave 

function is based on a Slater type determinant of N single electron wave functions (with 

3N variables) and the electronic density distribution function is only dependent of 3 

spatial variables, calculations with DFT are considerably faster than other ab-initio 

methods.  

 DFT is based on the principle that properties of a system such as ground state 

energy can be uniquely defined by the electron density.  This concept is mathematically 

expressed by the use of functionals, which are operators that allow functions to be 

mapped to a number.     

 While DFT has been used effectively for calculations related to solid state physics 

since its inception in 1964, it was not until the  1990’s that it became a widely used 

method for quantum chemistry calculations, when the approximations used were 

improved to estimate exchange and correlation interactions.  
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2.4.2 Forcefields    

Forcefields are parameterized mathematical models designed to estimate the 

potential energy of molecules.  The parameterization of forcefields is usually based on 

both, first principle calculations (usually DFT) and experimental observations.  The 

energy computations of a system of many molecules are done by adding the estimation of 

the internal energy of each molecule to the potential energy due to interaction forces 

between each molecule and other non bonded surrounding particles (atoms or molecules).  

For the internal potential energy estimations, bonds between atoms are usually considered 

as cylindrical elements that are submitted to tension, compression, and torsion.  These 

models also consider energy contributions associated with the angle between bonds or 

contributions related to angular deflection in planar molecules.  All these terms are 

usually treated as harmonic oscillators and typically bond braking is not allowed. 

 The calculation of potential energy contributions due to non bonding elements can 

consider interactions between two or more particles; however, pairwise contributions 

usually have a higher order of magnitude and its precision is enough to justify, in many 

cases, elimination of the other terms. [70]  Because of the complexity and computational 

time required to include higher order contributions, many forcefields only consider 

pairwise contributions for estimation of energy contributions by non bonding particles.  

 The most common pair contributions considered in forcefields are the van der 

Waals attraction and repulsion forces, and the Coulombic forces between partial charges.  

The van der Waals contributions due to attraction forces are usually functions of the sixth 

power of reciprocal distance between particles (1/ri
6
).  On the other hand, repulsion forces 

are usually assumed to be functions of 1/ri
n
, where the value of n is different depending 
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on the potential model used (e.g. n=12 for Lennard-Jones).  Coulombic forces are usually 

functions of 1/ri
2
.   

 Because computations with forcefields use straight forward substitution of the 

nuclear positions of atoms in their parameterized functions and there is no consideration 

of the electron contributions in the calculations, they are several orders of magnitude 

faster than DFT, especially for systems with a large number of atoms.  The computational 

speed of forcefields made them only possible choice for potential energy calculations in 

simulations that require a large number of iterations using Monte Carlo or molecular 

dynamics.   

In this dissertation, the Polymer Consistent Forcefield (pcff) was used for most of 

the energy computations required in the geometric optimizations, Monte Carlo and 

molecular dynamics simulations.  Pcff is a well known and extensively used forcefield 

developed by Sun et al.. [82-83] It was selected after evaluation of several forcefields 

because it is parameterized for zeolites as well as 20 inorganic metals (including Ni and 

Pt which are the metals considered in this study), accounting for the interaction between 

metal atoms, between zeolite atoms and between zeolite and metal. [84] Details about the 

functional form of the pcff forcefield are included in Appendix A. 

 

2.4.3 Estimation of Total Energy of a System using Statistical Mechanics 

Statistical mechanics is the basis for the estimation of macroscopic properties of 

systems in equilibrium, using data from molecular simulations.  There are several 
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references about this topic, [71,72,85] thus only essential aspects relevant to this work are 

discussed here.  

One way of estimating macroscopic properties of systems in equilibrium from 

molecular simulations is by selecting representative states in a multidimensional space 

where the property (e.g. energy) of a traveling particle is given by ),( prA


.  Here 

r


and p


are the set of position and momentum vectors, respectively, which describe the 

state of a system.  In this dissertation, the property of interest is the energy of the system, 

so ),(),( prEprA


 .  Notice that r


and p


 are functions of time (i.e. )(trr


  

and )(tpp


 ).  In general, the energy of a system is the mean value of sum of the 

individual contributions of each state during very long times of observation: 

                           










dttptrE

t
prEE

t
))(),((

1
lim),(


.    { 5 } 

In the case of molecular dynamic simulations, the computation of the total energy of a 

system can be approximated by: 

         ))(),((
1

),(
1





N

i

ii prE
N

prEE 


,     { 6 } 

where N is the number of iteration steps, )( ii rr 


 and )( ii pp 


 ; here i  is the time 

equivalent at the iteration step i during the simulation.   

 Another approach to estimate macroscopic properties is the use of the ensemble 

concept, as proposed by Gibbs.  An ensemble is a collection of points in the 

multidimensional space.  The theory of ensembles establishes that for a system with a 

defined set of properties (such as number of moles, temperature, and volume), ensembles 
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with the same energy states are distributed as a function of a density of probabilities ().  

As it is expected, the probability of finding a system in each state is given by 

),( iii pr


  .  Using these concepts, the total energy of a system can be calculated by: 

   



N

i

iiii prprEprEE
1

),(),(),(


 .    { 7 } 

It is customary to express the density of probabilities as a quotient of a weight function of 

the ensemble (w) and a partition function (Q). 

 Partition functions are defined by the type of ensembles.  In the case of the 

canonical ensemble, the partition function is given by 

                  



N

j

Bjj TkprEQ
1

)/),(exp((


,   { 8 } 

and the weight function is given by 

                    )/),(exp( TkprEw Biii


 .   { 9 } 

Here kB is the Plank constant and T is the temperature.  Notice that in the canonical  

 

ensemble, the density of probabilities is given by the Boltzman distribution for a system  

 

at temperature T: 
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Thus the energy of a system is given by: 
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 When using Monte Carlo simulations for the estimation of the energy of the 

system, it is typical to only consider contributions of potential energy.  Thus equation 11 

can be reduced to:
 
 

         



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.   { 12 } 

 Because it is not possible to evaluate Q using Monte Carlo techniques, the 

following scheme is used.
 
[71] In a simulation in which N is the total number of points 

generated, the probability of finding ni points with a state i is approximately equal to i, 

for N>>1.  Because the probability of finding ni points is basically equal to ni / N:   

                               
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 Equation 13 states the basis of how the Metropolis Monte Carlo (MMC) 

simulations can be used to estimate the total energy of a system (E) by adding the energy 

contributions of each state and multiplied by the corresponding factor ni / N.  Because of 

the high number of iterations required for MMC simulations, the energy values of each 

state are usually estimated by using forcefields. 
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CHAPTER 3 - Literary Review                        

 

3.1 Molecular Simulations with Zeolites 

There are many publications of molecular simulation studies involving zeolites, 

mainly related to their industrial uses.  Adsorption of chemical compounds inside zeolite 

pores is a common denominator in many of them.  The majority of these articles are on 

the adsorption of compounds such as hydrogen, [86] methanol, [87-89] cyclohexane, [88] 

methane, [90] ethane, [90] butane, [91] propane, [92] n-butane, [92] n-hexane, [92] n-

pentane, [92] carbon dioxide, [93] argon, [90] nitrogen, [93] and acetronitrile. [94] Water 

adsorption in zeolites has been also extensively studied for mordenite, [95] Na-MAP, 

[96] faujasite, [97,98] and silicate. [99]         

Another subject commonly studied with molecular simulations using zeolites is 

the diffusion of compounds inside the pores of these structures.  It is no surprise that also 

many of these studies are related to the same compounds used in the adsorption studies, 

including carbon dioxide, [100] nitrogen, [100] argon, [101] methane, [101] methanol, 

[102] and other hydrocarbons. [103,104]     

Some of the studies mentioned above include an evaluation of the proposed 

simulation scheme, including the selection of forcefield parameters, by making a direct 

comparison between estimated properties from the simulation and the ones obtained 

using experimental data. [87,88,91,102]  Other studies evaluate the adsorption or 

diffusion behavior with respect zeolite characteristics such as framework type, Si/Al 

ratio, or the position of the acidic sites.  [90,94, 105-107] 
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Before the research work of this dissertation, simulation studies related to the 

synthesis of metal nanowires in zeolites were practically nonexistent.  However, in a 

related work by Grillo et al. [108] lattice energy minimizations were done to study the 

effects of different Al positions in H-mordenite framework on the location and stability 

of monoatomic Pt sites.  Based on the lattice energy of the studied systems, the authors 

concluded that the stability of single Pt atoms in H-mordenite is highly influenced by the 

specific location of the Al atoms in the lattice.   

 Grillo et al.
 

[108] also performed geometric optimizations and molecular 

dynamics simulations to study the effect of Pt content per mordenite cell in the size, 

location and structure of Pt clusters in H-mordenite.  Based on the calculated energies, it 

was found that clusters with an optimum size of 23 atoms are confined in the 12-ring 

main channels, independently of the Pt content per mordenite unit cell.  The simulations 

put remaining Pt atoms distributed in the side pockets of the zeolite structure.  The 

structural features of the resulting clusters at the end of the molecular simulations 

reflected a strong metal-zeolite interaction. 

   

3.2 Theoretical Studies on the Structure and Stability of Ultrathin  
         Metal Nanowires 

 

 In addition to their potential use in many practical applications, ultrathin metal 

nanowires are widely studied because of their potential formation in never seen before 

atomic arrangements.  These unusual structures were first predicted by Gülseren et al. in 

a theoretical study with Al and Pb, [109] and later studied for other materials such as Au, 

[110], Rh, [111] and Ni, [112] by means of molecular dynamics and geometric 
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optimizations using classical potentials calculations.  In their work, Gülseren et al. [109] 

used empirical potentials developed by Ercolessi et al. [113] and Lim et al., [114] 

simulating an annealing process of Al and Pb nanowires.  These authors found that below 

certain critical size (i.e. diameter) unusual non crystalline but stable and ordered 

structures were formed.  The atomic arrangement of these structures depended on the 

material and wire thickness, but icosahedral packings were common.  Helical and spiral 

structured wires with multi-atom pitches were predicted. 

 Wang et al. [110] studied the structures of ultrathin gold nanowires by performing 

geometric optimizations using a generic algorithm of molecular dynamics relaxations 

[115] and the potential developed by Ercolessi et al. [113] The authors found that helical 

structures were formed for gold nanowires at diameters less that 0.6 nm, multiwalled 

cylindrical nanowires were formed for diameters ranging between 1.0 to 2.2 nm, and fcc-

like structures were obtained for diameters greater than 2.2 nm.   

 Similar results were obtained for Rh by Wang et al.. [111] These authors 

performed geometric optimizations of nanowires, ranging from 0.48 to 1.35 nm, using the 

generic algorithm of molecular dynamics relaxations of the previous study, [110,115] but 

energy computations were done with the empirical potential developed by Gupta et al.. 

[116] The nanowires obtained were formed in multishell cylinder like structures 

consisting of helical rows of atoms.  Among the structures obtained, there were trigonal, 

tetragonal, centered pentagonal, and centered hexagonal packings.   

Peng et al. [112] used molecular dynamic simulations with the embedded atom 

method (EAM) potential [117] to study the structural stability of Ni nanowires.  The 

authors used several conditions for simulations, including annealing and submission to 
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linear strand at the center formation.  In this work, various configurations of ultrathin Ni 

nanowires were constructed with predetermined configurations and then exposed to static 

relaxation.  Depending on the starting geometry, some nanowires keep their original form 

with slight changes in lengths and radii and others evolved to different structures.  As 

with the other studies discussed before, many of the stable nanowires resulted in helical 

multi-shell structures. 

Similar studies on the stability of metal nanowires using Density Functional 

Theory (DFT) geometric minimizations have been done for Al, Cu, Ag, Au, Ni, Pd, and 

Pt.  Some of them are discussed in the following paragraphs.  

The structural stability of Al nanowires was studied by Makita et al. [118] using 

DFT calculations with periodic boundary nanowire models.   For unit cells of 8.361Å × 

8.361Å × L, structures were not stable against deformation because of the interaction 

with other nanowires in the neighboring cells; however, vibrational modes of deformation 

showed stability for the 14.817 Å × 14.817 Å × L.  The estimated energy per atom rose 

considerably when the radius of the nanowire got shorter.  Stability with respect to elastic 

deformation increased as the radius became larger.  On the other hand, Zheng et al. [116] 

studied the stability and electronic structure of single monoatomic Al wires with (DFT) 

and found two stable configurations that follow a zigzag pattern with angles of 140° and 

60°.  

 Zarechnaya et al. [120] studied the binding and electronic properties of 

monoatomic nanowires, dimers and bulk structures of Cu, Ag, Au, Ni, Pd, and Pt using 

DFT geometric optimizations. The authors found that the formation of atomic chains is 
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not possible for all the elements studied.  Results showed that Pt and Au are the most 

likely elements to form monoatomic nanowires.   

The research work discussed above was oriented mainly to find stable structures 

by means of geometric optimizations; some of them using a combination of molecular 

dynamics and energy minimization schemes with potentials, others using energy 

minimizations with DFT.  However, as discussed in the previous chapter, geometric 

optimized structures are representations of systems at 0 K, that is, thermal effect is not 

considered in the overall stability of these atomic arrangements.  Some of the works on 

metal nanowires that deal with this issue are discussed in the following paragraphs. 

The thermal stability of Ni ultrathin nanowires has been studied by Wen et al. 

[121] using molecular dynamics simulations.  These simulations suggest that the 

temperature at which deformation (or melting) of the metal nanowires occurs is much 

lower than the melting temperature of bulk materials.  It was also found that there is an 

inverse linear relationship between the melting temperature and the diameter of Ni 

nanowires.  For nanowires where no external strain was applied, the structures collapsed 

to spherical clusters at the melting temperature.  

Koh et al. [122] studied the behavior of infinitely long cylindrical platinum 

nanowires with a 1.4 nm diameter at different uniaxial tensile strains along the (001) axis, 

using molecular dynamics simulations with an empirical potential expression developed 

by Cleri et al. [123] and parameterized by Sutton et al.. [124] In this work, Pt nanowires 

preserved crystal order and stability at the lower temperature (50K) and strain rate 

(0.04% ps
-1

).  Partial crystal deformation was observed at 0.4% ps
-1

 and fully amorphous 
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deformation occurred at 4.0 ps
-1

.  Amorphous melting of the crystalline structure took 

place at 300K for small tensile strains.    
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Chapter 4 - Si/Al and Metal Loading Effects on the 
                        Synthesis of Ni Nanowires in CAN & MOR 

 

 

4.1 Introduction 

 

 As mentioned in section 3.1, Grillo et al. [108] published a molecular simulation 

study on the stability of metal particles inside zeolites.  In this work, the authors pointed 

out that the positions of Al atoms in the zeolite framework have a strong influence on the 

stability of monoatomic Pt particles at different locations.  When two Al atoms where 

placed on the T1-T4, T3-T4, or T2-T4 sites of H-mordenite (see Figure 4.1), relative 

lattice energies of -293.3, -294.79, and -277.88 kcal/mol where obtained, respectively, 

favoring a Pt location inside the side pockets.  On the other hand, when the Al atoms 

where placed on the T1-T3, T1-T2, or T3-T2 sites of H-mordenite, relative lattice 

energies of -274.73, -260.31, and -256.25 kcal/mol where obtained, respectively, favoring 

a Pt location inside the main channel pores.  Taking into account the T3 and T4 sites are 

energetically favored to host Al atoms (which is ultimately reflected on expected percent 

of Al with respect to each tetrahedral site of mordenite), the authors concluded that the 

side pockets are favored energetically to host Pt atoms in zeolite mordenite, which is the 

zeolite with the MOR framework and low values of Si/Al.   

 For the synthesis of ultrathin nanowires through templated synthesis it is desired 

that most of the guest metal particles remain in the main pores channels of the zeolite.  

The reported effect of the location of Al in the positioning of guest metal atoms is thus 

very relevant.  The molecular simulation studies presented here address the influence of  
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the aluminum sites, as well as the zeolite framework type and metal loading, in the 

positioning of guest metal atoms at the end of the synthesis process.   

       

Figure 4.1 - Position of T sites in MOR unit cell (identified by bigger spheres) 

 

 For the actual synthesis process of zeolites, the Si/Al and not the location of Al 

atoms can be controlled.  Thus, theoretical studies can be accurately performed only with 

zeolites where the positioning of the Al atoms can be uniquely identified.  These are the 

cases of the two one dimensional pore frameworks selected for simulations performed in 

this chapter: cancrinite (CAN) and mordenite (MOR) type zeolites.  Based on this, we 

selected the CAN framework with Si/Al = 1 and Si/Al = ∞, and the MOR framework 

with Si/Al = 5 and Si/Al = ∞ as study cases.  In addition to the above mentioned 

characteristics, MOR was selected because zeolites with this framework (i.e. mordenite) 

are commercially available at different Si/Al ratios.  On the other hand, the CAN 

framework was selected because it has a smaller pore diameter than MOR; also CAN-

type zeolites (i.e. cancrinite and the Exxon Corporate Research Five (ECR-5)) can be 

synthesized at the minimum Si/Al ratio possible (i.e. one). 
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 The main pore channels of CAN-type zeolites have a diameter of 5.9 Å, measured 

between two opposed oxygen atoms (see Figure 4.2).  The rings that form these main 

pore channels have 12 oxygen atoms.  These main pore channels are surrounded by side 

pockets with rings formed by four and six oxygen atoms.  The interconnecting rings 

between the main pore channels and the side pockets of the CAN framework have an 

effective diameter of approximately 1.5 Å. 

 

 

Figure 4.2 - Cancrinite (CAN) and mordenite (MOR) frameworks 

 

 In the case of the MOR framework, the smallest distance between two opposite 

oxygen atoms in the main pore channel is 6.5 Å.  These channels have rings of 12 oxygen 

atoms and are surrounded by different side pockets with windows that have between four 

and eight oxygen atoms.  For the larger windows, the minimum distance between two 

opposed oxygen atoms is ~ 3.4 Å. 
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 Ni nanowires have outstanding magnetic properties such as high perpendicular 

anisotropy and inversely proportional coercivity with respect to diameter. [125] 

 

4.2 Simulation Methodology 

 

Molecular simulations and geometric optimizations described in the following 

paragraphs were performed using the Sorption and Forcite modules of Material Studio 

Software™, Version 4.0 (Accelrys, Inc.).  Wherever the Metropolis Monte Carlo (MMC) 

scheme was performed, the canonical ensemble was used with 2 x 10
6
 equilibration steps, 

1 x 10
7
 processing steps, and a cut off ratio of 18.5Å.  For these MMC simulations, the 

temperature was set to 298 K. 

 

4.2.1 Energy computations 

The pcff forcefield introduced in Chapter 2 was used for the energy computations 

required in both the geometric optimizations and MMC simulations presented here.  Pcff 

is well known and extensively used forcefield developed by Sun et al., and it is based on 

the cff forcefield. [82,83] The parameterization of the pcff for the metal-metal interactions 

is based on the 9-6 form of the Lennard-Jones potential and was obtained by fitting 

parameters to crystal structures and elastic constants of the selected metals. [84] 

 

4.2.2 Supercell definition and positioning of the Al atoms in CAN and MOR 

The molecular simulations presented here were performed using the CAN-type 
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zeolites with Si/Al = ∞ and Si/Al = 1, and the MOR-type zeolites with Si/Al = ∞ and 

Si/Al = 5.  For CAN-type zeolites, a supercell composed of 2 x 2 x 16 basic unit cells 

(containing 2304 atoms) was used.  In the case of MOR-type zeolites, the supercell used 

was composed of 1 x 1 x 16 basic unit cells (also containing 2304 atoms).   

The relative position of the atoms in the frameworks used was fixed during 

simulation processes and determined previously from crystallographic data.  The 

positioning of the Al atoms for CAN framework with Si/Al = 1 is easily obtained with 

the Löwenstein rule, which states that two Al atoms cannot be connected to the same O 

atom in the zeolite structure, due to energetic stability considerations. 

For the MOR-type zeolite with Si/Al = 5, the positioning of the eight Al atoms 

per unit cell was selected using a similar criteria to the one used by Demuth et al.; [126] 

the Al atoms were preferentially positioned at the T3 sites and secondly at the T4 sites 

(shown in Figure 4.1), which are the preferred T-sites for Al atoms in zeolite mordenite. 

The empirical Löwenstein rule was also applied, which states that the presence of two Al 

atoms bonded to the same oxygen atom is highly unlikely.  There are eight T3 sites in the 

MOR framework basic unit cell; the Löwenstein rule only permits the positioning of a 

maximum of four Al atoms in them.  The same is true for the T4 sites, thus the eight Al 

atoms can be positioned in the T3 and T4, occupying completely the available positions 

for those two sites in the basic unit cell of MOR-type zeolite.  To establish the position of 

the charge-balancing protons in the alumina rich CAN and MOR-type zeolites, geometric 

optimizations were done for the several configurations selecting the ones that resulted in 

a lower total energy. 
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4.2.3 One Ni atom simulations for CAN and MOR-type zeolites  

 In order to study the interaction between Ni and the two different zeolite 

frameworks, MMC simulations were performed with a loading of one Ni atom.  The 

purpose was to establish the conditions that promote the displacement of Ni within the 

one-dimensional main pores channels by avoiding diffusion to the side pockets.  In these 

simulations, the path of a single Ni atom through the framework was used to generate 

frequency plots.  The resulting plots help visualize the effect of the zeolite framework 

structure and composition (Si/Al) over the Ni preferred positions, when considering only 

the interaction between the guest metal and zeolite atoms.  

 

4.2.4 Energy minimizations for one Ni atom inside CAN and MOR-type zeolites  

 Geometric optimizations were done with one Ni atom to find local energy minima 

for the positioning of Ni in the main pore channels and in the side pockets of CAN and 

MOR-type zeolites at the different Si/Al.  For these minimizations, the relative position 

of the zeolite atoms was fixed.  To find the local minima, the Ni atom was placed initially 

at both the geometrical center of each structure and near the positions obtained from the 

ten snapshots with the lowest potential energy reported by the one Ni atom MMC 

simulations.  As mentioned before, the MMC simulations performed 1 x 10
7
 processing 

steps that served to screen the conformational space of unit cells of the zeolites.  The 

minimizations were done using the conjugate gradient algorithm and conversion was 

reached at tolerances of 2.0 x 10
-5

 kcal/mol for energy, 1.0 x 10
-3

 kcal/(mol Å) for force, 

and 1.0 x 10
-5

 Å for displacement. 
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4.2.5 MMC simulations for zeolite frameworks at different Si/Al and metal 
            loadings 
 

 Evaluation of the spatial distribution of Ni atoms within the CAN and MOR 

frameworks with different Si/Al was done using MMC simulations at Ni loadings 

equivalent to 5, 10, 15 and 19% w/w.  These simulations were done to obtain the relative 

position of Ni atoms at the most stable energetic conditions (minimal energy 

configurations).  The simulations were conducted in order to determine the conditions 

that promote the formation of one dimensional nanostructures inside the main pore 

channels.  

 

  4.3 Results and Discussion 

 

 Figure 4.3 presents the results of one Ni atom simulations for CAN-type zeolites 

with Si/Al = ∞ and Si/Al = 1.  Figure 4.4 presents the equivalent results for MOR-type 

zeolites with Si/Al = ∞ and Si/Al = 5.  In these figures the trace of the center of the Ni 

atom is plotted for the movements generated by the MMC algorithm.  In repeated MMC 

simulations of CAN-type zeolite with Si/Al = 1 and loadings of one atom, the side 

pockets of the zeolite were not a preferred location for Ni.  In MMC simulations of CAN-

type zeolite with Si/Al = ∞ and one Ni atom, Ni was positioned in either the side pockets 

or the main pore channels.  We observed an interrupted path generated by the algorithm 

for Ni in this zeolite framework, i.e., the Ni atom initially positioned at the main pore 

channels did not pass through the interconnecting ring to the side pockets and vice versa.  

On the other hand, one Ni atom simulations in MOR-type zeolites (Si/Al = ∞ and  
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Si/Al = 5) suggest that this behavior is different; the Ni atom passed through the 

interconnecting ring from the main pore channel to the side pockets and vice versa. 

These differences can be explained by the diameter of the larger interconnecting 

rings of these two frameworks, which is ~ 1.5 Å for CAN and ~ 3.4 Å for MOR (see 

Figure 4.2).  With a van der Waals atom diameter of 3.26 Å, Ni atoms are hindered to 

pass through the CAN-type zeolite interconnecting rings.  In this respect, CAN-type 

zeolites results in a better alternative than MOR-type zeolites for the templated synthesis 

process of Ni nanowires. 

The behavior of Ni in CAN framework and its absence from the side pockets for 

the zeolite with Si/Al = 1 suggests that these are not an energetically favorable sites for 

the guest metal atoms.  This was confirmed by energy minimizations of one Ni atom in 

the side pockets and in the main pore channels for the CAN-type zeolites with Si/Al = 1 

and Si/Al = ∞.  The results of these energy minimizations are presented in Figure 4.5a 

and Table 4.1.  The values of ΔE correspond to the difference between the energy of the 

described system (zeolite framework and Ni atom) and the energy of the zeolite 

framework alone, as the potential energy reported by the forcefield for a single Ni atom 

with no influence of the zeolite framework is a referential one, and its value is zero.   

For the specific case of one Ni atom in the side pocket of the CAN-type zeolite 

(Si/Al = 1), the ΔE is positive suggesting that the positioning of Ni in this place is not 

favored at these conditions. 



 38 

 

               Figure 4.3 - Distribution plots for MMC simulations of one Ni atom 

                                       in the CAN framework 

  

  

 The plots of the MMC simulations in Figure 4.4 reflects that for the MOR 

framework with Si/Al = ∞, the positioning of Ni in the side pockets is favored; 

meanwhile the positioning of Ni in the main pore channel is more significant for the 

MOR-type zeolite with Si/Al = 5.  These results are consistent with the energy  

minimizations of one Ni atom inside the side pockets and the main pore channels of 

MOR-type zeolites with Si/Al = 1 and Si/Al = 5 (see Figure 4.5b and Table 4.2). 
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                 Figure 4.4 - Distribution plots for MMC simulations of one Ni atom 

                                         in the MOR framework 

 

As observed in Figures 4.3 and 4.4, the presence of Al in the zeolite structure 

promotes a separation of the Ni neutral atom from the wall surfaces of the zeolite 

structure.  This behavior suggests that van der Waals repulsion forces between Ni and the 

oxygen atoms bonded to Al atoms are stronger than the forces between Ni and the 

oxygen atoms bonded to Si atoms.   
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             Figure 4.5 - Positions after local energy minimizations of one Ni atom in  

                                  the CAN and MOR frameworks  

 

 

Table 4.1 - Energy of one Ni atom in CAN framework pores (in kcal/mol) 

 

 

 

 

 

 

 

       (*) ∆Energy = Energy of system considered  minus Energy of CAN-type zeolite 
                                at the corresponding Si/Al  

System Total Energy Δ Energy
(*) 

CAN - type zeolite (Si/Al = ∞) -28 009.9 0.0 

       + Ni  main channel -28 017.2 -7.3 

       + Ni  side pocket -28 020.3 -10.4 

CAN - type zeolite (S/Al = 1) -90 155.3 0.0 

       + Ni  main channel -90 158.3 -3.0 

       + Ni  side pocket -90 153.0 2.3 
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 Table 4.2 - Energy of one Ni atom in MOR framework pores (in kcal/mol) 

System Total Energy   Δ Energy
(*)

  

MOR-type zeolite (Si/Al = ∞) -43 011.3 0.0 

       + Ni  main channel -43 019.2 -7.9 

       + Ni  side pocket 1 -43 020.8 -9.5 

       + Ni  side pocket 2 -43 021.3 -10.0 

MOR-type zeolite (Si/Al = 5) -52 891.8 0.0 

       + Ni  main channel -52 898.8 -7.0 

       + Ni  side pocket 1 -52 897.7 -5.9 

       + Ni  side pocket 2 -------- ---- 

        

                        (*) ∆Energy = Energy of system considered minus Energy of MOR-type zeolite 
                                  at the corresponding Si/Al  

  

 Figure 4.6 shows the views down the c axis of MMC simulations results for 

CAN-type zeolites with Si/Al = ∞ and Si/Al = 1 at different Ni loadings.  These views 

present the minimum energy configurations obtained with the MMC algorithm.  In these 

schematics it is observed that Ni is almost absent from the side pockets of the CAN-type 

zeolite with Si/Al = 1 at all loadings, meanwhile guest metal atoms are consistently 

present in the side pockets of the CAN-type zeolite with Si/Al = ∞ at all loadings.  For 

the CAN framework with Si/Al = 1, only at the highest metal loading studied (19% w/w) 

Ni atoms were observed in the side pockets.  Positioning of the Ni atoms in the main pore 

channel follow a similar trend to that observed in the one Ni atom simulations; the Ni 

atoms for CAN-type zeolite with Si/Al = 1 are more distanced from the zeolite walls than 

the corresponding Ni atoms in CAN-type zeolite with Si/Al = ∞, resulting in more 

compact Ni agglomerates.  The consistency of this behavior in simulations at different Ni 

loadings supports our prior observation that the presence of Al atoms promotes the 

repulsion of Ni atoms from the walls of the zeolite framework.  
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 Figure 4.7 presents the results for MMC simulations of MOR-type zeolites with 

Si/Al = 5 and Si/Al = ∞ at different Ni loadings.  Here the pattern observed is similar to 

the one showed by the MMC simulations for the CAN framework; the simulations of 

MOR-type zeolite with the lower Si/Al strongly favors the positioning of the metal atoms 

inside the main pore channels and higher Si/Al promotes the displacement of Ni into the 

side pockets.  This behavior is consistent to the results observed in the one Ni atom 

MMC.  However, the effect of Ni concentration on the positioning of the guest metal 

atoms is different in MOR-type zeolite than in CAN-type zeolite with Si/Al = ∞.  For the 

MOR framework, loadings higher than 5% (w/w) seems to favor a displacement of the Ni 

atoms from the side pockets to the main pore channel.  This behavior seems to be related 

to the attraction forces that exist between the Ni metal atoms and the availability of a 

greater space in the main pore channels to accommodate them.  In the case of CAN-type 

zeolite (Si/Al = ∞) as the Ni loading is increased, an increase in the number of guest 

metal atoms of both the main pore channels and the side pockets is observed.  The latter 

behavior can be attributed by the hindrance of Ni to pass through the interconnecting 

rings between the side pockets and the main pore channels after the aleatory positioning 

of metal atoms in the loading steps of the MMC algorithm.  

 Figure 4.8 shows the Ni positioning results of MMC simulations in views down 

the a axis along the supercells of MOR-type zeolites with Si/Al = ∞ and Si/Al = 5 and at  

Ni loadings of 10% w/w.  A view of MOR-type zeolite (Si/Al = 5) with 19% w/w Ni 

loading is also included.  In the MCC simulations of MOR-type zeolite at lower Ni 

loadings, the formation of Ni clusters was observed.  At higher Ni loadings with 
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                  Figure 4.6 - Distribution plots for MMC simulations of Ni 

                                       in CAN at different Si/Al and metal loadings  

                                       (views down the c axis) 

 

 

                  Figure 4.7 - Distribution plots for MMC simulations of Ni 

                                       in MOR at different Si/Al and metal loadings  

                                       (views down the c axis) 
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Si/Al = 5, the observed size of the clusters at the main pore channels was generally 

greater than for MOR-type zeolite at Si/Al = ∞.  As the metal concentration increased, 

the observed Ni agglomerates in MOR framework (Si/Al = 5) elongated as observed in 

Figure 4.8c.  These patterns were also observed for the MMC simulations of the CAN 

framework.  These results suggest that low Si/Al and high metal loadings promote the 

formation of metal nanowires in the MOR framework. 

 

 

 

      Figure 4.8 - Selected MCC simulations results of Pt in MOR framework 

                           with views down the c and a axis  (lighter spheres represent 

                           Ni atoms in the side pockets) 
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4.4 Conclusions 

 

 Our results illustrate the importance of the zeolite framework, Si/Al, and metal 

loading in promoting the synthesis of metal nanowires using zeolite structures.  For CAN 

and MOR frameworks, a low Si/Al favored energetically the positioning of Ni atoms 

inside the main pore channels.  This suggests that lower Si/Al can reduce the 

displacement of metal guest atoms from the main channels to the side pockets, improving 

the potential of such frameworks to be used in the templated synthesis of metal 

nanowires.  In frameworks like CAN, the small dimensions of the interconnecting rings 

prevent the migration of Ni and other metal atoms from the main pore channels to the 

side pockets.  This fact can be useful during the templated synthesis of metal nanowires if 

adequate size precursor molecules are used during impregnation, to place the metals 

atoms initially inside the main pore channels of the zeolite framework.   

         In the case of the MOR framework, the effect of lower Si/Al acquire more 

relevance for the templated synthesis process because the greater size of the 

interconnecting rings allows the displacement of the metal atoms between the main pore 

channels and the side pockets.  This can have a detrimental effect for the synthesis of 

metal nanowires; however, based on the results obtained in the MMC simulations 

presented here, the migration of metal atoms from the main pore channel to the side 

pockets can be highly reduced if low Si/Al and high metal loadings are used. 

 In general, higher Ni loadings were necessary for the formation of elongated 

structures while smaller rounded clusters were favored at lower Ni loadings.  In the case 

of MOR-type zeolites, the combination of high Ni loadings and low Si/Al ratios promote  
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the formation of elongated structures and therefore seem to be the suitable combination 

for the synthesis of Ni nanowires.  

 When comparing the results obtained with CAN and MOR-type zeolites, the CAN 

frameworks seem to be a better option than MOR frameworks for the synthesis of metal 

nanowires.  However there are several practical considerations that must be taken into 

consideration when evaluating these frameworks for their use as templates.  For example, 

the zeolite cancrinite (which has a CAN framework with Si/Al = 1) presents several 

problems related to the commercial availability of the zeolite and the removal of the 

template compounds used to synthesize it; meanwhile, zeolites with the MOR framework 

such as mordenite are easier to manage and are available commercially. 

 The results presented here illustrate the influence of the structure of the zeolite in 

the minimum energy locations of the Ni atoms inside the pores.  This suggests that there 

is a set of optimum zeolite framework characteristics for the formation of nanowires. 
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 Chapter 5 - Effect of Temperature, Si/Al, and Metal Loading 
                         on the Positioning of Pt Atoms in MOR-type 
                         Zeolites 

 

 

5.1 Introduction 

 

 The use of traditional synthesis methods, such as wet impregnation of precursors 

and reduction of these compounds at high temperatures, results in the formation of small 

clusters inside the zeolite templates. [61,62]  However, there is evidence that elongated 

clusters of Pt could be formed inside the pores of mordenite with these methods. [127]   

 Through the simulations presented in Chapter 4, it was found that under certain 

conditions the displacement of metal atoms is permitted through the interconnecting rings 

of the MOR framework allowing the migration of the metal atoms to the side pockets 

(see Figure 5.1).  This fact can have a detrimental effect on the synthesis of metal 

nanowires and could partially explain why the formation of clusters and elongated 

clusters is favored instead of larger one dimensional nanowires.  Results discussed in 

Chapter 4 also revealed that the positioning of guest metal atoms in MOR can be 

influenced by the Si/Al of the zeolite and the local concentration of the guest metal 

atoms.  However, other factors can affect the behavior of metal atoms inside zeolites with 

accessible side pockets.  One of them is temperature, which probably has a direct 

influence on the diffusion of these metal atoms inside the zeolite framework.   

 Another factor that can affect the displacement of metal atoms the nature of the 

metal used.  The size of these atoms and the interaction forces between them and those in 

the zeolite framework is also another important variable to consider.   
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                          Figure 5.1 - Location of interconnecting rings and Al  

                                              atoms in the MOR framework (Si/Al = 5) 
 

 In the work presented in this Chapter, the effect of temperature and the use of Pt 

is considered in combination with other factors already studied.  Pt is a metal used in 

electronic circuits and has excellent catalytic properties.  Geometric optimizations, 

Metropolis Monte Carlo, and molecular dynamics simulations were performed to study 

the effect of temperature, in combination with Si/Al and metal loading, on the positioning 

of Pt metal atoms in the MOR and how it changes with time.  While both Ni and Pt have 

similar characteristics as they are transition metals of the same group, Pt is a larger atom 

with greater atomic mass so a comparison with analogous studies in Chapter 4 is 

included.   
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5.2 Simulation Methodology 

The geometric optimizations and molecular simulations described here were done 

with the Sorption and Forcite modules of Material Studio Software™ (Accelrys, Inc.), 

Version 4.0 and 5.0, respectively.  Molecular simulations were done using the Metropolis 

Monte Carlo (MMC) and molecular simulation (MD) schemes under the canonical 

ensemble.  The energy computations were done using the pcff forcefield developed by 

Sun et al.. (82,83)   

Charges of atoms were forcefield assigned and interactions between charge 

groups were calculated using a group-based sum; other electrostatic interactions were 

calculated using Ewald summation.  The maximum displacement of the MMC 

simulations was set to 1 Å.  The energy values were calculated using a cut of ratio of  

18.5 Å, with a cubic spline truncation set to 1.0 Å and a buffer set to 0.5 Å. 

 

5.2.1 Supercell definition and the positioning of the Al atoms in MOR     

The simulations studies described here were done using the MOR framework with 

Si/Al = ∞ and Si/Al = 5.  The MOR supercell was constructed using an arrangement of 

1 x 1 x 16 basic unit cells (consisting of 2304 atoms).  The relative position of the atoms 

in the MOR framework, was fixed during all simulation processes (i.e. rigid zeolite 

framework), and previously determined from crystallographic data.  In the case of MOR 

with Si/Al = 5, the positioning of the eight Al atoms per unit cell was selected using a 

similar criteria to the one used by Demuth et al.; [126] the Al atoms were preferentially 

positioned at the T3 sites and secondly at the T4 sites (shown in Figure 5.1), which are 
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the preferred T-sites for Al atoms in zeolite mordenite.  Also, the empirical Löwenstein 

rule was applied, which states that two Al atoms cannot be connected to the same O atom 

in the zeolite structure, due to energetic stability considerations.  Additional details of the 

criteria used for the positioning of Al in MOR (Si/Al = 5) are described in Chapter 4.   

To establish the position of the charge-balancing protons in MOR (Si/Al = 5), 

geometric optimizations (with fixed framework atoms) were done for the charge 

balancing protons considering several configurations.  Each configuration was 

constructed by assigning a proton to a specific oxygen atom of the Al tetrahedral in the 

T3 and T4 sites.  The final position of the protons was established by selecting the 

optimized configuration with the lowest potential energy. 

 

5.2.2 MMC One Pt atom simulations  

 MMC simulations were performed with a loading of one Pt atom to study the 

interaction between Pt as guest metal and the zeolite framework atoms with different 

Si/Al ratios (∞ and 5), at temperatures of 298 and 623 K.  In these simulations, the path 

of the Pt atom was used to generate distribution plots that help to visualize the preferred 

positions of the Pt atoms in MOR as a function of the above mentioned conditions.  

 

5.2.3 Energy minimizations for one Pt atom inside MOR  

 Geometric optimizations were done with one guest metal atom to find the 

positioning of the local energy minima of Pt in the main pore channels and side pockets 

of the MOR framework at different Si/Al.  For these geometric optimizations, the relative 

position of the zeolite atoms was fixed.  To find the local minima, the Pt atom was placed 
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initially at both the geometrical center of framework structure and near the positions with 

the lowest energy obtained from MMC simulations described in section 5.2.2.  The 

geometric minimizations were done using the conjugate gradient algorithm and 

conversion was reached at tolerances of 2.0 x 10
-5

 kcal/mol for energy, 1.0 x 10
-3

 

kcal/(mol Å) for force, and 1.0 x 10
-5

 Å for displacement (see details in section 4.2.4). 

 

5.2.4 MMC Simulations at different temperatures, Si/Al and Pt loadings 

 Evaluation of the spatial distribution of Pt atoms within the MOR framework at 

298 K and 623 K, and at the Si/Al ratios mentioned above, was done using MMC 

simulations at Pt loadings equivalent to 1, 2.5, and 5% (mol/mol).  These simulations 

were done to obtain the relative position of Pt atoms at the most stable energetic 

conditions using the frequency plots as explained in section 5.2.2.  For these simulations, 

6 x 10
6
 equilibration steps and 2 x 10

7
 processing steps were used. 

 

5.2.5 MD Simulations for MOR at different temperatures and Si/Al 

 

 In order to study the dynamic behavior of Pt atoms inside MOR at the different 

Si/Al and temperatures mentioned above, molecular simulations were performed with a 

loading of 14 guest metal atoms positioned in a straight line at the center of the main pore 

channel.  The Pt atoms were initially distributed at a distance of 11.442 Å from the 

extremes of the MOR supercell and 7.524 Å between two consecutive atoms of the guest 

metal.  The time for each iteration step was fixed to 0.1 fs and the total simulation time 

was set to 1000 ps, resulting in 1 x 10
7 

simulation steps.  The temperature was fixed using 

the NOSE thermostat algorithm and the initial velocities were assigned randomly. 
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5.3 Results and Discussion 

 

5.3.1 MMC Simulations and geometric optimizations  

 The frequency plots from MMC simulations with one Pt atom in MOR are 

presented in Figures 5.2a to 5.2d.  At both temperatures considered, when Si/Al = ∞ the 

path of the Pt atom suggests that the presence of this metal in the side pockets of MOR is 

favored.  On the other hand, when Si/Al = 5 the preferred position of the Pt atom is  

shifted from the side pockets to the main pore channels of the structure.  This is 

consistent with previous results obtained for Ni in MOR.  

 Comparison of the results obtained at room temperature and at 623 K suggests 

that there is an energy barrier on MOR that reduces the ability of Pt to pass through the 

interconnecting rings between the side pockets and the main pore channels.  This 

energetic barrier can be due to the fact that the diameter of the interconnecting rings is 

about the same magnitude of the van der Waals diameter of the Pt atom (3.5Å).  At 

623 K, the acceptance of the random walk through the interconnecting ring by the MMC  

scheme is greater than the observed at 298 K, making possible for the Pt atom to visit 

more frequently the less energetically favored places. 

 Geometric minimization results for one Pt atom inside the MOR framework are 

presented in Figure 5.3 and Table 5.1.  These local minimum energy positions were 

obtained indistinctively of varied nearby initial positions of the Pt atoms. The values of 

the total energy corresponds to the energy estimated using the pcff forcefield for the 

system described in column 1, which consists of the supercell of the MOR zeolite or this 

supercell plus one Pt atom at the local energy minimum.  The values of ΔE correspond to  
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        Figure 5.2 - Distribution plots for MMC simulations of one Pt atom in the 

                             MOR framework 

 

the difference between the energy of the described system (zeolite framework and Pt 

atom) and the energy of the zeolite framework alone, as the potential energy reported by 

the forcefield for a single Pt atom with no influence of the zeolite framework is a 

referential one, and its value is zero.   ΔE values for each of the local minima obtained at 
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the main pore channel and the side pockets of the framework are consistent with the 

results obtained for the MMC simulations with one Pt atom.  For MOR with Si/Al = ∞, 

ΔE is lower at each of the two local minima found in the side pockets than ΔE at the local 

minima of the found at the main pore channel.  These lower energy values indicate that 

for MOR with Si/Al = ∞, the more stable sites for Pt are in the side pockets of the 

structure.  For the case of MOR with Si/Al = 5, the most stable energetic position is 

shifted to the main pore channels of MOR.  Only one additional position for the local 

minima was found at the side pockets of the framework which was slightly less stable 

than the position in the main channel. 

 

                   

              Figure 5.3 - Positioning of Pt atoms in MOR at local energy minima 

 

 Figure 5.4 shows the results for the canonical MMC simulations in MOR with 

Si/Al = ∞ at Pt loadings of 1, 2.5, and 5.0 % (mol/mol).  These schematics present the 
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frequency plots generated by the path of the Pt atom obtained through the simulation.  

Similar results for MOR (Si/Al = 5) are presented in Figure 5.5.  Notice that for the lower 

Pt loading (1% mol/mol), the behavior of the positioning of Pt is similar to those obtained 

at the same temperature for the one atom simulation.  For Si/Al = ∞ and T = 298 K, the 

Pt atoms are positioned mainly at the side pockets of the framework.  Meanwhile for 

Si/Al = 5 and T = 298 K, the Pt atoms were positioned at the main pore channel of the 

structure.  It is observed in general that at low concentration, the Pt atoms remain 

dispersed through the zeolite framework. 

 

 Table 5.1 - Energy of one Pt atom in MOR framework pores (in kcal/mol) 

System Total Energy   Δ Energy
(*)

  

MOR - Si/Al = ∞ - 43 011.2   0.0 

       + Pt  main channel - 43 024.6 -13.4 

       + Pt  side pocket 1 - 43 027.7 -16.5 

       + Pt  side pocket 2 - 43 028.5 -17.3 

MOR - S/Al = 5 - 52 891.8   0.0 

       + Pt  main channel -52 903.7 -11.9 

       + Pt  side pocket 1 -52 902.4 -10.6 

       + Pt  side pocket 2 -------- ---- 

              (*) ∆Energy = Energy of system considered minus of Energy of MOR 

                                       at corresponding the Si/Al  
 

 

 For higher Pt loadings at both temperatures, it is observed that the Pt atoms in 

MOR (Si/Al = ∞) are present in both the side pockets and the main pore channels.  

Similar results are observed for MOR with Si/Al = 5 and T = 298 K where some Pt atoms 

are found in the side pockets.  However, for MOR with Si/Al = 5 and T = 623 K at all 
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loadings, the trace of the guest atoms located them consistently in the main pore channels 

of the framework.  It is evident from these results that Pt concentration, as well as Si/Al 

and temperature have an important and combined effect in the position of Pt atoms 

through the simulations. 

 

           Figure 5.4 - Distribution plots for simulations of Pt in MOR (Si/Al = ∞) 

                                at different Pt loadings and temperatures (view downs the c axis)  
  

 

            Figure 5.5 - Distribution plots for simulations of Pt in MOR (Si/Al = 5) 

                                 at different Pt loadings and temperatures (view downs the c axis) 
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 The increase in distribution of Pt atoms of the main pore channels at higher Pt 

loadings in MOR (Si/Al = ∞) can be attributed to the formation of clusters, which are 

energetically favored (at these loadings) in a similar fashion as the Oswald ripening 

effect.  The size of the clusters formed then, does not allow their inclusion in the side 

pockets of MOR.  However, Pt atoms that are distant from clusters will not be affected by 

its presence and will remain mainly in the side pockets of the framework. 

 For the specific case of MOR (Si/Al = 5) and T = 298 K, higher loadings of Pt 

atoms promote the displacement of guest metal atoms to the main pore channels of the 

framework for the same reasons explained above.  In addition, at Si/Al = 5 it is expected 

that Pt atoms will be energetically favored to be positioned at the main pore channels and 

not at the side pockets of the framework.  However, the displacement of Pt atoms from 

the side pockets to the main pore channels is affected by the size of the interconnecting 

ring.  When the temperature is increased from 298 K to 623 K, the mobility of clusters 

and Pt atoms is greatly increased.  This ultimately drives Pt atoms trapped in the side 

pockets to gain access to the main pore channels where they will remain because of the 

greater energetic stability at these conditions. 

 Figures 5.6 and 5.7 present the results obtained from the molecular dynamics 

simulations, by means of snapshots of the process at the beginning and ending of the 

simulations.  As observed in Figure 5.6, the trend of the Pt atoms in MOR (Si/Al = ∞ and 

T = 298 K) is to move through the axial and radial directions.  A few Pt atoms passed 

through the interconnecting rings and moved directly to the side pockets of the structure 

while others remained near the entrance of the interconnecting rings with some 
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oscillating movement near the places where geometric optimizations reported the local 

energy minimum for MOR at Si/Al = ∞.  By observing consecutive snapshots of these 

simulations, it is noted that the mobility of Pt atoms through the interconnecting rings of 

MOR is somewhat restricted; not all Pt atoms had enough kinetic energy to pass through 

these rings.  Notice that some metal atoms remain dispersed and a cluster is formed 

through the simulation period.  The low mobility in the axial direction can be attributed to 

the attraction forces exhibited by the walls of MOR over the Pt atoms, as that the local  

energy minima for these Si/Al conditions are reported at the side pockets and near the 

walls of the main pore channel. 

 For the conditions of Si/Al = ∞ and a temperature of 623 K, a different 

displacement pattern to the one observed at 298 K was observed.  While the displacement 

of the Pt atoms is in both the radial and the axial directions, the predominant trend is to 

move from the center of the main pore channel to the side pockets.  The formation of a 

small cluster (3 atoms) is observed in one of the side pockets, but the majority of Pt 

atoms remain dispersed. 

 In the case of Si/Al = 5 and a temperature of 298 K, the displacement of the Pt 

atoms is observed through the axial and radial directions of the main pore channel of 

MOR (see Figure 5.7).  However, the mobility of the Pt atoms in the axial direction is 

greater than mobility in the radial direction.  This greater mobility in the axial direction 

allows Pt atoms to interact more frequently and the formation of metal clusters is  

observed.  Some Pt atoms remain dispersed in the MOR structure through the simulation 

period. 
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             Figure 5.6 - Initial and final positions of Pt atoms in MD simulations 

                                  at two simulation temperatures for MOR (Si/Al = ∞) 

 

                        

     

 
             Figure 5.7 - Initial and final positions of Pt atoms in MD simulations 

                                  at two simulation temperatures for MOR (Si/Al = 5) 
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 As expected, in the case of Si/Al = 5 and a temperature of 623 K, the mobility of 

Pt atoms is greater than the one observed for 298 K and the same Si/Al.  The tendency of 

the Pt atoms is to move mainly in the axial direction and more clusters are formed 

through the simulation period.  It is interesting to observe that through these simulations, 

the mobility of single Pt atoms during the simulation time is relatively low, even at higher 

temperatures, due to the attraction forces between these atoms and the walls of the MOR 

structure.  However, as soon as Pt clusters are formed, the attraction forces between these  

metal atoms maintain them apart of the walls of the main pore channels, reducing the 

effect of the walls in the mobility of the guest metal atoms. 

 The general trends observed in the MD simulations are in agreement with the 

results obtained for the MMC simulations at both low and high concentrations.  For 

Si/Al = ∞, the trend of single Pt atoms is to move toward the side pockets of the MOR 

framework while for Si/Al = 5, the Pt atoms remain in the main pore channel of the 

structure.  Mobility of the guest metal atoms is increased with temperature.  In areas 

where local Pt concentration is high (i.e. where clusters are formed), the Pt atoms remain 

closer to the center of the main pore channel.  In addition to these agreements, MD 

simulations also illustrate that the mobility of Pt atoms is increased when clusters are 

formed, thus is reasonable to expect that as high concentrations of guest metal atoms 

promote the formation of clusters, these same high concentrations will promote the 

mobility of these atoms through the MOR framework.  
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5.3.2 Comparison of simulations results with previous studies  

 Some interesting convergences are observed when comparing MMC simulation 

results for Pt in MOR with a recent experimental work.  In experiments by Quiñones et 

al. [66], the formation of Pt nanowires near the surface of MOR (Si/Al = 6.5) was 

observed at high concentrations of NaBH4, which was used as a reducing agent in the 

solid state.  These experiments were conducted at room temperature (approximately 

298 K).  For these conditions, a molar ratio of NaBH4/Pt = 9.8 was needed for the 

formation of nanowires.  At an intermediate ratio of NaBH4/Pt = 3.5 Pt clusters were 

formed inside the mordenite structure while, for NaBH4/Pt = 1 no detectable Pt particles 

were formed.  Because NaBH4 was applied as a solid, the reduction of the precursor 

molecules [Pt(NH3)4(NO3)2] probably occurred in the surface of the zeolite crystals.  

While all samples were impregnated with the same amount of the Pt precursor, the 

release of free Pt atoms is expected to occur at a faster rate for the conditions with a 

higher concentration of the reducing agent.  Because of that, local concentration of free Pt 

atoms in areas near the surface of the MOR sample at the beginning of the reduction 

process is proportional to the concentration of the reducing agent.  Simulation results 

presented here show that lower local metal loadings promote the dispersion of Pt atoms 

through the MOR structure and its inclusion in the side pockets, even at Si/Al values of 5.  

When higher local metal concentrations are reached, Pt particles begin to agglomerate in 

the main pore channels of the structure promoting the formation of bigger particles, such 

as clusters.  If even higher local Pt concentrations are reached, it is logical that the 

formation of nanowires will be promoted.  The higher the local concentration the lower 
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dispersion exhibited through the zeolite.  This would explain why nanowires are formed 

near the surface of the zeolite crystals and not inside the framework.  

 With traditional templated synthesis methods, it is difficult to reach high localized 

metal concentrations for the formation of Pt nanowires because the precursor compound 

and the reduction agent would typically be uniformly distributed inside the template.  

Because of the size of the precursor molecules and the diameter of typical zeolite 

channels, local Pt concentrations inside the pores are probably too low to form 

nanowires.  But with the solid state reduction method [66], higher local concentrations of 

free Pt atoms are reached because the migration of the reduction agent to the interior of  

the zeolite is restricted, and the reduction process occurs in specific areas near the 

surface.  

 

5.4 Conclusions 

 

 The results presented here show the importance of temperature, Si/Al, and metal 

loading on the template synthesis of Pt nanostructures in MOR frameworks.  Frequency 

plots of our MMC simulations indicate that high Si/Al ratios (Si/Al = ∞) favor the 

displacement of Pt atoms to the side pockets of the MOR framework, while at low Si/Al 

ratios (Si/Al = 5) the displacement of these guest metal atoms is to the main pore 

channels. 

Also, as was expected, higher temperatures increased the mobility of Pt atoms 

through the framework both through the main pore channels and through the 

interconnecting rings. In addition, higher local Pt loadings (5% mol/mol) promote the 

positioning of Pt atoms in the main pore channels of MOR.  These tendencies imply that 
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the formation of Pt nanowires will be enhanced by the use of MOR zeolite with a low 

Si/Al, a high metal concentration and high temperatures.   

 The MD simulations showed that the mobility of Pt clusters is greater than the 

mobility of single Pt atoms inside the main pore channels of MOR and this was explained 

as due to the fewer interaction of the Pt in clusters with the zeolite. These simulations 

also showed that a low Si/Al favors the axial diffusion of Pt atoms in the pore channels 

which is necessary for the formation of nanowires.  
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Chapter 6 - Studies of the Formation of One Dimensional Pt  
                        Structures in VET-type Zeolites 

 

 

6.1 Introduction 

 

 The work presented in this chapter is focused on the formation of one dimensional 

Pt structures in the main pore channels of the Virginia Polytechnic Institute Eight (VET) 

framework.  Similar to the studies presented in previous chapters, the effect of Si/Al and 

synthesis temperature is considered, but here it is extended to include Monte Carlo 

simulations under the grand canonical ensemble to obtain nanowire structures on the 

main pores.  These structures were geometrically optimized both inside and outside the 

zeolite with the pcff forcefield, and their thermal stability was studied with molecular 

dynamic simulations.  The most stable isolated nanowire structure was further optimized 

with DFT and its structure is reported.  

 The choice of VET is due to its small symmetrical main pore channels which are 

favorable for the formation of very thin symmetrical structures.   It was selected over the 

CAN framework because preliminary simulation results for Pt were more promising and 

interesting.  The main pore channels of VET, which have rings with 12 oxygen atoms, 

have a minimum distance of 5.9 Å between two opposed oxygen atoms, as shown in 

Figure 6.1.  The windows to the side pockets of the VET structure have 6 oxygen atoms 

with a minimum distance between two opposed oxygen atoms in these rings of ~ 2.1 Å.  

The chemical formula of the zeolites with the VET framework is AlnSi17-nO34.  In the case 

of the Virginia Polytechnic Institute # 8 zeolite (VPI-8), the Si/Al = ∞ and the molecular 
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formula is reduced to Si17O34.  For a VET framework with 4 Al atoms per unit cell, the 

Si/Al = 3.25 and the molecular formula is Al4Si13O34.  [60]  

 

6.2 Simulation Methodology 

 Metropolis Monte Carlo (MMC) simulations under the canonical and grand 

canonical ensembles were done with the Sorption module of Materials Studio 

Software™, Version 4.0 (Accelrys, Inc., San Diego, California, USA).  For the molecular 

dynamics simulations, the Forcite Plus module of Materials Studio (version 5.5) was 

used.  All MMC simulations were performed with 2 x 10
6
 equilibration steps,  

1 x 10
7
 processing steps and a maximum displacement set to 1.0 Å.  

 

  Figure 6.1 - VET Framework (Si/Al = ∞) 

 

 Unless otherwise stated, energy computations for these simulations and geometric 

optimizations were done using the pcff forcefield developed by Sun et al. [82,83] 

A cut off ratio of 18.5 Å was used for energy computations, with a cubic spline truncation 

set to 1.0 Å and a buffer set to 0.5 Å .   
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6.2.1 Supercell definition and the positioning of the Al atoms in VET  

 For the MMC simulations, the VET framework was used with Si/Al = ∞ and 

Si/Al = 3.25.  The supercell of VET was composed of 1 x 1 x 16 unit cells (containing 

816 atoms).  The relative position of the atoms in the VET framework was fixed during 

the simulation period.  For the positioning of the Al atoms in VET with Si/Al = 3.25, 

several configurations were evaluated.  In each of them, one Al atom per primitive cell 

was located at one of the five unique tetrahedral sites available (see Figure 6.2).  The unit 

cell with Al atoms at the T2 sites was selected, as it resulted in the most stable 

configuration.   To establish the position of the charge-balancing protons a similar 

approach was used, as geometric optimizations were done for the several configurations 

selecting the ones that resulted in the lowest energy.  Specific details related to this 

procedure are described in previous chapters. 

 

Figure 6.2 - Tetrahedral sites available in the VET  

        for the positioning of Al atoms 
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6.2.2 MMC simulations and geometric minimizations of one Pt atom in VET 

 MMC simulations were performed with a loading of one Pt atom in order to study 

the interaction between Pt and the VET framework at two different Si/Al (∞ and 3.25) 

and two temperatures (298 and 623 K).  Geometric optimizations were also done with 

this loading and Si/Al ratios to find the most stable locations of the Pt in the main pore 

channels and side pockets of VET.  For these geometric optimizations, the relative 

position of the zeolite atoms was fixed.  Specific details of these procedures are described 

in previous chapters. 

 

6.2.3 MMC simulations for VET under the grand canonical ensemble 

 Evaluation of the distribution of Pt atoms within the VET framework at 

Si/Al=3.25 and ∞ and T=298 K and 623 K was done using grand canonical Monte Carlo 

(GC-MC) simulations.  These simulations were done to encourage the formation of one 

dimensional Pt structures within the VET framework and to obtain the most stable 

configurations.  After running the simulations, the configurations with the lowest energy 

were geometrically optimized; then, the VET framework was removed and the isolated Pt 

structure was again geometrically optimized. 

 

6.2.4 Stability of one dimensional Pt structures  

 The thermal stability of the isolated optimized Pt structures obtained in section 

5.2.3 was studied with molecular dynamics simulations at 50, 100, 125 and 150 K.  The 

time step for each of the iterations was fixed to 1 fs and the total simulation time was set 

to 10
4
 ps, resulting in 1 x 10

7 
simulation steps.  The temperature was fixed using the 
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NOSE thermostat algorithm and the initial velocities of Pt atoms were assigned 

randomly.  

 

6.2.5 Geometric optimizations of Pt structure with DFT 

 The formation of a larger Pt nanostructure was promoted inside a VET supercell 

of 36 unit cells at Si/Al = 3.25 and T = 623 K using the methodology described in section 

6.2.3. The structure was then optimized both inside and outside the VET framework 

using the methodology described in the same section.  The resulting isolated structure 

was further optimized using DFT in order to compare deviations of size, shape and 

distance between atoms.  The DFT geometric optimizations were done with Dmol
3
 

software of Accelrys, Inc., San Diego, California, USA.  For the DFT energy 

calculations, the Perdew–Burke–Ernzerhof (PBE) exchange and correlation functionals 

were used and the Kohn-Sham orbitals were expanded in double numerical plus 

polarization (DNP) basis set.   

 

6.3 Results and Discussion 

 Figure 6.3 presents the distribution plots of the MMC simulations for one Pt atom 

in VET at the different Si/Al and temperatures studied.  In all the figures, the path of the 

Pt atom remained inside the main pore channel of the framework.  The path of the Pt 

atom for Si/Al = ∞ and T = 298 K suggests that there are very specific places near the 

surface of the pore walls that are energetically favored for its positioning.  For the case 

when Si/Al = 3.25 and T = 298 K, the preferred position of the Pt atom is displaced to the 
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center of the main pore channels.  The differences exhibited at these two conditions 

suggests that zeolite walls have a much lower restrictive effect on the mobility of the Pt 

atom in the axial direction at Si/Al = 3.25.  The tendency of Pt of moving away from the 

walls of the zeolite pore at low Si/Al ratios is similar to the behavior discussed in 

previous chapters on the CAN and MOR frameworks.  

 

               Figure 6.3 - Distribution plots of one Pt atom in VET framework   

                                    (MMC simulations) 
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 For the case of VET with Si/Al = ∞ and T = 623 K, the path of the Pt atom 

illustrates the acceptance of the random walk through places that were not favored at 

T = 298 K.  This new path suggests a continuous rather than an interrupted travel of the 

Pt atom.   For Si/Al = 3.25 at T = 623 K, the path of the Pt atom through the random walk 

is similar to the one observed at T = 298 K; however, there is a slight increase in the 

radial displacement of the Pt atom through the main pore channel.   

 Figure 6.4 and Table 6.1 present the geometric minimization results for one Pt 

atom inside the VET framework.  As explained in other chapters, the values of ΔE 

correspond to the difference between the energy of the VET framework and the Pt atom 

at its optimized geometry and the energy of the VET framework alone.  The values of ΔE 

and the position of the Pt atom at its local minima are in accordance with the results 

obtained for the MMC with one Pt atom.  For VET with Si/Al = ∞, ΔE is lower at the 

local minima found in the main pore channel than ΔE at the local minimum found in the 

side pockets.  Also, the value of ΔE for Pt at the side pockets is positive, which implies 

that it is unlikely to find Pt atoms at this position.  When Si/Al = 3.25, the position of Pt 

at the local energy minima is shifted from near the wall to the center of the main pore 

channel.  There are in fact two local minima found under these conditions, one in the 

center of the main pore channel and the other near the center but slightly shifted to the 

wall.  There is also a local energy minimum in the side pocket of the Si/Al = 3.25 VET 

framework, but it has a positive ΔE value.  The position of Pt at this local energy 

minimum is almost the same to the one on the Si/Al = ∞ although with a higher value of 

ΔE which makes it more unlikely to find Pt atoms there.      
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 Results for the GC-MC simulations with geometry optimizations are presented in 

Figure 6.5.  In all the simulations, the main pore channel of the zeolite frameworks was 

filled with Pt atoms which formed nanowire like structures.   

 

                  Figure 6.4 - Positioning of Pt atoms in VET at local energy minima 

 

Table 6.1 - Energy of one atom of Pt in VET framework pores (in kcal/mol) 

System    Total Energy      Δ Energy
(*)

  
VET- Si/Al = ∞ -10 843.0357 

 

 0.0000 

       + Pt  main channel 

            (center) 

----------- ------------ 

       + Pt main channel  

            (near wall) 
-10 858.5918 

 

-15.5561 

 

       + Pt  side pocket  -10 833.8875 

 

9.1482 

VET- Si/Al = 3.25      -20 510.1064 

 

 0.0000 

       + Pt  main channel 

            (center) 

     -20 518.0712 

 

-7.9648 

       + Pt main channel 

           (near wall) 

     -20 518.2563 

 

-8.1499 

 

       + Pt  side pocket       -20 439.1242         70.9822 
             

             (*) ∆Energy = Energy of system considered minus Energy of VET at the 
                                     corresponding Si/Al  
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Figure 6.5 - Location of Pt atoms at their minimum energy configurations in VET  

                       after GC-MC simulations and GO 

 

 

 The schematics in the left column of Figure 6.6 show the one dimensional Pt 

structures formed inside VET after geometric optimization.  Notice that for the specific 

case of Si/Al = 3.25 and T = 623 K, the Pt atoms present a more ordered pattern than 

those observed at the other simulated conditions.  It seems that at this temperature and 
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Si/Al ratio the increased mobility of Pt atoms and the repulsion of the zeolite main pore 

channel allow the Pt atoms to reach the local minimum positions found during the 

geometry optimization of one Pt atom in this same zeolite, resulting in a more ordered 

atomic configuration.  At T = 298 K and a VET framework with the same Si/Al ratio, the 

one dimensional Pt structure obtained have some segments with a similar atomic 

arrangement to the one formed at T = 623 K, but in general it was disordered.   

 The Pt structures obtained at Si/Al = ∞ exhibited, in general, a disordered pattern.  

This behavior can be explained by the lower repulsion exhibited between the walls of the 

zeolite, which permitted the introduction of more Pt atoms thorough the GC-MC 

simulation.  The combination of the presence of more Pt atoms and the lower interaction 

with the walls of the zeolite diminished the capacity of the zeolite to template an ordered 

structure. 

 The right column of Figure 6.6 presents schematics of the results obtained from 

geometric optimizations of the one dimensional Pt structures after removing the VET 

framework.  For the specific case of VET with Si/Al = 3.25 and T = 623 K, the obtained 

one dimensional Pt structure after geometry optimization outside the VET framework 

present an ordered (but not crystalline) pattern, that can be classified as quasicrystal.  The 

results obtained for the other three conditions did not present any ordered pattern.    

 Molecular dynamics simulations performed for the four one dimensional Pt 

structures at 50, 100, 125 and 150 K indicated that all structures, with the exception of 

the one formed at Si/Al = 3.25 and T = 623 K, collapsed at all temperatures studied 

forming a much compact cluster-like structure.  For the one dimensional Pt structure 
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formed at Si/Al = 3.25 and T = 623 K, the ordered structure maintained its integrity up to 

T = 125 K.   

 

Figure 6.6 - Geometric optimizations of Pt structures inside and outside VET 

 

 Figure 6.7a shows a three dimensional view of the longer Pt nanowire-like 

structure formed at Si/Al=3.25 and T=623K using a supercell of 36 VET unit cells (as 

described in section 6.2.5) after geometric minimization with pcff.  This structure 

resembles the one reported by Peng et al. [112] for the case of Ni after relaxation of the 

structure labeled (4,2) using molecular dynamics at 0 K with the EAM potential. [117]  In 

that study, the unrelaxed and relaxed structures of Ni are similar to the Pt structures 

obtained inside and outside VET, respectively (for Si/Al = 3.25 and T = 623 K).   While 

these similarities are not surprising, as Ni and Pt are transition metals of the group VIIB 
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(in the periodic table), it is important to emphasize that the structure reported by Peng et 

al. was obtained from the relaxation of a theoretical structure proposed by symmetry and 

not from a simulation based on an existing template.  Our results then suggest that it is 

possible to experimentally obtain theoretically proposed structures by using zeolites as 

templates.  As mentioned in the introduction, deviation of crystalline patterns to regular 

but unusual patterns in metal nanowires was predicted Gülseren et al.. [109]  These wires 

presented large irregularities that depended on the nanowire thickness.  Some of the 

formed wires have helical structures.  The authors attributed the observed deviations to 

the competition of two predominant energy effects, the optimal internal packing and the 

minimal surface energy.  If the radius of the nanowire is smaller than a critical value, the 

minimal surface energy effect predominates over optimal internal packing effect and 

deviations to crystalline patterns start to appear.  In that study the authors used only 

interatomic potentials for their energy calculations; however they pointed out the 

importance of effect of electronic shells effects in the final positioning of metal atoms, 

especially for nanowire structures of very small radii. 

 Figure 6.7b presents the Pt nanowire after geometric minimization using DFT.  

Notice that there is a slight shift in the alignment of the Pt atoms, giving a curved or 

wavy path of the whole nanowire structure.  This wavy path is similar to the one reported 

by Oshmima et al. for the synthesis of thin gold nanowires. [128]    

 Figure 6.8 shows the details of the structures formed after both, pcff and DFT 

geometric optimizations.  When comparing the interatomic distances between the two 

structures it is evident that those obtained by DFT optimization are smaller.  The 

distances obtained by DFT are in accordance to those reported for small nanostructures,  
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                   Figure 6.7 - Geometric optimizations of one dimensional 

                                        Pt structures with pcff and DFT 
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while the distances reported by pcff are more similar to the values reported in the bulk.  

While the forcefield is not capable to estimate precise distances between these metal 

atoms in nanostructures, it seems to be adequate to give a qualitative description of how 

these atoms are positioned in space, at a low computational cost.    

 

 

 

                      Figure 6.8 - Distances between atoms in the optimized 

                                           Pt structures with pcff and DFT                            

 

 

6.4 Conclusions 

   The results presented suggest that, theoretically, it is possible to obtain thermally 

stable ordered one dimensional Pt nanostructures using a VET zeolite.  It was shown that 

the formation of these ordered structures depends strongly on synthesis parameters such 
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as temperature and Si/Al, and that Si/Al = 3.25 and T = 623 K were the optimal 

parameters found of those studied.  These ordered structures exhibit good structural and 

thermal stabilities, which are essential to maintain the integrity of these ultrathin 

nanowires. 

 This study also shows that it might be possible to experimentally obtain ultrathin 

nanowires predicted by theoretical methods using VET zeolites as templates.  The results 

also suggest it might be possible to extend these results to similar one dimensional zeolite 

frameworks; i.e. with symmetrical one dimensional pore channels and side pockets with 

small windows, under similar synthesis conditions.  Finally, this study suggests that pcff 

geometry optimization can be used to obtain reliable one dimensional Pt structures at low 

computational costs.     
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Chapter 7 - Analysis, Discussion and Recommendations 

 

7.1 Analysis and Discussion 

  The results presented through this dissertation are based on simulations of neutral 

metal atoms and their interaction with zeolite frameworks, under conditions that simulate 

the final steps of templated synthesis methods in which ultrathin nanowires could be 

formed.  Effects associated with the inclusion of other particles (such as molecules or 

ions) through the synthesis process are not considered, so the reader must be take into 

consideration that the following comments are done in the context of the limits in which 

the study was realized.     

  Comparing the results and conclusions of Chapters 4 to 6 of this dissertation, key 

aspects necessary for the successful synthesis of nanowires in zeolites were identified.  In 

terms of the framework type, it is clear that the size of the interconnecting windows 

between the main pores and the side pockets must be taken into consideration, when 

selecting zeolites as templates for experimental work.  When these windows are large 

enough, migration of metal atoms from the main pore channels to side pockets can occur.  

This migration could have detrimental effects on templated synthesis of metal nanowires, 

because it is on the main pore channels where they could be formed. 

 We have seen that Si/Al has an important effect on the positioning of neutral 

metal atoms in a zeolite.  For lower values of Si/Al, the positioning of metal atoms inside 

the main pore channels is energetically favored over the side pockets, while the opposite 

is true for very high values of Si/Al.  This fact helps to reduce the displacement of metal 
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guest atoms from the main channels to the side pockets in zeolites such as mordenite, 

which has interconnecting windows large enough to allow migration of metal atoms 

outside the main pore channels.     

 This effect is related to the one observed in Chapter 4, where the results obtained 

with the MMC simulations evidences that the presence of Al atom in the zeolite 

framework promotes the separation of the guest metal atoms from the wall surfaces of the 

zeolite structure.  In terms of energetic stability, this means that the stability of guest 

metal atoms inside the zeolite framework is achieved farther away from the O atoms 

around an Al atom than the O atoms around a Si atom.  The result is that, as the number 

of Al atoms in the zeolite framework increases (i.e. the Si/Al decreases) the distribution 

of the metal atoms through the zeolite framework becomes more uniform.  As seen in 

Chapter 5, this effect has a direct influence on the diameter of the nanowires formed 

inside the pore channels, but more importantly in the relative position between these 

metal atoms, influencing the final structure and stability of the nanowires removed from 

the template.  

 Another important factor studied in Chapters 3 and 4 was the metal loading.  As 

concluded in these chapters, higher metal loadings promote the formation of aggregates 

inside the pores of zeolites, while low concentrations promote dispersion of metal atoms 

through their framework.  This effect can be physically explained by the fact that the 

agglomeration of metal atoms is thermodynamically favored (in a similar fashion as the 

Oswald ripening effect).  But in order to agglomerate, these particles must interact first; 

the probability of interaction between guest metal atoms in the zeolite is increased with 

an increase in metal loading.  For low metal loadings, the probability of interaction is 
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smaller and thus, these particles remain disperse.  For the case where agglomeration 

occurs, bigger particles require more space and they remain in the main pore channels 

due to energetic considerations.   

 It is important to emphasize that, in terms of this research made with molecular 

simulations, metal loadings are local loadings.  To achieve high local metal loadings in 

actual templated synthesis, it is important to select proper methods for incorporation of 

metal atoms in the zeolite framework.  In the specific case of wet impregnation and 

synthesis by reduction, metal organic salts are typically used as precursors.  Metal ligands 

occupy space reducing the interaction between metal atoms.  Also, it is expected that the 

size and shape of the metal ligands have an important effect, as diffusion of these 

particles inside the pores can be restricted by these factors.  

 Temperature has a very important effect in the formation of nanostructures 

because higher temperatures increase mobility of guest atoms.  The increase in mobility 

of atoms can have a positive or negative effect on the formation of nanowires, depending 

on its magnitude and the effect of other variables such as framework type, Si/Al and 

metal loading.  In general, if other variables are managed to provide a stability of metal 

atoms inside the main pore channels of the zeolite, an increase in temperature has a 

positive effect in the formation of metal nanowires because guest atoms can interact more 

frequently, increasing the possibility of forming elongated structures.  Also the higher 

mobility at higher temperatures seems to help metal atoms reach stable positions inside 

the pores, forming more ordered and stable one dimensional structures.   

 The results presented throughout this dissertation suggest that it is possible to 

obtain thermally stable ordered one dimensional metal nanostructures using proper 
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zeolite frameworks and correctly managing parameters such as Si/Al, metal loading, and 

temperature.  They also show that it might be possible to use zeolites to experimentally 

obtain ultrathin nanowires with ordered structures previously predicted by theoretical 

methods.   

 Finally, this study showed that geometric optimizations using the pcff  forcefield 

can be used to obtain qualitatively correct one dimensional Pt nanostructures at low 

computational costs compared to ab initio methods.  This suggests that this forcefield can 

be used as a reliable method to obtain configurations of nanostructures in zeolites.  

 Overall molecular simulations were able to give us guidelines that can be used to 

the successful synthesis of nanowires using zeolites as templates.   

 

7.2 Recommendations for Future Studies 

 Simulation studies are important scientific tools that help explain natural 

phenomena and provide theoretical basis to be used in predictions and overall design of 

practical applications.  However, it is always good practice to complement theoretical 

studies with experimental observations and vice versa, in a dynamic that always brings 

new answers, but more important, new questions.  For that reason, the first suggestion is 

to perform experimental research to confirm the observed effects of the variables studied 

in this dissertation over the templated synthesis of metal nanowires using zeolites. 

   The research methodologies used in the present study have proved to be useful to 

predict, in theoretical bases, the capacity of a zeolite framework to cast metal nanowires 

with specific patterns of arrangement of atoms.  Because of the importance of this 
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information for the design of experimental work, our second recommendation is to 

perform research using these methodologies to generate a database of possible metal 

ultrathin nanowires (and other nanostructures) that can be synthesized with the 

frameworks reported by the International Zeolite Association (IZA).  This database will 

help researchers to select zeolite frameworks and metals for impregnation to perform 

experimental research, according to their specific needs. 

 One of the typical problems after the synthesis of any nanostructure is the 

agglomeration (and possible deformation) of the particles after removal from the 

template.  One way to prevent this effect is by embedding some type of coating material 

that prevents contact between the synthesized nanoparticles.  In the case of ultrathin 

metal nanowires, this could represent a major difficulty when performing the actual 

synthesis and posterior removal of the template.  However, an interesting possibility to 

overcome this problem could be to use side pockets of zeolites like mordenite as storage 

(prior to synthesis) of the coating material.  The implementation of such technique would 

require knowledge of the adsorption behavior of the selected coating materials in the 

selected zeolite.  Based on that, our last recommendation is to do research using 

molecular simulations to study the adsorption of materials that could be used for coating 

purposes.  
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Appendix A - Functional Form and Parameterization of the  
                            Polymer Consistent Forcefield (pcff)  
 
 

 The Polymer Consistent Forcefield (pcff) has the following functional form, 

which is shared with other forcefields of the same family (cff91, cff, and COMPASS): 
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Differences between these forcefields are related to the functional groups included, how 

they were parameterized, and rules for assignment and combination of parameters for 

non-bond terms. 

 In this functional form, the first and second terms employ quartic polynomials for 

bond and angle bending, respectively.  The third term uses Fourier expansion for torsions.  

The out-of-plane (or inversion) coordinate is computed by the fourth term as defined by 

Wilson et al..  Cross terms up through third order that have been found to have impact on 

energy calculations are attended by terms 5 to 11.  The term 12 is the Coulombic 

interaction between the atomic charges and term 13 attends the van der Waals 

interactions, using an inverse 9
th

 power term for the repulsive forces instead of the 

traditional 12
th

 power term found in Lennard Jones potential.  

 In addition to polymer and zeolite atom parameterizations, pcff include 

parameters for Li, K, Cr, Mo, W, Fe, Ni, Pd, Pt, Cu, Ag, Au, Al, Sn, and Pb.  

Parameterizations for the atoms of these metals are done using only the term 13, which 

has the functional form of Lennard Jones potential. 

 

 

 


