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ЉЯϷϧЃв 

 

 (ϣКнгϯв) ϸнЧзК Йв ϢϼϻЮϜ сϚϝзϪ (2H)еуϮмϼϹулЮϜ сϚϿϮ аϸϝЋϦ ϣвнЗзв еК ϣЊϝ϶ АмϽЇϠ ϣЂϜϼϹЮϜ иϻк
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.рϼϜϽϳЮϜ ϸϝг϶шϜ 

)еуϮмϼϹулЮϜ сϚϿϮ аϸϝЋϦ ϣвнЗзгЮ сЯКϝУϧЮϜ ϼϝЃгЮϜ ϣЂϜϼϸ ϥгϦvii,j рϼϻЮϜ ЀϝϳзЮϜ ϸнЧзК Йв (Cu9)T(  ев

в ск ϣтϹуЯЧϦ ϣϡІ ϣузЧϦ Ьы϶) ϤϝϛтϿϯЮϜ ϝЫужϝЫув (ϣϮϻгж) ϢϝЪϝϳMD днЫϧЮ ЭКϝУϧЯЮ ЙЎнЮϜ ϣЦϝА ϼϝуϧ϶Ϝ бϦ .(

)(ϣжнТϹгЮϜ)ϢϼнгГгЮϜ ϢϼϻЮϜ ϣЦϝА ϬϺнгжϓϠEAMЀϝϳзЮϜ ϸнЧзК ϤϜϼϺ еуϠ (ЭКϝУϧЮϜ) Э϶ϜϹϧЮϜ ЭϫгϦ сϧЮϜ (Cu9 ,
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антϽуϦнтϹЮϜ ,еуϮмϼϹулЮϜ ,ЀϝϳзЮϜ ,(сЫЫУϧЮϒ)сЮыϳжъϜ 
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Abstract 

 

 
Nanotechnology is a modern field of research dealing with synthesis, strategy and 

manipulation controlling of particle’s structure ranging from approximately 1 to 

100 nm in size. Nanotechnology making an impact in all spheres of human life and 

it was a quick growing. Nanobiotechnology represents an economic alternative for 

chemical and physical methods of nanoparticles formation.  Metallic nanoparticles 

are being utilized in every phase of science along with engineering including 

medical fields and are still charming the scientists to explore new dimensions for 

their respective worth which is generally attributed to their corresponding small 

sizes. Among several noble metal nanoparticles, gold nanoparticles have attained a 

special focus. Gold nanoparticles are synthesized by chemical method using 

chemicals as reducing agents which later on become accountable for various 

biological risks due to their general toxicity; engendering the serious concern to 

develop environment friendly processes. Thus, to solve the objective; biological 

approaches are coming up to fill the void; for instance green syntheses using 

biological molecules derived from plant sources in the form of extracts exhibiting 

superiority over chemical and/or biological methods. These plant based biological 

molecules undergo highly controlled assembly for making them suitable for the 

metal nanoparticle syntheses. It has many advantages such as, ease with which the 

process can be scaled up, economic viability, cost-effective procedures for 

producing reproducible, stable and biocompatible AuNPs.  We presented a 

developed technique which is a novel; quick, cost effective and environmental 
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friendly for the synthesized noble metal gold nanoparticles with different shapes 

using mix Olea Europaea fruit extract and Acacia Nilotica extract. The synthesized 

nanoparticles were characterized by UV-visible spectroscopic Zetasizer, Fourier 

Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) 

equipped with Energy Dispersive Spectroscopy (EDS) and Transmission Electron 

Microscopy (TEM). These synthesized green nanoparticles are used as cancer 

agent, and more preferably are used with photothermal therapy in treatment of 

Ehrlich Ascites carcinoma cells, which showed excellent anticancer activity.  

 

Key Words:  Molecular Dynamics Simulation, Clusters, Dissociative 

Chemisorptions, Copper, Hydrogen, Deuterium.                        
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Chapter 1 

Introduction  

 

Much progress has been made in the recent years in theoretical and experimental 

descriptions of cluster reactions, especially more attention was paid to probe the kinetic 

and energetic of metal cluster-molecule reactions 
(1). This focus on reactivity should be 

distinguish from the fast amount of researches, which has focused on the structure and 

energetic of pure metal and semiconductor cluster.  

  

Cluster is a basic building block of nanotechnology electronic, nanosience. The ability 

to generate metal colloids with narrow size distribution means that it is possible to 

design of nanoparticles, and to study the matter properties from the small cluster size. 

Also clusters can be models for heterogeneous catalysis on bulk metal surfaces (13,14).  

  

Copper is one of the abundant elements in the nature, cheap, and considered as 

important metallic catalysts in hydrogenation reactions, where the surface generally 

lowers the activation barrier to bond breaking and stabilizes reaction intermediates 

which eventually proceed to form reaction products. On the other hand hydrogen with 

its small size, the most abundant element in the universe (make up 90% of the universe 

by weight) and the only stable neutral two body system which  has special significance 

in quantum mechanics, all this make it with it is heavier isotope deuterium  one of the 

highest fertile ground for experimentalists(2). 

 

 Hydrogen chemisorptions play a very important role in understanding of various 

catalytic reactions in which hydrogen molecule adsorb dissociatively on transition 

metal surface(3,4).  These studies was important in processes using catalysis such as: 

Petroleum refining processing, catalytic cracking , breaking long chain hydro carbons 

into smaller pieces, catalytic converter in auto  mobile  (decreased the pollution),  

Ammonia and Methanol synthesis, manufacture of margarine, and olefin 

polymerization, also in metal dispersion, and in metal imbrittlement(36,37).  

                                                                                                                                                

The interaction of hydrogen with copper cluster is still poorly characterized in both of 

theoretical and experimental studies. Because of the differences in the potential energy 
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models selected to describe these interactions, the results was equivocal in determining 

the dissociation activation barrier, and the adsorption positions of the hydrogen atoms 

on Cu cluster sides(2,3).  

 

Techniques of computer experiment or computer simulations, with the advent of high-

speed computers altered the picture by inserting a new element right in between 

experiment and theory, where they simulate the experiments which may be  expensive 

or difficult and sometimes impossible to do it in laboratory (for example in extremes 

conditions). They successfully fill the gap between the experimental observations and 

theoretical modeling(32). One of these simulations techniques is the molecular dynamic 

(MD) techniques where the time evolution of a set of interacting atoms is followed by 

integrating their equations of motion; this is done by solving it numerically on a 

computer following the laws of classical, quasiclassical or quantum mechanics.  

In our study the result of a quasiclassical simulation study of the interaction of hydrogen 

and deuterium molecules with Cu9 atomic cluster was presented. Both channel, the 

reactive (dissociative adsorption of molecule on cluster) and non reactive (scattering of 

the molecule from the cluster), was considered. This work provided a MD simulation 

result of two processes: 

H2 (vi,ji)+Cluster ­ [ H2 (vf,jf)]adsorbed ­H+H+ Cluster, 

and the process of inelastic scattering of the molecule from the cluster:  

 H2 (vi,ji)+Cluster ­  H2 (vf, jf) +Cluster, (33)
 

 

The dynamics of interaction between a molecule and cluster depends on the relative 

partners (molecule and cluster) and on the internal degree of freedom (DOF) of them. 

It is of no doubt a formidable task to obtain a full theoretical description, which include 

all full DOF. Away around this would be for us to choose model systems for which the 

influence of certain DOF is minimized. Alternatively, we choose only those DOF on 

which we can exert considerable control. In this work the molecule translation energy, 

initial rovibrational state, cluster temperature and the reaction impact parameter to be 

the controlled DOF of the collision system. 

The goal of this simulation is to study the collision of H2 molecules with Cu9 atomic 

cluster, which include study of dissociative chemisorption probability, reaction cross 

section, reaction rate constant as function of collision energy, impact parameter, and 

the cluster temperature. Also .inelastic scattering probability, H2 / D2 (isotopic effect) 
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were studied. Before the collision, the copper cluster was prepared at desired 

temperatures T (K), and the H2 molecule was prepared at specific initial vibrational (vi) 

and initial rotational (ji) states.    

 

The general idea of the computer simulation MD predicter corrector method that solves 

numerically the equations of motion of the system was described in the second chapter. 

The selected potential energy surfaces that compute for the hydrogen molecule atoms 

and the cluster atom potential VEAM (Embedded atom potential), and the LEPS (London 

–Eyring –Polyani –Sato) which represents the molecule – cluster potential energy 

surface VLEPS were included in the third chapter. In the forth chapter the cluster physics 

model selection, and the classical trajectory calculations as a theoretical tools were 

provided. In the fifth chapter the results of the reaction cross section, rate constant at 

different initial roviberational states and different temperature were discussed for both 

of hydrogen and deuterium isotopes. The conclusion was given in chapter six and 

references were given at the end of the thesis.  
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Chapter2 

                              Molecular Dynamics Simulation 
 

A computer simulation, computer model or a computational model is computer 

program that try to simulate theoretical model of a particular system. Also it is the 

control of designing a model of an actual or theoretical physical system by performing 

the model on a digital computer and analyzing the perform output. Computer simulation 

has become a useful part of modeling many natural systems in physics (Computational 

Physics),  chemistry and biology, and human systems in economics and social science 

(the computational sociology) as well as in engineering to gain insight into the operation 

of those systems. In such simulations the model behavior will change each simulation 

according to the set of initial parameters assumed for the environment. Traditionally, 

the formal modeling of systems has been via a mathematical model, which attempts to 

find analytical soluti 

ons enabling the prediction of the behavior of the system from a set of parameters and 

initial conditions. Computer simulations were carried out in the hope of understanding 

the properties of assemblies of molecules in terms of their structure and the microscopic 

interactions between them, also to enable us to learn something new that cannot be 

found out in other ways.  

 

Computer simulations act as a bridge between microscopic length and time scales and 

the macroscopic world of the laboratory, at the same time, the hidden details behind 

bulk measurements can be revealed.  Also, it can be the link between theory and 

experiment, which we may test a theory by conducting a simulation using the same 

model, or test the model by comparing with experimental results. Simulations may also 

carry out on the experiments that are difficult or impossible in the laboratory (for 

example, working at extremes of temperature or pressure). 

 

2-1 Computer Simulation Method  

There are many different types of computer simulation; the common feature they all 

share is the attempt to generate a sample of representative scenarios for a model in 

which a complete account of all possible states would be impossible. Computer models 

can be classified according to several criteria including: 

http://en.wikipedia.org/wiki/Computer_program
http://en.wikipedia.org/wiki/Computer_program
http://en.wikipedia.org/wiki/Simulation
http://en.wikipedia.org/wiki/Model_(abstract)
http://en.wikipedia.org/wiki/Model_(abstract)
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Computational_Physics
http://en.wikipedia.org/wiki/Computational_Physics
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Biology
http://en.wikipedia.org/wiki/Economics
http://en.wikipedia.org/wiki/Social_science
http://en.wikipedia.org/wiki/Computational_sociology
http://en.wikipedia.org/wiki/Engineering
http://en.wikipedia.org/wiki/Model_(abstract)
http://en.wikipedia.org/wiki/Mathematical_model
http://en.wikipedia.org/wiki/Scenario
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¶ Stochastic or deterministic  

¶ Steady-state or dynamic  

¶ Continuous or discrete  

¶ Local or distributed. 

The two main families of simulation technique are molecular dynamics (MD) 

(Deterministic) and Monte Carlo (MC) (Stochastic), additionally; there is a whole range 

of hybrid techniques which combine features from both. In molecular dynamics the 

position are obtain by numerically solving differential equations of motion and so, the 

positions are connected in time the positions tell dynamics of individual molecules as 

in motion picture. 

A molecular scale simulation consists of three principle steps: 

1. Construction of model. 

2. Calculation of molecular trajectories (these step constitutes the simulation    

properties). 

3. Analysis of those trajectories to obtain property values.  

 

2-1-1 Stochastic Methods 

 

In this method stochastic elements were used to compute quantities of interest. 

Stochastic models such as Monte Carlo simulations which they use random number 

generators to model chance or random events, Marko chain where the out com of 

random event series depends only on the outcome of immediately previous event. 

 

Monte Carlo (MC) is the purely stochastic method, it is typically performed on a fixed 

number of molecules N placed in fixed volume V and maintained at constant absolute 

temperature T. In Monte Carlo simulation, ensemble averages are evaluated by 

accumulating the integral at randomly generated values of independent variables the 

atomic positions rN , in the other hand , the positions are generated stochastically such 

that a molecular configuration rN depends only on the previous configuration. The 

importance sampling scheme devised by Metropolis et al(12), this method involves the 

following principle steps. First, assign initial positions ri to the N molecules and 

compute the total potential energy. Then hypothesize a new configuration by arbitrarily 

disciplining one molecule and proposing that it be moved from r through a randomly 

http://en.wikipedia.org/wiki/Stochastic_process
http://en.wikipedia.org/wiki/Deterministic
http://en.wikipedia.org/wiki/Continuous_function
http://en.wikipedia.org/wiki/Discrete_mathematics
http://en.wikipedia.org/wiki/Distributed_computing
http://en.wikipedia.org/wiki/Stochastic_process
http://en.wikipedia.org/wiki/Monte_Carlo_method
http://en.wikipedia.org/wiki/Random_number_generator
http://en.wikipedia.org/wiki/Random_number_generator
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chosen distance and direction to a new position r /. If we rejected the proposed moved, 

we count the old configuration as the new one and repeat the process using some other 

arbitrary chosen molecule for each configuration generated by procedure, evaluate 

property integrand and accumulate them in running sums. To obtain sufficient precision 

for average, a few million configurations are generally needed. 

 

2-1-2 Deterministic Methods 

 

The idea behind these methods is the use of intrinsic dynamics of the mode to propagate 

the system. In such kind of methods one can deal with all degrees of free dome such 

that for collection of particles governed by classical mechanics with a trajectory (xn(t), 

pn(t)) in phase space for fixed initial points  x1(0), x2(0),…….xn(0) and p1(0), 

p2(0),……..pn(0), the equation of motion of such system will be discreted to generate a 

path in phase space along which properties can be computed. One of the deterministic 

methods is the well known molecular dynamics method.  

 

2-1-3 Advantage and area of application of simulation method 

A simulation is an imitation of some real thing, state of affairs, or process. The act of 

simulating something generally entails representing certain key characteristics or 

behaviors of a selected physical or abstract system. 

Simulation is used in the modeling of natural systems or human systems in order to 

gain insight into their functioning, also include simulation of technology for 

performance optimization, health care, safety engineering, city urban planning, testing, 

training flight, education and games. It can be used to show the eventual real effects of 

alternative conditions and courses of action. 

¶ Deterministic methods are generally easier and faster to apply and readily lend 

themselves to computer applications.  

¶ Many kinds of small errors tend to accumulate with time and so become apparent. 

¶ When generate trajectories, the existence of an explicit time variable allow us to 

estimate the length needed for a run: the duration must be least several multiples of 

relaxation time for the lowest phenomenon being studied.  

http://en.wikipedia.org/wiki/Scientific_modeling
http://en.wikipedia.org/wiki/Technology
http://en.wikipedia.org/wiki/Safety_engineering
http://en.wikipedia.org/wiki/Experiment
http://en.wikipedia.org/wiki/Training
http://en.wikipedia.org/wiki/Education
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¶ It is more efficiently evaluates such properties as the heat capacities, 

compressibility, and inter facial properties. Also configuration properties, provides 

entrance to dynamics quantities such as transport coefficients and time correlation 

functions.  

2-2 Molecular Dynamics Simulation 

 

Molecular dynamics (MD) simulation is computational method or a form of computer 

simulation, where in atoms and molecules are allowed to interact for a period of time 

under known laws of physics, this is done by generating a molecular trajectories over 

finite time.  The molecular dynamics method was first introduced by Alder and 

Wainwright (38) in the medial of the last century to study the interactions of hard spheres. 

Since it is impossible to find the properties of such complex systems analytically; 

because molecular systems generally consist of a vast number of particles; MD 

simulation circumvents this problem by using numerical methods.  

MD represents an interface between laboratory experiments and theory, and can be 

understood as a "virtual experiment", generate information at the microscopic level 

including atomic positions and velocities, also it is a special discipline of molecular 

modeling, it addresses numerical solutions of Newton's, Lagrangian's, and 

Hamilltonian  equations of motion on an atomistic or similar model of molecular system 

to obtain information about its time dependent properties. 

 

 Molecular dynamics is concerned with molecular motion, where it is inherent to all 

chemical processes, such as simple vibrations, bond stretching and angle bending. 

Chemical reactions, hormone-receptor binding, and other complex processes are 

associated with many kinds of intra- and intermolecular motions. The driving force for 

chemical processes is described by thermodynamics. The mechanism by which 

chemical processes occur is described by kinetics. Thermodynamics dictates the 

energetic relationships between different chemical states, whereas the sequence or rate 

of events that occur as molecules transform between their various possible states is 

described by kinetics: 

 

http://en.wikipedia.org/wiki/Computer_simulation
http://en.wikipedia.org/wiki/Computer_simulation
http://en.wikipedia.org/wiki/Complex_systems
http://en.wikipedia.org/wiki/Numerical_analysis
http://en.wikipedia.org/wiki/Virtual_reality
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Fig. (2-1). Force of chemical processes 

 

Conformational transitions and local vibrations are the usual subjects of molecular 

dynamics studies, which alter the intramolecular degrees of freedom in a step-wise 

fashion. The steps in molecular dynamics represent the changes in atomic position, ri, 

over time (i.e. velocity) as seen in Fig. (2-1).  

 For the “i” atoms of the system: 

 

 

Fig.(2-2)  The steps in molecular dynamics 

The basic ingredients of molecular dynamics are the calculation of the force on each 

atom, and from that information, the position of each atom throughout a specified 

period of time (typically on the order of picoseconds = 10^-12 seconds).  

The force on an atom can be calculated from the change in energy between its current 

position and its position a small distance away. This can be recognized as the derivative 

of the energy with respect to the change in the atom's position: 

 i

i

F
dr

dE
=-                                                                                                                 (2-1) 

 

Thermodynamics             State 1              State 2               State 3 

Kinetics                            State1               State 2                State 3 

Thermodynamics                                           what states are possible?? 

Kinetics                                                          how(and how fast) do states  

 

State 1                                                                                                       State 2  

 ri 1   ri 1a     ri 1b   ri 2b      ri 2a              ri 2 

      time  
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Energies can be calculated using either molecular mechanics or quantum mechanics 

methods. Molecular mechanics energies are limited to applications that do not involve 

strong changes in electronic structure such as bond making/breaking, while quantum 

mechanical energies can be used to study dynamic processes involving chemical 

changes. 

Knowledge of the atomic forces and masses can then be used to solve for the positions 

of each atom along a series of extremely small time steps (on the order of femtoseconds 

= 10^-15 seconds). The resulting series of snapshots of structural changes over time 

gives the simulation trajectory. The use of this method to compute trajectories can be 

more easily seen when Newton's equation is expressed in the following form: 

 
2

2

dt

rd
m

dr

dE i
i

i

=-                                                                                                         (2-2) 

Since trajectories are not directly obtained from Newton's equation due to lack of an 

analytical solution, the atomic accelerations are firstly computed from the forces and 

masses and the velocities are next calculated from the accelerations based on the 

following relationship:  

dt

dv
a i

i =                                                                                                                    (2-3) 

Lastly, the positions are calculated from the velocities: 

 
dt

dr
v i

i =                                                                                                                     (2-4) 

A trajectory between two states can be subdivided into a series of sub-states by small 

time steps, "delta t" (e.g. 1 femtosecond).   
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Fig. (2-3) The steps in molecular dynamics with (t). 

The initial atomic positions at time "t" is used to predict the atomic positions at time "t 

+ ∆t". The positions at "t + ∆t" are used to predict the positions at "t + 2* ∆t ", and so 

on. Molecular dynamics has no defined point of termination other than the amount of 

time that can be practically covered. Unfortunately, the current picosecond order of 

magnitude limit is often not long enough to follow many kinds of state to state 

transformations, such as large conformational transitions in proteins 

2-2-1 Standards Molecular Dynamics Simulation Models 

2-2-1-1 Microcanonical ensemble (NVE) 

In the microcanonical, or NVE ensemble, the system is isolated from changes in moles 

(N), volume (V) and energy (E). It corresponds to an adiabatic process with no heat 

exchange. A microcanonical molecular dynamics trajectory may be seen as an 

exchange of potential and kinetic energy, with total energy being conserved. For a 

system of N particles with coordinates X and velocities V, the following pair of first 

order differential equations may be written in Newton's notation as 

)()()( tVMxUxF #=-Ð=                                                                                          (2-5)  

)()( txtV #=                                                                                                                 (2-6)                                                                                                                                                                                                          

 2-2-1-2 Canonical ensemble (NVT) 

 

State 1 -------------------------------------------------------------- State 2  

              ri 1       ri 1a                                                     ri 2 

           trajectory 

            t                t + ∆t 

http://en.wikipedia.org/wiki/Adiabatic_process
http://en.wikipedia.org/wiki/Newton's_notation_for_differentiation
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In the canonical ensemble, moles (N), volume (V) and temperature (T) are conserved. 

It is also sometimes called constant temperature molecular dynamics (CTMD). In NVT, 

the energy of endothermic and exothermic processes is exchanged with a thermostat. 

2-2-1-3 Isothermal-Isobaric (NPT) ensemble 

In the isothermal-isobaric ensemble, moles (N), pressure (P) and temperature (T) are 

conserved. In addition to a thermostat, a barostat is needed.  

2-2-1-4 Generalized ensembles 

The replica exchange method is a generalized ensemble. It was originally created to 

deal with the slow dynamics of disordered spin systems. It is also called parallel 

tempering. The replica exchange MD (REMD) formulation tries to overcome the 

multiple-minima problem by exchanging the temperature of non-interacting replicas of 

the system running at several temperatures. 

2-2-2 Molecular dynamics time average Method 

Since integral is generally extremely difficult to calculate because one must calculate 

all possible states of the system. In a molecular dynamics simulation, the points in the 

ensemble are calculated sequentially in time, so to calculate an ensemble average, the 

molecular dynamics simulations must pass through all possible states corresponding to 

the particular thermodynamic constraints. Another way, as done in an MD simulation, 

is to determine a time average of A, which is expressed as 

( )ñ ä
= =

= º=

t

t
t

0 1

0 ),(
1

)(),(
1

lim
t

M

i

NNNN

time
rPA

M
dttrtPAA                                   (2-7) 

Where t is the simulation time, M is the number of time steps in the simulation and A 

(pN,rN) is the instantaneous value of A. 

The dilemma appears to be that one can calculate time averages by molecular dynamics 

simulation, but the experimental observables are assumed to be ensemble averages. 

Resolving this leads us to one of the most fundamental axioms of statistical mechanics, 

the ergodic hypothesis, which states that the time average equals the ensemble average. 

The Ergodic hypothesis states  

http://en.wikipedia.org/wiki/Canonical_ensemble
http://en.wikipedia.org/wiki/Isothermal-isobaric_ensemble
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timeensemble
AA =                                                                                                     (2-8)                                                                     

The basic idea is that if one allows the system to evolve in time indefinitely, that system 

will eventually pass through all possible states. One goal, therefore, of a molecular 

dynamics simulation is to generate enough representative conformations such that this 

equality is satisfied. If this is the case, experimentally relevant information concerning 

structural, dynamic and thermodynamic properties may then be calculated using a 

feasible amount of computer resources. Because the simulations are of fixed duration, 

one must be certain to sample a sufficient amount of phase space. 

2-2-2-1 Average potential energy 

ä
=
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i
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M

VV
1

1                                                                                        (2-9)
 
Where 

M is the number of configurations in the molecular dynamics trajectory and Vi is the 

potential energy of each configuration. 

2-2-2-2 Average kinetic energy 
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where M is the number of configurations in the simulation, N is the number of atoms 

in the system, mi is the mass of the particle i and vi is the velocity of particle i. 

2-2-2-3 Temperature 

The temperature is directly related to the kinetic energy by the well known equitation 

formula  

TNKK B
2

3
=                                                                                                           (2-11) 

for practical purpose it is also common to define "instantaneous temperature" T(t) 

proportional to instantaneous Kinetic energy K(t).  

2-2-2-4 Pressure  

The pressure measurement based on the Clauusius viral function  
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D is the dimensionality of the system (2 or 3). )( irv  is the potential energy associated 

with the system. A molecular dynamics must be sufficient long so that enough 

representative conformation have been sample. 

2-2-3 The structure and important aspects M.D starting point 

Molecular dynamics simulation is in many respects very similar to real experiments, 

that is to say we follow exactly the same approach. First we prepare a sample (model 

system consisting of N particles) and then we solve the equation of motion numerically 

– Due to the complicated nature of this equation and also there is no analytical solution 

to it- this is done until the properties of this system no longer change with time 

(equilibrated system) then finally we perfume the actual measurement. 

 To construct a molecular dynamics simulation program it must be as simple as possible 

to illustrate a number of important features of simulation and it is constructed as 

follows:   

1- Select the parameter that specifies the conditions of the run (e.g. initial temperature, 

number of particle, density, time step. etc). 

2- Initialize the system (i.e. we select initial positions and velocities). 

3- Compute the force on all particles.  

4- Integrate the equation of motion, these two steps (3 & 4) represent the core of the 

simulation, and they are prepared until the time evolution of the system for the 

desired length of time is computed. 

5- After completing the central loop, compute and print the average of measured 

equation, and stop.  

In order solve the problem in computer first of all we need to discretize the trajectories 

that is to say instead of considering  

(ri(t) , vi(t) for  ²  0                                                                                                (2-13) 

For continuous time we consider a sequence of state  
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(ri(0) , vi(0) ­  (ri(D), vi(∆) ­       (ri(2D) , vi(2D) ­         ……….                  (2-14) 

Numerous numerical discretization methods have been develop all this algorithms 

assume the position, velocities and acceleration can be approximated by a Taylor series 

expansion  

...)(
2

1
)()()( 2 +++=+ ttattvtrttr ddd                                                                   (2-15)   

...)(
2

1
)()()( 2 +++=+ ttbttatvttv ddd                                                                   (2-16)   

...)()()( ++=+ ttbtatta dd                                                                                     (2-17) 

Where r is the position, v is the velocity (the first derivative with respect to time), a is 

the acceleration (the second derivative with respect to time), etc. 

2-2-4 M.D. Integration of time Algorithm   

2-2-4-1 Verlet algorithm:  

The Verlet algorithm uses positions and accelerations at time t and the positions from 

time t-æt to calculate new positions at time t+æt. The Verlet algorithm uses no explicit 

velocities. The advantages of the Verlet algorithm are:  it is straightforward, and the 

storage requirements are modest. The disadvantage is that the algorithm is of moderate 

accuracy 

To derive the Verlet algorithm one can write   

2)(
2

1
)()()( ttattvtrttr ddd ++=+                                                                          (2-18) 

2)(
2

1
)()()( ttattvtrttr ddd +-=-                                                                          (2-19) 

Summing these two equations, one obtains 

2)()()(2)( ttattrtrttr ddd +--=+                                                                        (2-20) 
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2-2-4-2 The Leap-frog algorithm  

tttvtrttr ddd )
2

1
()()( ++=+                                                                                  (2-21) 

()ttattvttv ddd +-=+ )
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1
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2

1
(                                                                               (2-22) 

In this algorithm, the velocities are first calculated at time t+1/2δt; these are used to 

calculate the positions, r, at time t+δt. In this way, the velocities leap over the positions, 

and then the positions leap over the velocities. The advantage of this algorithm is that 

the velocities are explicitly calculated, however, the disadvantage is that they are not 

calculated at the same time as the positions. The velocities at time t can be approximated 

by the relationship: 

ù
ú

ø
é
ê

è
++-= )

2

1
()

2

1
(

2

1
)( ttvttvtv dd                                                                          (2-23) 

2-2-4-3 The Velocity Verlet algorithm 

This algorithm yields positions, velocities and accelerations at time t. There is no 

compromise on precision. 
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2-2-4-4 Beeman’s algorithm 

This algorithm is closely related to the Verlet algorithm 
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 The advantage of this algorithm is that it provides a more accurate expression for the 

velocities and better energy conservation. The disadvantage is that the more complex 

expressions make the calculation more expensive. 

2-2-4-5 General predictor- corrector Algorithms:  

 

Predictor- corrector algorithms were first introduced into molecular dynamics by 

Rahman(12,38 ). From the current position r(t) and velocity v(t) the steps are as follows:  

1- Predict the position r (t + Δt) and velocity v (t + Δt) at the end of the next step. 

2- Evaluate the forces at (t + Δt) using the predicted position. 

3- Correct the predictions using some combination of the predicted and previous 

values of position and velocity. 

 

As a simple example, consider the following predictor corrector based on Euler's 

method (12): 

The force evaluation would actually be done in the previous step (t + Δt) and stored for 

use in the current step, so this algorithm meets the goals of requiring only one force 

evaluation per step while providing an algorithm of higher order than Euler's method. 

The advantages of the general prediction – corrector algorithm that it was simple to 

implement, and offer great flexibility in that many choices are possible for both the 

prediction and correction steps also good stability because the corrector step amounts 

to a feedback mechanism that, can dampen instabilities that might be introduced by the 

predictor. The disadvantage of predictor- corrector algorithms is that each E-step 

requires force calculations and P (EC)n simulation will perform nearly n times slower 

than the PEC simulation. 

 

2-2-4-6 Gear’s predictor- corrector algorithms: 

 

Those commonly used in molecular dynamics are often taken from the collection of 

methods by Gear (12).  

The one used in the programs in appendices I and L consists of the following steps.   
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1-Predict molecular positions r i at time t + ∆t using a fifth- order Taylor series based on 

positions and their derivatives at time t. thus, the derivatives ir#, ir##, 
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at each step; these are also predicted at time t + ∆t by applying Taylor. 
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2-Evaluate the intermolecular force Fi on each molecular at time t + ∆t using the 

predicted positions. For continuous potential energy functions U(rij) that act between 

atoms i and j, the force on each molecule is given by: 
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                                                                                                  (2-34) 

Where ijr̂ is the unit vector in the rij- direction. Evaluation of forces is time consuming 

because the sum in (7) must be performed for each molecule I in the system. However, 

there are several ways to save time; one is that Newton’s third law can be applied. 

F(r ij) = - F(r ij)                    (2-35) 

3-Correct the predicted position and their derivatives using discrepancy ir##D  between 

the predicted acceleration and that given by the evaluated force Fi with the force at t + 

∆t obtained from (7). Newton’s second law can be used to determine the accelerations

( )ttr D+## . The difference between the predicted accelerations and evaluated 

accelerations is the formed,  

( ) ( )[ ]ttrttrr p

iii D+-D+D ######                    (2-36) 
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In gear’s algorithms for second- order differential equations, this difference term is used 

to correct all predicted positions and their derivatives; thus,  

20 Rrr p

ii D+= a                                                    (2-37) 

21 Rtrtr p

ii D+D=D a##                                                        (2-38) 
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Where αi parameters promote numerical stability of the algorithm, and depend on order 

of the differential equations to be solved and on the order of Taylor series predictor. 

 

The program in this study will be run under the operating systems UNIX system. 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Atomic Reactions and Potential Energy Surfaces (PES) 
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In recent years a variety of experimental studies was performed to probe the kinetic and 

energetic of metal cluster–molecule reactions. Most of the surface molecule studies 

involving Hydrogen have been computed semi empirically.  The simulation contained 

in this work makes use of a pair wise description for atom and molecules interaction by 

using the semi empirical method, which contains the two body potential and many body 

potential. 

 

3-1 Atomic Reactions 

 

A molecular dynamics simulation requires the definition of a potential function, or a 

description of the terms by which the particles in the simulation will interact. The best 

choices of methods will be one of three:  

A- Empirical Methods. 

B- Semi Empirical Methods.  

C- Theoretical Methods.  

3-2 Potentials Energy Surfaces (P.E.S) theoretical methods 

3-2-1 Ab-initio methods 

Ab-initio quantum-mechanical gives a formula to calculate the potential energy of a 

system of atoms or molecules.  The properties of the system in ab-intio calculations are: 

¶ Calculating the wave-functions for electrons moving around the nucleus of atoms, 

i.e., for nuclei in the close neighborhood of the reaction coordinate. 

¶ Produce a large amount of information that is not available from the empirical 

methods, such as density of states information.  

Advantage of using ab-initio methods is the ability to study reactions that involved 

breakage or formation of covalent bonds. The disadvantage of ab-initio methods is that 

computational is very expensive and also it yield poor geometries and energetic, 

especially for transition metal system, because it doesn’t properly accounts for electron 

correlation (38).     

http://en.wikipedia.org/wiki/Potential_function
http://en.wikipedia.org/wiki/Ab_initio
http://en.wikipedia.org/wiki/Quantum_chemistry
http://en.wikipedia.org/wiki/Potential_energy_surface
http://en.wikipedia.org/wiki/Atomic_nuclei
http://en.wikipedia.org/wiki/Reaction_coordinate
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A popular package for ab-initio molecular dynamics is the Car-Parrinello Molecular 

Dynamics (CPMD) package based on the density functional theory. 

3-2-2 Density Functional Theory (DFT) 

The more interest recent and perspective appears is that of the density functional theory. 

The basic advantage of it is that the total electronic energy is directly tied to electron 

density so that each electron is considered as moving in effective low potential of nuclei 

and other electron. DFT methods such as Bech’es exchange potential (BB), Local 

density approximation (LDA), and general gradient MM approximation (GGA) show a 

detectable progress and they considered as efficient and accurate computational 

methods in the studies of reaction on transition metal.  

3-2-3 Hybrid QM/MM  

These methods are known as mixed or hybrid of:  quantum-mechanical (QM) methods, 

which are very powerful, expensive, and accurate.  And the classical or molecular 

mechanics methods (MM), which are faster, but require wide parameterization; and 

energy estimates obtained are not very accurate. A new class of method Hybrid 

QM/MM has emerged that combines the good points of QM (accuracy) and MM 

(speed) these good points becomes the most advantage of the Hybrid methods. It is 

useful in investigating phenomenon such as hydrogen tunneling, which occur in transfer 

in the enzyme liver alcohol dehydrogenase.  

3-2-4 Coarse-graining and reduced representations 

In these methods used "pseudo-atoms" to represent groups of atoms tackle the problem 

which obtain in MD simulations system such as:  

- Very large systems may require such large computer resources that they cannot easily 

be studied by traditional all-atom methods.  

- Simulations of processes on long timescales (beyond about 1 microsecond) are 

expensive, because they require so many time steps. 

http://en.wikipedia.org/wiki/Car-Parrinello_method
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/w/index.php?title=Liver_alcohol_dehydrogenase&action=edit
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When coarse-graining is done at higher levels, the accuracy of the dynamic description 

may be less reliable. But very coarse-grained models have been used successfully to 

examine a wide range of questions in structural biology. 

3-2-5 Semi-empirical potentials 

Semi-empirical potentials make use of the matrix representation from quantum 

mechanics. However, the values of the matrix elements are found through empirical 

formulae, in which some integrals are replaced by empirical parameters, are applied for 

very large system. In these methods only valence electrons are usually considered. 

The advantages of Semi-empirical potentials are that it is faster than ab-initio or DFT 

Calculations, and it is used to determine the energy contributions of the orbital. The 

disadvantages of Semi-empirical potentials are that they are generally less accurate and 

they give a very poor approximation for the new function. There are a wide variety of 

semi-empirical potentials, such as tight-binding potentials, Stillinger-Weber potential, 

Tersoff 's potential. 

3-2-6 Empirical potentials 

Empirical potentials used in chemistry are frequently called force fields, while those 

used in materials physics are called just empirical or analytical potentials, they can be 

divided into:  

1- Two body potentials (The interatomic potentials).  

2- Many body potentials.  

3-2-6-1 Two body potentials (The interatomic potentials) 

The potential functions representing the non-bonded interactions are usually "pair 

potentials", in which the total potential energy of a system can be calculated from the 

sum of energy contributions from pairs of atoms. These non-bonded interactions, 

because they are nonlocal and involve at least weak interactions between every pair of 

particles in the system, are normally the bottleneck in the speed of MD simulations. 

http://en.wikipedia.org/wiki/Semi-empirical_quantum_chemistry_methods
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An example of a calculated pair potential is the non-bonded Lennard-Jones potential 

(also known as the 6-12 potential), used for calculating van der Waals forces.      
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another example is the Morse potential functions expressing the core-core repulsion 

between atom i and j separated by the distance Rij.    

( ) ( )( )
2

1 ij eqa r r

ij ij eqR D ef
- -

= -                                                                                  (3-2) 

Deq, req are the potential depth, minimum distance at equilibrium and "α" represent 

parameter controlling the width of potential well (Morse parameter). 

 

3-2-6-2 Many body potentials:  

 

Many-body potentials, has been implemented for a wide range of other materials, 

involves a sum over groups of three atoms. The P.E.S was chosen to used in this work 

is the:                                                      

 LEPSEA VVV +=                                                                                                         (3-3)                                                       

Where the VEA is the Embedded Atom potential. 

VLEPS is the interaction between gas atoms and the cluster, and among the gas 

interaction of the diatomic molecule. 

 

i. Embedded-atom potential method (EAM) 

 

This developed by Daw and Baskes(10,27)and determined empirically to descript the 

interaction between atoms in cluster, where the energy of each atom is computed from 

the energy needed to embed the atom in the local–electron density as provided by the 

other atoms of the metal, and the energetics of an arbitrary arrangement of atoms can 

be calculated quickly. The starting point of EAM is the observation on that the total 

electron density in a metal is reasonable approximated by linear super position of a 

contributions from the individual atoms. The electron density in the vicinity of each 

atom can then be express as a sum of the density contributed by the atom in question 

plus the electron density from all the surrounding atoms. By making a simplification 

that this background electron density is a constant, the energy associated with the 

http://en.wikipedia.org/wiki/Lennard-Jones_potential
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electron density of an atom plus the constant background density. In addition, there is 

an electrostatic energy contribution due to the core – core over lop.       

The Embedded Atom potential is: 

 ä ä+= )()( ijiEAM FrV rf                                                                                    (3-4) 

Developed by Baw and Baskes  

( )
( )

( )r,

       

1

2
total EAM i i i j ij

i i j i j

E E F Rr f
¸

= = +ä ä ä                                                   (3-5) 

)( ,ixF r
 
represent the energy of embedding i in background the host electron density 

,r jr  due to the remaining atoms at the systems.  

( )ij ijRf  the core- core pair repulsive atom i and j separated by distance( ijr ). 

The atomic densities calculated from the Hartree–Fock calculus  

)()()( RnRnR ddss

a rrr +=                                                                                    (3-6) 

Where  and  are the number of the outer s and d electrons and the  and  are 

the densities associated with the s and d wave functions.  

The observations, along with the columbic origin of the pair interaction term, suggest 

the pair interaction between atoms of type i and j in terms of effective changes as: 

R

RzRz
R

ij

ij

)()(
)( =f                                                                                           (3-7) 

Where a simple parameterized form for 
RrRZR ab -+= )1()( 0  . In this work and in 

similar way to that of Hartree  Fock  

[ ]ijrr

ijij

a

j eerr
bbr

26 512)(
-- +=                                                                                    (3-8) 

[ ]rr eerr bbr 26 512)( -- +=                                                                                         (3-9) 

Is used to express the atomic density and  

( )[ ][ ] eeijeijij DrrDr ----=
2

exp1)( af                                                                   (3-10) 

Where )( ijij rf  is the Morse potential function expressing the core – core interaction 

function.  

This calculation methods for )( ij

a

i rr and )(rf  was firstly used by Voter and Chen(31). De 

, re ,and α are respectively, the depth of the potential, the distance to the minimum and 

a measure of the curvature of the minimum which is usually used for cluster while the 

other forms are used for the bulk.  
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ii.  (London –Eyring –Polyani –Sato) potential (LEPS) 

  

From the Semi-empirical potential energy surface i.e. in which some integrals are 

replaced by empirical parameter, LEPSV  potential energy surface was chosen to 

represent the Diatomic (AB) – cluster interaction system. VLEPS was the modified four 

–body (London –Eyring –Polyani –Sato) potential first introduced by McCreery and 

Wolken(9), and later it has been widely used to study the dynamics of gas – surface 

and  gas – cluster reaction.  

[ ] ( ) ( )[ ]2
1

,,,

2

,,

2

,),,( CBBABACBCABABCACABCBALEPS JJJJJJQQQXXXV +-++-++=  

       (3-11)                                     

Where Q and J are the coulomb and exchange integrals respectively. The subscripts 

A,B labeling the molecule atoms C represent the cluster and [ ]CBA XXX ,,  

are their coordinate respectively. The LEPS parameters values were chosen to be that 

of Lee and Depresto(6).  

The functions QA,B  and JA,B are determined from a Morse- anti-Morse from for the 

individual A-B interaction by: 

( )[ ]{ } ( )[ ]eeeeeBABABA RRRRDVJQ -----==+ aa exp22exp,,,                       (3-12) 
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        Where  

  for the A-C term, the analogous equations are 

arCACACA VVVJQ -=¹+ ,,,                                                                                   (3-14) 
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  Where Vr and Va are the repulsive and attractive terms respectively, for the A- C 

interaction. These are given by 

( ){ } ( )ä -+--=
k

kHsHHr rRDrrDV 222exp a
                                                      (3-16)                                                                                              

 

 )17-(3                         

       

( )[ ] ( )[ ]22 2exp22exp2 rRDrrDV AK

K
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 and K indicates the atom in the cluster. The summation in eq(3-17) extended over all 

the atoms in the cluster. KAKA xxR -=,  

BA xxR -=
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The variable rs in these equations is related to the valence electron density of the cluster 

at the position of atom A by  

)81-(3                                                                                        
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                                                                                      (3-19)  

Where N4s is modeled by the summed atomic Hartree –Fock densities from the 4s 

valence electrons. In this work the parameters used were tabulated in set of table (3-1) 

where we can classify them into two categories:  

 

Table (3-1 ). The LEPS potential energy parameter 

1- The set of parameters for the Hydrogen molecule before interacting. 

2- The set of parameters for the Hydrogen atoms after interacting with the cluster which 

also classified into two sets: 

A- The set of parameter associated with the LEPS interaction potential between the 

Hydrogen atoms in the hydrogen molecule while they were connected to the cluster. 

B- The set of parameter associated with the LEPS interaction potential between the 

Hydrogen atoms and the cluster atoms.  

Chapter 4 

Model Selection 

 
In the last decade the understanding of the melting process of small atomic and 

molecular cluster and it is structure and dynamics, has been a subject of intense research 

activities, and many theoretical and experimental studies (13,14).  
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 In the model chosen by our work: H-H bond was taken to be perpendicular to the line 

or plane in which the Cu atoms were located. The initial separation between the 

diatomic and the cluster was chosen to be 8.5   and the initial moment and coordinate 

were chosen in accordance with aquasiclassical prescription developed by 

R.N.Porter(7)
.The geometrical structure of the most stable Cu cluster is identified using 

Molecular dynamic and Thermal Quenching simulation technique (15,28). Calculations 

were done for 500 trajectory in a grid of translation energy Etr and impact parameter b 

with ∆E =0.01eV and ∆b =0.25   

 

Fig. (4-1 ). A schematic diagram of the collision of Hydrogen molecule with Copper 

atomic cluster. 

 

The four distances monitored in this collision are:  

1- The distance between the atoms in the molecules. 

2- The distance between the molecules center of mass and the cluster center of mass. 

3- The distance between the first molecule and the cluster. 

4- The distance between the second molecule and the cluster. 

 

4-1 Collision Model Selection: 

  

We used in this study Morse potential,   L E PS potential, and E.A potential to represent 

the potential energy associated with the reaction Fig (4-2). 
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Fig. (4-2). A schematic diagram of potentials energy of the collision system. 

 

When a diatomic molecule prepared in a certain initial quantal state, interact with metal 

clusters, a number of processes can occur, Fig (4-3):  

1-some may be adsorbed as molecules, or as dissociated atoms, then after 

adsorption they may diffuse, or migrate. 

recom(v,j)]2[H, diss[H+H] →      cluster(v,j)+2H 

2-  Some may undergo dissociative scattering i.e atomic fragmentation then going back 

into the gas face after recombining with the fragmented/or dissociated atoms. 

3- Some undergo Elastic scattering (diffraction). 

Cluster(v,j)+ 2H      →    Cluster(v,j)+2H 

4- And some may also undergo Inelastic scattering 

i) By excitation of the molecular internal degree of freedom (DOF) e.g rotation and /or 

vibration 

ii) By excitation of the surface phonons and /or surface electron-hole 

)+Cluster¡,j¡(v2→       H    Cluster(v,j)+ 2H 
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Fig. (4-3). A schematic diagram of several reactions that may occure when a diatomic 

molecule, prepared in a certain iniatil quantum mechanical state, interacts 

with a metal surface. 

 

4-2 Cluster and Cluster Physics:  

 

Clusters are aggregates of atoms or molecules; it can also be said that they bridge the 

gap between small molecules and bulk materials 
(13,14) (2-10 n)  where n can be as high 

as 6 or7 atoms) fig(4-4).  

The scientific study of cluster is fairly recent; the earliest reference to cluster may have 

been made by Robert Boyle as long ago as 1661(47,48).  

 

Fig. (4-4) A schematic diagram that represent the size relationships of atomic, 

molecular, and solid state physics. 

clusters are formed by most of the elements in the periodic table, some cluster (H2O 

cluster) are found in the atmosphere, they can be subdivided according to the type of 

the constitutes  atoms, some example of different types of clusters(13): 

1- Metal cluster: metallic elements from a cross the periodic table forms a wide variety 

of clusters, where the boning is metallic. Metal clusters may be composed of single 

metallic element or more than one metal.  
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2- Semiconductor cluster: this class of cluster includes compound semiconductor 

clusters. Also it made up of the elements (such as carbon, silicon and germanium) 

which are semiconductor in solid state. 

3- Ionic clusters: it can be gained when the electronegativity different between two 

elements in a compound semiconductor cluster, increase, so the polarity of the 

bonds increase until the bonding can better be described as ionic, or electrostatic in 

nature.  

4- Rare gas clusters: at low temperature, it is possible to form cluster of the rare gas 

elements (helium or radon). 

5- Molecular clusters: it can be formed by supersonic expansion of molecular vapor. 

6- Cluster molecules: one can compose molecules from the Cluster. 

 

Clusters may be homogenous, that is Composed only one kind of atom or molecule, or 

heterogeneous, made the more kind of atom or molecule. It can be made in laboratory 

by making a vapor of the elementary component particles and letting them aggregate, 

or by knocking them directly out of a solid. 

 

The field of cluster science treats the chemical reactions that occur on or with in 

clusters, for example hydrogen striking a cluster of nicked atoms may dissociate into 

hydrogen atoms that become strongly bound to the nicked cluster, other kind of reaction 

of or in cluster that have been studied, simple processes as the recombination of the 

atoms of diatomic molecule imbedded in cluster but dissociated by the adsorption of a 

sufficiently energetic quantum, that is the core of our study, these examples of reaction 

have important counterparts in chemistry of catalysis.  

 

4-2-1 Clusters Usage 

There is experimental and theoretical interest in study of elemental clusters in gas  

 

phase or in solid state due to: 

¶ Intrinsic properties of clusters. 

¶ The central position that they occupy between molecular and condensed matter 

science. 

¶ They span a wide range of particle size, from molecular to the microcrystalline. 
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¶ Constitute a new type of material (nano particles). 

¶ The study of the evolution of the geometric and electronic   

 

4-2-2 Structures of cluster and their chemical and physical properties 

 

Cluster may offer ways to make altogether new kinds materials, carry out chemical 

reactions in new way, gain new kinds of understanding for the behavior of bulk matter, 

leaning how bulk properties emerge from properties of clusters and, the quantum effects 

which occur in such material of finite size and dimension, lead to their special 

properties. also cluster make mechanical, electronic, optical and other properties, good 

potential candidates as new building materials for electronic devices, it can, and do, 

adopt new atomic arrangements, which may be forbidden in the bulk, also the patterns 

of atoms on cluster’s surface were energetically favorable. 

 

4-2-3 Clusters Application 

 

¶ Clusters were used as a model for heterogeneous catalysis on bulk metal surface. 

¶ Nanotechnology industry. 

¶ Build devices, and Play a pivotal role as components for a variety of   electronic, 

magnetic and optical devices. 

¶ The field of organic and bio-organic nanoscience. 

¶ The scientific study of cluster find new field of research.  

¶ Physicists, chemists and materials scientists, they develop methods of synthesis.  

¶ Advances in techniques for the synthesis of cluster engineered materials 

containing controlled nanostructures provide the capability of preparing new 

classes of materials with enhanced optical, magnetic, chemical sensor and 

photocatolytic properties. 

¶ Development of high tech materials to obtain useful properties not found in 

naturally- occurring substances. 

¶ Electronic industry, where making devices like transistors smaller and more 

efficient. 

 

4-2-4 General considerations 
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Theory has played an important role in the development and application of cluster 

science. Since many cluster properties such as: cluster geometries, binding energies and 

energy barriers are not easily measured directly  from experiment, theoretical models 

and computational method have been very useful in helping to interpret some problems. 

The field of clusters serves as testing for theoretical method, and testing the range of 

validity of theoretical models derived from the extremes of atomic molecular and solid 

state physics. 

 

Resemble of the large a cluster of atoms with the bulk element depends on the type of 

atoms constituting the cluster, and the type of physical property. Many properties of 

clusters depend on the fraction of atoms lying on the surface of it. This high surface to 

bulk ratio which has made metal nanoclusters so important, it works as a source of 

finely dispersed metal for application in heterogeneous catalysis. More generally, the 

size dependent behavior of cluster properties suggests the very exciting prospect of 

using nanoclusters as building blocks to construct electronic, magnetic or optical 

devices with characteristics that can be fine- tuned by carefully controlling the size of 

the component nanoclusters. 

 

4-2-5  Some of the fascinating feature of cluster 

 

There is currently a strong interest in the prospect of producing new   materials 

consisting of small atomic cluster, because of their unique features such as: size effects, 

the Cluster-Surface Analogy, nanoscience, and which are describe in more details in 

fallowing paragraphs:  

 

¶ Size effects 

 

The theoretical and experimental study of the size dependent evolution of the geometric 

and electronic structures of cluster, and their chemical and physical properties. The size 

of cluster, as well as the type of particles from which it is composed, is an important 

parameter for modification the properties of the cluster. 

 

¶ The Cluster-Surface Analogy 
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Since clusters have high percentage of their atoms on the surface, there is strong link 

between the chemistry and physics of cluster of the surface of bulk matter. As surface 

atoms have lower coordination number (fewer nearest neighbors) than interior (bulk) 

atoms, there is the possibility of cluster surface rearrangements, analogous to the 

reconstruction observed for bulk surface, which lower the cluster’s surface energy by 

forming additional surface bonds. Clusters also may be stabilized by the coordination 

of legends to their surface.  The reactivity of under – coordinated surface atoms makes 

cluster of  interest as models for heterogeneous catalysis on bulk metal surface, since 

metal cluster are small metal particles, they can be used as very finely dispersed metal 

for catalysis. 

 

¶ Nanoscience 

 

The fields of nanoscience study the particles and structures with dimensions of the order 

of nanometer (10-9m). The scientific study of clusters play very important role as 

components in novel electronic, magnetic and optical devices. Also they develop 

improved methods of synthesis, stabilization and assembly of single nanocluster and 

arrays of nanoclusters. 

 

4-2-6 Metal cluster 

 

Most studies of cluster reactivity have been performed on transition metals, those 

element in the middle of the periodic table which has in completely filled d orbital. The 

interest on transition metal cluster reactivity comes from the desire to model and to gain 

full understanding of the fundamental processes which occur in heterogeneous catalysis 

where their activity can be controlled by varying the composition of the catalyst. The 

surface of a metallic catalyst generally lowers the activation barrier to bond breaking 

and stabilizes reaction which eventually proceeds to form reaction products. In typical 

industrial catalytic processes, reactor gases are passed through a bed containing finely 

divided metal particles, the reactivity of the catalyst depends only on their total surface 

area, so smaller particles slow greater activity catalytic processes taking place on the 

surface of metal particles and solid, then it is necessary to study chemical processes, 
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( ) aacc SNRNRS 3/223/12 44 === pp

where bond breaking and formation on the surface of clusters. Cluster reactivity can be 

made more specific by carefully controlling the internal energy. 

 

4-2-7 The Spherical Cluster Approximation 

 

In the spherical cluster approximation (SCA), an N-atom cluster is modeled by sphere. 

This becomes a better approximation as the cluster gets larger and enables equations to 

be derived for the number of surface atom and the fraction of surface atoms. In the large 

cluster limit for  a spherical cluster composed of N atoms, the cluster radius (RC), 

surface area(SC), and volume(VC) can be related to the radius(Ra), surface area (Sa) and 

volume(Va) of the constituent   atoms, as follows. 

First the cluster volume is assumed to be simply the volume of an atom multiplied by 

the number of atoms in the cluster:  

1)-4(                                                                                                                  NVVC =     

This represents a significant oversimplification, since it does not take into account the 

fact that hard spheres cannot pack to fill space exactly. Expressing equation (4-1) in 

terms of the cluster and atomic radii, we have:                                        33

3

4

4

3
aC RNR pp =                                                                                            

(4-2) Which can be rearranging to give the following relationship between cluster and 

atomic radius: 

 3)-4(                                                                                                                aR1/3=Nc R 

The surface area of the cluster is then related to that of an atom as follows:  

)4-(4                                                                

In the limit of large cluster, the number of surface atoms (Ns) in a cluster is given by 

dividing the surface area of the cluster by the cross-sectional area of an atom (Aa):  

 

                                                                                                                                  (4-5) 

) which lie on the susters depend on the fraction of atoms (Fof cl propertiesmany 

surface of the cluster. For pseudo-spherical cluster this quantity is given by: 
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4-8-2 Technological application of the metal clusters  
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Here we will mention briefly some types of metal cluster, which have already led to 

some important recent technological application of clusters and promise to open up 

whole new wide field of nanotechnology in the future:  

 

4-2-8-1 Metal colloids 

 

Colloids are a dispersion of particles (generally sub-micron in size) of one material in 

another. A dispersion of solid in liquid (e.g. a pssivated metal cluster in water or an 

organic solvent) or solid in another solid (such as in stained glass). Ability to generate 

metal colloids with narrow size distributions means that it is possible to design arrays 

of nanoparticles.  

 

4-2-8-2 Semi conductor quantum dots 

 

The development of semiconductor was beginning in the recent years, Quantum dots 

with their small size (nanometer dimensions) can be packed on to a computer chip, and 

promise great sensitivity from measuring currents and local field, may eventually be 

used as single- electron switching devices on transistor. Nano cluster technology  used 

in  computers which developing in increased memory, capacity, increased processor 

and communication speed, and may be use in optical computers, where digital 

information is transmitted as light pulses traveling a long optical fibers, as they open 

up the possibility of manufacturing very small, high efficient, quantum dot lasers which 

operate at low power. 

 

4-2-8-3 Supported clusters 

 

Studies of supported clusters offer the possibility of studying many processes (such as 

catalysis) on the nanometer scale. 

In our study we were interested in transition metal copper (Cuq) cluster. Its 

configuration is mentioned in fig(4-5) below. The different Cun configurations 

(n=6,7,8,9,10) was tabulated in table (4-1) 
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OctahedronDouble Capped 9 , The most stable isomers of Cu) 5-4ig(F 

 

4-3 Quasiclassical selection of initial coordinates and momenta or a rotating 

Morse oscillator(7) 

 

The classical orbits of a rotating Morse oscillator are calculated by means of Hamilton- 

Jacoby theory after truncating the Hamiltonian to permit analytical solution. Except at 

very high J, the approximate analytic orbit for the radial coordinate is in good agreement 

with that obtained by numerical integration of the exact equations of motion. Bohr 

quantization gives an expression for the rotation- vibration energy correct through 

quadratic terms in ( )
2

1+v  and J (J +1), where v and J are the vibrational and 

rotational quantum numbers, respectively. The principal result is an analytic 

prescription for obtaining values of the coordinates and momenta, given v, J, and a set 
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of random numbers, that facilitates properly weighted quasiclassical selection of initial 

states of diatomic molecules in trajectory calculations.  

 

Table(4-1) Cu(6,7,8,9,10)  Geometrics, structures, bond lengths, and the Minimum  

                  energy of the most stable . Cun (6, 7, 8, 9, 10). 

 

The use of classical trajectory calculations as a theoretical tool for studying the 

molecular dynamics of diatomic molecules has revived an interest in the classical 

mechanics of the Mores oscillator. Slater has given an expression for the classical orbit 

of a non- rotating mores oscillator from which the probability density for the 

 

Cluster 

size 

 

 

The most stable 

isomers 

 

Structure 

Symbol 

 

Name 

 

 

 

Average 

bond 

length  

(Å) 

 

Min. 

energy 

(eV) 

Cu6 

 

 

)h(O 

 

 

Octahedron 

 

2.400 

 

-12.813 

 

Cu7 

 

 

)5h(D 

 

Pentagonal 

Bipyramid 

 

2.426 

 

-15.543 

 

8Cu 

 

 

(C2v) Bicapped 

octahedron 

 

2.412 

 

-18.239 

 

9Cu 

 

 

)2vC( 

 

 

 

Double 

capped 

octaahedron 

2.446 

 

-21.009 

 

10Cu 

 

 

)3v(C 

 

tricapped 

tetrahedron 

 

2.455 

 

-23.884 
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displacement can be easily obtained. Rankin and Miller have solved the non-rotating 

mores oscillator problem by means of action- angle variables.  

This chapter derived several useful classical formulas for a rotating oscillator who's 

Hamiltonian has been truncated to allow analytic solution of the dynamical problem.  

The accuracy of the orbit calculated from the truncated Hamiltonian is assessed by 

comparison with the results of a numerical integration of the exact equations of motion.  

Applied the rules of Bohr quantization to obtain quasiclassical formulas, namely 

classical expressions for a Morse oscillator with a quantum- mechanically allowed 

internal energy and rotational angular momentum. 

The classical Hamiltonian for a rotating Morse oscillator with angular momentum L 

and reduced mass m is: 
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Where D, a, and re are the usual Morse parameters. A natural variable is: 
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Neglecting powers of 1-x  greater than the second, we have for the Hamiltonian:  
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Solving for Pr at a fixed energy E gives: 
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Where:       
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Transformation to action angle variables and solution of the equations of motion: 

To solve the dynamical problem, we transform to a system of conjugate variables (QJ, 

PJ) in which the momenta PJ are constants of the motion. Since H is independent of 

time, the generator of such a transformation is Hamilton's characteristic function, 

namely:  
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The new coordinates are given by: 
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Where: 

L
M¹l                                                                                                                  (4-19) 

We take as the conserved momenta three quantities that are proportional to the action 

variables, 
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Where <>xx, are the roots of Pr = 0 
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From Eqs. (4-15) ɀ (4-23) we obtain the equations of transformation to the new 

variables,  
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In Eqs, (4-24) ɀ (4-26), the old coordinates fqx ,, are held constant in all the 

differentiations. The time derivatives of the new coordinates are given by Hamiltonian's 

equation, 
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Thus we find that QM is constant and that QN and QL are proportional to the time: 
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Solution of the equation of motion thus takes the simple form: 
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() ttQ LLL wd+=                                                                                                    (4-29b) 

() MM tQ d=                                                                                                             (4-29c) 

The radial orbit is easily obtained from Eqs. (4-24)  and (4-29a): 
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The orbit for q is obtained from Eqs. (4-17a), (4-25) and (4-29b): 
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And 

( ) ( )[ ]1
2 sin42

-

+-+-= NNtacbba dwx                                                                (4-33)                                                  

Finally, from Eqs. (4-26) and (4-29c) we obtain for the orbit off: 
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The Cartesian components of the linear momentum can be expressed in terms of the 

variables (and thus through Eqs. (4-29) as function of t) and of the constant angular 

momenta. Transformation to the polar coordinates:  
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gives for the conjugate momenta: 
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In matrix form, the transformation is: 
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From Eqs, (4-17a) and (4-26), we find that: 
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Substitution of Eqs. (4-38) into Eq. (4-37)  gives after some algebrate simplification: 
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In Eqs. (4-39), the "intermediate" variable qL is given by: 

LLL LQq D+=                                                                                                        (4-40) 

Pr is given by Eq. (11), r is given by: 
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ɝL is given by Eq. (32) and xby: 
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From Eqs, (4-35) and (4-38), the components of r rate found to be given by:  
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 Classical radial distribution:  

The radial density function is obtained in the usual way: 
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The (cumulative) radial distribution function is: 
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From Eqs. (4-11) and (4-46) we obtain: 
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Where a, b,c are given by Eqs. (4-12) and xby Eqs. (4-8). 

The derivation of D(r ) directly from the results of Sec. III is trivial. Inspection of Eqs . 

(4-8), (4-23), and (24) shows that r goes from r<  to r>  as QN goes from 
2
p-   to 

2
p

. Thus, with boundary condition D(r<) = 0, it follows that: 
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p
                                                                                      (4-48) 

Which is the same result as Eq. (4-47). The radial density is therefore  
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  Which is equivalent to Eq. (4-45) 

Bohr – sommerfeld quantization:  
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Where v is the vibrational quantum number and N is given by Eq. (4-20). To compare 

with the quantum – mechanical eigen values for rotating Morse oscillator, we use Eq. 

(4-12) to expand cb -2/  in powers of L2: 
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Solving Eq. (4-20) for a, substituting the definition of a from Eq. (4-12), and using Eq. 

(4-50) for N, we obtain for E  
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Writing out Eq. (4-53) to the fourth power of L, substituting the definitions for all 

constants, and setting ( )22 1 hJJL +=  given: 
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 Quasiclassical selection of initial coordinates and momenta: 

There are several equivalent methods by which the radial coordinate r can be selected 

at random. The radial distribution function D(r) given in Eq. (4-47) can be set equal to 

a number R chosen randomly, from the closed interval (0,1) with uniform density, and 
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the result solved for r with the assistance of Eq. (4-8). Alternatively, one can set 0=Nd

and RtN =pw 2/   in Eq. (4-30). Both of these methods lead to: 
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While these methods are adequate for r, they are not so easy to apply in the case of fq,

, and the components of P. 

Since the independent angle variables QN, QL and QM [see Eqs. (4-29)] all range from 

0 to 2p and are at most liner in t, it is clear that one need merely to set. 

 ,12 RQN p=                                                                               

,22 RQL p=  

,32 RQM p=  

where R1 are mutually random numbers with flat distribution in the closed interval 

(0,1). The component of r and p calculated from Eqs,   (4-39) (4-43) then have the 

properly weighted distribution for a rotating Morse oscillator. The quasiclassical 

selection is implemented by the use Eq,(4-50)and  

( )22 1>+= jjL                                                                                                        (4-56) 

in the evaluation of the constant a, b, and, c by means of Eq,(4-12).  

This prescription is analogous to the situation in quantum mechanics when the values 

of the momenta (here the action variables) are sharp and the value of their conjugate 

coordinate (here the angle variables) are therefore completely random.     
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Chapter 5 

Results and Discussion 

 

5-1 Collision Method 

 

The study of the reactivity of metal cluster with Hydrogen and Deuterium has provided 

valuable information about the chemisorption probability, reactivity cross section and 

rate constant. Here we display and discuss some representative results for the reactive 

and non reactive channels of the interaction of H2/D2 molecules with a non rotating and 

non translating the most stable isomers of Cu9 cluster, (Double Capped Octahedron ) 

Fig(5-1).The potential energy that associated with forces at each atom in the collision 

was represented by the potential energy surface given by: 

LPESEA VVV +=                                                                                                          (5-1) 

Where the VEA is the Embedded Atom potential. 

VLEPS is the interaction between gas atoms and the cluster, and among the gas 

interaction of the diatomic molecule. 

The Cu9 cluster was prepared at a given initial temperature T defined as: 

Kn

E
kT k

)63(

2
)(

-

ðà
=                                                                                                      (5-2)                    

Where Ek is a total kinetic energy of the cluster, K is Boltzmann constant, and àð  stand 

for time average. The lowest energy structure of Cu9 cluster is obtained by using the 

Voter and Chen version of the EA model, and it is average bond length distance ðàd  is 

2.449 . 

The dynamical calculation were carried out using the classical trajectory technique, 

were the time evolution of the molecule cluster collision system is generated by solving 

numerically the Hamiltonians equations of motion for all atoms in the system. Totally 

500 trajectory were run for each set of initial conditions by employing Hamming’s 
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modified fourth- order predictor-corrector algorithm with step size          of  10-15    s 

upon which the system was equilibrated, and the origin of the coordinate system was 

placed at the center of mass of the cluster. For a particular cluster temperature and 

rovibrational state of the hydrogen molecule the dissociation probability:  

N

EbN
EbP

trTjv

trTjv

),(
),(

,,

,, =                                                                                     (5-2) 

Where  is the number of effective trajectories, "N" is the number of all 

trajectories (N=500). The calculations were done for a set of translation energies Etr 

with ∆E=0.01ev, and impact parameter b with ∆b=0.25  for each translation energy. 

The reaction cross section was obtained with the use of:  

( )
max

, ,

0

2 ( , )

b

v j T tr trE P b E bdbs p= ñ                                                                              (5-4) 

Where for a particular cluster temperature, bmax represent the least impact parameter 

beyond which the dissociation probability tend to zero Pv,j,T (b, Etr)=0, in our work bmax 

ranges in 2.5 – 3.5 . 

The reaction rate constant was obtained by:  
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B s
mp

                                                 (5-5) 

Where μ is the collision reduced mass, KB is the Boltzmann constant.  

 

 

 

 

 

 

 

 

Fig. (5-1) A schematic diagram represents the reaction factor, which changes during 

the reactions. 

 

Starting with zero time at the begging of each trajectory the molecule is sent towards 

the cluster with specified collision energy Etr  ranging from 0 eV –1 eV with ∆ 

E=0.01eV, at each energy the initial impact parameter b was sampled systematically on 
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the range 0 to bmax with ∆b=0.25 . The H-H and H-cluster distance were monitored for 

each collision. The trajectory is terminated either when the H-H distance exceeds the 

value of 2.223  (three times the equilibrium H-H bond length) or when the hydrogen 

molecule approximately reaches the same region after departing from the cluster. The 

initial separation between the diatomic molecule and the cluster was chosen to be 8.5  

and the molecule was sent toward the cluster with initial roviberational state chosen to 

be vi=0 and ji=0. The initial vibrational v and rotational j states of the diatomic were 

specified via standard quassicalssical method for each temperature which developed by 

N.Portor(7). To test the effect of the vibrational state in the reaction we considered a 

different value for them and report the changes happen to the chemisorptions 

probability and cross section for each value.  

 

5-2 Direct, Indirect dissociation, and Inelastic scattering 

 

i) Direct Dissociation 

 

In this collision model the molecule started it is motion when the distance between it is 

center of mass (CM) and the cluster– CM is 8.5 , where the distance approximately 

approached 4   at time  the molecule starts to interact with the cluster. As 

seen from the Fig.(5-2) when the molecule reached this distance the molecule starts to 

rotates and vibrates. At time  the distance between H1 - H2 also started to 

increase till they dissociated. The reaction was held at and impact 

parameter .  Some of  molecules reaches the cluster with relatively 

high translation energy and then dissociate immediately by the time they reach the 

cluster surface this was called the Direct Dissociation,  and some of molecules reaches 

with low collision energy and they could not dissociate, as shown  in the below Fig(5-

2).   
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Fig. (5-2) Direct Dissociation in the collision of the Cu9 + H2; (Etr =0.5 eV), CM-CM 

the distance between center of mass of the molecule and the center of mass 

of the cluster. 

ii) Indirect Dissociation 

 

Same as the direct dissociation when the molecule – cluster distance (CM –CM) 

reached 4 , at time  the molecules that reached the cluster with low 

translation energy attache them self to the surface of the cluster rotating and vibrating 

searching for the active site of the cluster to break the bond or till they gain enough 

energy from the cluster atoms allowing them to dissociate, so this may cause a 

resonance for some period of time at the surface of the cluster, this type reaction was 

called Indirect Dissociation, as in Fig (5-3) below. The time taken by this type of 

reaction before dissociation is about  which about five times that the direct 

dissociation.     
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Fig. (5-3)  Indirect Dissociation in the collision of the Cu9 + H2; (Etr =0.05 eV) 

 

iii) Inelastic Scattering 

 

It may occur for all translation energies that molecules reach the cluster and they 

scattering back inelastic scattering as shown from Fig.(5-3) and in the same way as the 

previous types of reaction the molecule reach the cluster at 4  at time  but 

the H – H bond distance near break down and the molecule rotates and vibrates while 

retuning back to it is initial distance this type was called inelastic scattering , it is 

independent on the  translation energy  of the impinging molecule as well as it depends 

directly on the reaction impact parameter.  

 

 

Fig.  (5-4) Inelastic scattering in the collision of the Cu9 + H2; (Etr =0.5 eV) 

5-3 Reaction cross section of H2 molecule on the Cu9 (0K) cluster at (v=0,j=0)      

roviberational state 
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The reactive cross section of H2 molecule in the ground state with the non rotating and 

non translating Cu9 (0K) cluster as function of collision energy. In the low energy 

region (starting from 0.01eV) reactivity was presented in Fig (5-5) increase rapidly and 

reaches to a maximum value near 0.05eV. As the collision energy increases further, the 

cross section decrease and has minimum value near 0.35eV beyond which the reaction 

cross section increase monotonically. The peak in low energy region represent the 

complex formation of H2 molecule with cluster, that is, the molecule attaches itself to 

the surface of the cluster and then searches for the active – site to break its bond or till 

it gain enough energy to dissociate, this resonance enhance the reactivity.  

 

 

 

 

 

 

 

 

 

(5-5) Fig. 

(0K) 9(v=0,j=0)+Cu2cross section of H chemisorptions reactionissociative D 

The minimum area (Etr=0.25eV) confirm the existence of the activation barrier 

associated with this type of reactions. This results was tend to be in a good 

correspondence with that reached before in the Cu + H2 
(1,11) and Ni + H2 

(2,8,24,25) 

dissociative adsorption reaction. 

 

 5-4 Dissociative adsorption of H2 and Cu9 at different initial (v,j) roviberational 

states 

 

This collision system was investigated for several initial (v, j) states of the H2 with the 

most stable Cu9 cluster. Reactivity at (v=0, j=0), (v=0, j=3), (v=0, j=5), (v=0, j=10), 

(v=1,j=0),  (v=3, j=0)  at T(0k) are displayed in Fig ( ). From the below display,  when 

compared between the  (v=0, j=0,3,5,10),  the cross section is beginning from low Etr 

but it increased clearly at high Etr, and show more reactivity with increase of the 

rotational state. The increment of the reaction cross section with the translation energy 

Cu9(0K)+H2(v=0,j=0)
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is noticeable, moreover the area of the activation barrier reported at v=0,j=0 was near 

to disappear.     

 

 

 

 

 

 

 

 

 

 

 

(0K)collision system as 9(v, j)+Cu2) . Reactive cross section of the H 6-Fig.  (5

molecule is in different initial rovibrational state. 2function of the collision energy, H 

 

 

 

 

 

 

It is seen that from the above figure and for all cases of different vi, ji, the cross sections 

display a small but non zero threshold value of translation energy below 0.4eV, and 

above which they increase monotonically with the increase of Etr. The higher initial 

roviberational energy of the molecule lower the value of the threshold energy, and the 

larger the cross sections of the dissociative adsorption. While an increase of the 

probability to break the H-H bond with an increase of total energy, the activation barrier 

encountered by the impinging molecule decreases with an increase of vi, ji. In contract, 

it is very clear that the cross section increase monotonically by increase of vi, ji where 

the roviberational is more effective. This was also experimentally proved for Cu (13) 

(1) and Cu (100) (3)     however it is well established by know that the chemisorption of 

Hydrogen molecule in Copper cluster is an activated process. 

To summarize; increasing of the rovibrational quantum number has enhanced effect on 

increasing and the reactivity and the dissociative chemisorptions cross section.  At 
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(v=0,j=0), (v=0,j=3), (v=0,j=5) there no recordable different in the cross section will it 

is highly noticeable for (v=0,j=10), incrementing the e rotational state from 0 to 10 does 

not change much the total energy of the molecule. Generally it can be said that the 

reactivity is insensitive to the rotational states. On the other hand as seen from Fig (5-

6) the cross section are hindered by rotational states of the molecule more than the 

viberational states that is to say the higher roviberational states the higher the reaction 

cross section. 

 

 

 

 

 

 

 

 

 

 

 

(0K)9(v, j)+Cu2HReactive cross section of the   7).-(5 .Fig 

At lower collision energies  these rotational states have approximately the same 

reactivity, while the difference was more pronounced at higher collision energies 

≥0.3eV.  

Despite the fact that the (v=0,j=10) state has more energy (Evj=-3.731eV) than 

(v=3,j=0)state(Evj=-3.962eV), the (v=3,j=0) state is more reactive, which a dramatically 

increase in the cross section founded with increase of the vibrational state in all the 

value of the translation energy for the both state (v=0, j=10) and (v=3, j=0), as shown 

the below Fig (5-8): 

 

  



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

(v=3,j=0)2(v=0, j=10), H2H:(0K)9(v, j)+Cu2)  Reactive cross section of the H8-Fig. (5 

 

)2/ D 2Isotopic Effects (H 5 -5 

 

To study the difference in the reactivity of H2 molecule to that of the heaviest isotope  

D2 molecule with copper cluster (cu9)  the reaction cross section for both of it,  and the  

result are plotted in the below Fig (5-9 ) . 

As seen from the Fig the reaction cross sections of H2/D2 molecules in the ground state 

with the most stable isomers of Cu9 cluster are present as function of the collision 

energy. In the low-energy region (starting from 0.01eV) reactivity increases rapidly and 

reaches to a maximum value near 0.09eV. As the collision energy increases further, the 

cross sections decrease and have minimum values near 0.25eV, beyond this energy; the 

curves increase monotonically. 
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(T=0K) 9(v=0, j=0)+Cu2/D2Dissociation cross section of the reaction H 9).-Fig. (5 

 

When comparing the calculated results for the dissociation of D2-Cu9 with that H2-Cu9, 

from the first look to the graph, it is immediately observed  that the cross section 

demonstrate a strong isotope effects for the cluster and  that the hydrogen molecule was 

always have a greater cross section than heavier deuterium molecule, moreover the 

deuterium follow the hydrogen in its  maximum and minimum location on the reaction 

cross section curve, also the figure shows that the cross section for the same translation 

energy for both D2 and H2 molecules was hindered by energy barrier and that energy 

barrier for the D2 molecule dissociation have no sharp minima like that for H2, This 

explained like that: since D2 travel at much lower velocity than H2 then the steering 

energy will become more effective for D2 more than H2 leading it to overcome the 

activation barrier. Also from our calculations for hydrogen and the other calculation 

(1,17,24), the dissociation of hydrogen is activation process and that a certain amount of 

energy must be fed to translation Degree Of Free Dom (DOF) of the impinging 

hydrogen molecule before dissociative can occur.  The same conclusion again was 

reach for Deuterium Fig (5-11). Again and as what was reported for H2 molecule it is 

so clear that the D2 reaction cross section increase monotonically with the increment of 

the vibrational states from 0 to 10, however the rotation states   have a significant effects 

in minimizing barrier more than the vibrational states can do. Interestingly the quantum 

state (v=3,j=0) for Deuterium have larger cross section than Hydrogen (v=0,j=3)and it 

was clear that the isotopic effect, although it is very significant but, it can be neglected 

if compared to the roviberational effect Fig(5-11).  
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2 /D2Dissociation cross section as function of  translation energy for H 10).-Fig. ( 5

(0K)9(v=0,3, j=0,3)+Cu 

 

The reaction rate constants are calculated by using the same set of LEPS parameters. It 

is clear that the rate constant shows increase with increase of the vibartional number. 

As expected D2 molecule have less rate constant than H2 molecule. The ratio of the rate 

constant of Hydrogen to that of Deuterium at some definite rovibartional state was 

tabulated in table (5-1). 

 

Ratio of the Rate 

constant 

constantRate  

)/(10 310 scm-³ 

(T0K) 

 

(vi,ji) 2/D2H+  9Cu 

 

 1.49 1.503 H(v=0,j=0) 

1.004 D(v=0,j=0) 

1.13 3.485 H(v=3,j=0) 

3.095 D(v=3,j=0) 

 

at )i,ji(v 2/D2H 9The reaction rate constant in the collision system Cu )1-Table (5 

(T=0K) 

5-6 Dissociation adsorption probability  of H2 molecule and Cu9 cluster  

 

In this work the dissociation probability of molecule as function of the impact parameter 

for small rang of molecule translation energy (0.01<Etr<1.0eV) was investigated. As 

seen in Fig (5-11), the molecules that reach the cluster with high translation energy  (for 
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example0.8eV) will have greater dissociation probability when interacting with atoms 

near the center of mass of the cluster i.e. at impact parameter b=0 .This probability 

decrease successively with the increase in the impact parameter till it reach its minimum 

value at 4.25   The molecule interact at lower translation energy (as example0.01eV) 

have the least dissociation probability, but they dissociate at large impact parameter 

than the former one which clearly sign for the area of indirect dissociation explaining  

before. As for the rovibertional states v=0,j=0  this probability increase  with the 

increase of the rotational states arovibertonal state as seen in Fig (5-12), (5-13), (5-14). 

With high translation energy (0.8eV) the dissociation probability was greater for all 

roviberational state than that for v-0,j-0 roviberational state. Interestingly this true for 

all translation energies from 0.1eV to 0.6 eV, again this probability decrease 

successively with the increase in the impact parameter till it reach its minimum value 

at , and at lower translation energy (0.01eV was selected) have the least dissociation 

probability when interacting with atoms near the center of mass of the cluster.  

 

 

 

 

\ 

 

 

 

 

 

 

Fig. (5-11) Reaction probability as function of impact parameter for different value of 

Etr (eV) for Cu9 atomic cluster at (0K) at (v=0,j=0) 

Again and as expected the roviberational state is more dominant in increasing the 

dissociation probability than the rotational state, see Fig (5-12).  
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Fig. (5-12). Reaction probability as function of impact parameter for different value of 

H2 molecule translation energy (eV) for Cu9 atomic cluster at (0K) at (v=0,j=5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5-13) Reaction probability as function of impact parameter for different value H2 

of molecule translation energy (eV) for Cu9 atomic cluster at (0K) at (v=0,j=10) 
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Fig. (5-14) Reaction probability as function of impact parameter for different value of      

                   H2molecule Etr (eV) for Cu9 atomic cluster at (0K) at (v=3,j=0) 

 

Also the D2 isotopic effect on the dissociation probability was studied and deuterium 

provided for the same incidence energy Etr the locations of minima for the dissociative 

probability curve of D2 are shifted more towards higher rotational state (j=0,3), as 

comparing with those of H2 (j=0,3), which H2 exhibiting higher chemsorption 

probability than D2 in the higher region, because D2 travels at much lower velocity than 

H2 for the same translation energy Etr steering will be more effective for D2 than for H2. 

 

 

 

 

 

 

 

 

 

 

 

 Fig. (5-15) 

Reaction probability as function of impact parameter for different value  

                       of D2 molecule Etr (eV) for Cu9 atomic cluster at (0K) at (v=0,j=0) 

5-7 The reaction rate constant 
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To test the effect of the rovibartional states of the molecule on the Rate Constant 

calculations were done for different values of it as represented in table (5-2). 

 

constantRate  

)/(10 310 scm-³ 

(T0K) 

 

)i,ji(v2D /2H+  9Cu 

1.503 H(v=0,j=0) 

0.84 H(v=0,j=3) 

0.739 H(v=0,j=5) 

 1.104 H(v=0,j=10) 

3.485 H(v=3,j=0) 

1.774 H(v=1,j=0) 

1.004 D(v=0,j=0) 

3.095 D(v=3,j=0) 

 

at )i,ji(v 2/D2H 9system CuThe reaction rate constant in the collision ) 2-5( Table 

(T=0K) 

On the other hand all these rate constants are calculated by using the same set of 

parameters of the LEPS function. It is clear that the rate constant shows independence 

on the increase of the vibartional number, in contract it increase rapidly with the 

increase of the rotational number. 

 

5-8 Effects of cluster's formation temperature in the dissociation cross section 

 

At temperatures below 900K the rate constant show weak changes with temperature 

see Fig. (5-16). The reaction of the molecule H2 with Cu9 cluster for different 

temperatures (T=303K,802K, 1059K) were studied and  founded that increase the 

temperature of the cluster increase the collision energy of Cu atom and the molecule, 

so there is more energy a available in the system to break the H-H bond. As a result this 

negative effect on the reactivity is removed. Thus reactivity of H2 molecule on the 

cluster at several TK temperatures approximately has same value; this means that the 

chemsorption of H2 molecule on the copper cluster does not depend on the temperature 

of the cluster as seen in the Fig. (5-16). 
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, (T=0K 9Cu + ) (v=0, j=0 2Dissociation cross section of the reaction H 16).-Fig. (5

302K, 802K, 1059K) 

 

This low sensitivity towards temperature can explained like that: at that temperature 

scales  there are small number of active sites on the cluster that can leads to a direct 

dissociative chemsorption or there are several sites but the reaction was dynamically 

constrained i.e. there are specific requirement in the impact parameter or in molecule 

orientation, also it can be caused by the decreases in the initial trapping of the H/D 

molecule on the cluster surface, as in table (5-3 ) for the ratio of the reaction rate for  H 

and D. 

 

,(T=0K 9+Cu (v=0, j=0) 2/D2Dissociation cross section of the reaction H 17)-Fig. (5 

303K, 802K, 1059K) 
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Rate constant

)/(10 310 scm-³ =1059(T

K) 

Rate constant

)/(10 310 scm-³ 

(T=802 K) 

Rate constant

)/(10 310 scm-³ 

(T=303K) 

 

 2/D2H+9Cu

)i,ji(v 

1.903 0.850 1.503 H(v=0,j=0) 

1.05 1.093 1.004 D(v=0,j=0) 

 

at  (0,0) 2/D2H 93). The reaction rate constant in the collision system Cu-Table (5

(T=303K, 802 K, 1059 K) 

5-9 The Probability of Inelastic Scattering 

 

The probability of the inelastic scattering of H molecule from the Cu9 cluster was 

calculated and the values were plotted via histogram graph Fig (5-17). The inelastic 

scattering was plotted for two different translation energy: Etr=0.5eV and 1.0eV. For 

each one of this translation energy the inelastic scattering was studied at two different 

impact parameters b=0  and b=3.5  .       

The molecule were sent towards the cluster with initial rovibrational state (v=0,j=0), 

and after collision they reflect with a different final rovibrational  states (vf=1or2,jf=1-

15) depend on its translation energy and the collision impact parameter. At fixed 

translation Energy Etr=0.5eV and fixed impact parameter b=0  Fig.(5-17), the 

probabilities of scattering with vibration state vf=1(pv=1)  is always greater than 

probability of scattering  vf=2(pv=2 ), which means that the molecule prefers to reflect 

with final vibrational state near to the their initial state see tables (5-4), (5-5), (5-6). At 

fixed translational energy Etr =0.5eV, the probability of inelastic scattering with final  

vf=1 increases while that for vf=2 decreases with the increase of the impact parameter  

b=3.5   Fig( ). At fixed impact parameters b=0  and with the increase of the 

translational energy Etr=1eV the probability of the reflecting with vf=1decrease while 

that for vf=2 increase as shown in Fig. (5-17). Finally and as expected in higher 

translation energy the dissociation probability increases and the inelastic scattering 

probability decreases. The reverse is true that is to say with the reduction in translation 

energy and while the dissociative adsorption decreases the inelastic probability 

increases. The in elastic scattering probability was increase with the increase of the 
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impact parameter. The inelastic scattering probability was decrease with increase of the 

roviberational state as seen in the below tables (5-4), (5-5), (5-6). 

 b = 0 Å  b = 3.5 Å  

E
tr
=0.5 P

v=1
=0.652 P

v=1
=0.922 

P
v=2
=0.034 P

v=2
=0.018  

E
tr
=1.0 P

v=1
=0.37 P

v=1
=0.84  

P
v=2
=0.11 P

v=2
=0.074  

                                       

 

                

 b = 0 Å  b = 3.5 Å  

E
tr
=0.5 P

v=1
=0.104 P

v=1
=0.134 

P
v=2
=0.054 P

v=2
=0.092 

Table 1 

 

E
tr
=1.0 

P
v=1
=0.077 P

v=1
=0.086  

P
v=2
=0.052 P

v=2
=0.08 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 b = 0 Å  b = 3.5 Å  

E
tr
=0.5 P

v=1
=0.346 P

v=1
=0.624 

P
v=2
=0.14 P

v=2
=0.15  

 

E
tr
=1.0 

P
v=1
=0.218 P

v=1
=0.56  

P
v=2
=0.106 P

v=2
=0.188  
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Fig. ( 5-17). Probability of the inelastic scattering of the Hydrogen molecule 

(T=0K) cluster at different translations energy and impact 9 (v=0,j=0) from Cu2H

;(4) =1eV, b=0tr; (3) E , b=3.=0.5eVtr; (2)E=0.5eV, b=0trparameters; (1)E

=1etrE{, b=3.5 
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Fig. (5-18 ). Probability of the inelastic scattering of the Hydrogen molecule 

t translations energy and impact (T=0K) cluster at differen9 (v=0,j=5) from Cu2H

;(d) =1eV, b=0tr; (c) E=0.5eV, b=3.5tr; (b)E=0.5eV, b=0trparameters; (a)E

.=1eV, b=3.5trE 
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 219). Probability of the inelastic scattering of the Hydrogen moleculeH-(5 Fig.

(T=0K) cluster at different translations energy and impact 9 (v=0,j=10) from Cu

;(d) =1eV, b=0tr; (c) EV, b=3.5=0.5etr; (b)E=0.5eV, b=0trparameters; (a)E

=1eV, b=3.5trE 
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Fig. (5-20). Probability of the inelastic scattering of the Hydrogen 

(T=0K) cluster at different translations energy and 9 (v=0,j=10) from Cu2moleculeH

=1eV, b=0tr; (3) E=0.5eV, b=3.5tr; (2)E=0.5eV, b=0trimpact parameters; (1)E

.=1eV, b=3.5tr;(4) E 
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Fig.(5-21). Probability of the inelastic scattering of the Deuterium   

ns energy and (T=0K) cluster at different translatio9 (v=0,j=0) from Cu2moleculeD

=1eV, b=0tr; (3) E=0.5eV, b=3.5tr; (2)E=0.5eV, b=0trimpact parameters; (1)E

.=1eV, b=3.5tr;(4) E 

 

 

 

 

Chapter 6 

 
 Pv =1= 0.706                              

 Pv =2=0.052                               

 b=0 Å(Etr=0.5eV)D00

0

0.05

0.1

0.15

1 2 3 4 5 6 7 8 9 10 11 12

                        Jf                          (1)       

In
e
la

s
ti
c
 s

c
a
tt

e
ri

n
g
 

P
ro

b
a
b
ili

ty

v2
v1

Pv=1=0.964                              

 Pv=2=0.018    b=3.5Å(Etr=0.5eV)D00

0

0.05

0.1

0.15

0.2

0.25

0.3

1 2 3 4 5 6 7 8 9 10 11 12
                          Jf                       (2)

In
e

la
s
ti
c
 s

c
a

tt
e

ri
n

g
 P

ro
b

a
b

ili
ty

v2

v1

Pv=1=0.872                                             

 Pv=2=0.086                        b=3.5Å(Etr=1eV)D00

0

0.05

0.1

0.15

0.2

1 2 3 4 5 6 7 8 9 10 11 12

                 Jf                           (4)

In
e
la

s
ti
c
s
c
a

tt
e

ri
n

g
 P

ro
b
a

b
ili

ty

v2
v1

                       Pv=1=0.372                                              

  

                        Pv=2=0.06                                                                                      

                                         b=0Å(Etr=1eV)D00

0

0.05

0.1

0.15

0.2

1 3 5 7 9 11 13 15 17  Jf                         

                                                  (3)

In
e

la
s
ti
c
 s

c
a

tt
e
ri
n

g
 

P
ro

b
a
b

ili
ty

v=1
v=2



83 

 

Conclusion 

 

We have reported here results of a quasiclassical simulation study of the interaction of 

H2 molecule with a Cu9 cluster. Both channels, the reactive (dissociative adsorption of 

the molecule on the cluster) and non reactive (scattering of the molecule from the 

cluster), were considered. The processes were examined as function of the initial 

quantal rovibartional state of molecule, collision energy and impact parameter.  

The dynamics of interaction between a molecule and a surface depend on the relative 

partners (molecule and cluster) and in the internal DOF (Degree Of Freedom) of 

molecule and cluster. It is of no doubt a formidable task to obtain a full theoretical 

description, which include all full DOF. A way around this we choose a model system 

for which the influence of certain DOF is minimized. Moreover, we selectively work 

on those DOF which can exert considerable control.  

Several factors that influence the reaction Hydrogen molecule and Copper cluster were 

studied: the geometry of the reaction patterns, cluster temperature, H/D isotopic effect, 

molecular translational energy, impact parameter and molecular rovibrational quantum 

number as internal DOF of the molecule.  

From the monitored data there was three types of reaction process recorded; one was 

named as the direct dissociation and it was the case when the molecules reaches the 

cluster with relatively high translation energy and then dissociate immediately by the 

time they reach the cluster surface. The second type was indirect dissociation when 

some of molecules, that reached the cluster with low translation energy, attaches them 

self to the surface of the cluster rotating and vibrating while searching for the active 

sites of the cluster to break the bond or till they gain enough energy from the cluster 

atoms allowing them to dissociate, this cause a resonance for some period of time at the 

surface of the cluster. The third types was inelastic scattering, it may occurre for all 

translation energies that the molecule by the time they reach the cluster with initial vi , 

ji rovbrational states, they reflect back with different final vf , jf rovbrational states. 

In the reactive channel the reaction dissociation cross section of H2 molecule in the Cu 

cluster was investigated. At the region of low molecule translation energy the reaction 

cross-section increase rapidly and reached a maximum value then it show a 

dramatically decrease to some minimum value with the further increase of the collision 

translation energy demonstrating the existence of reaction threshold. As the energy 
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increases further, the reaction cross section started to increase monotonically again. As 

expected and experimentally proved(1,11,12)  , it was seen that for all cases of different vi 

, ji rovibrational states the cross section display a small but non zero threshold 

(dynamical activation barriers) value for the molecule translation energy below  which 

there was minimum probability of dissociation adsorption and above which it increase 

monotonically with the increase of Etr molecule translational energy.   

The activation barrier encountered by impinging molecule decrease with the increase 

of vi,ji . Parallel to that, it is very clear that the reaction cross section increase 

monotonically by increasing of vi, ji quantum rovibrational states, this is also   

experimentally proved (1,24,25)  for Cu(100)(3). However by this simulation studies and 

with that experimentally and theoretically proved it is well established by now that the 

chemisorption of Hydrogen molecule in copper cluster/surface is an activated process.  

Also the strong isotopic H2/D2 effect was illustrated, and that for a given rovibartional 

states and fixed number of Cu atoms and  specific cluster formation temperature there 

is more influence for the lighter isotope H2 than on the heavier isotope D2. However, it 

becomes less important at higher molecular rovibartional quantum states .i.e. at higher 

incident energies. 

In this work the effect of the initial rovibrational states of the translating molecule was 

investigated by increasing successively both of vibration and rotational states (v=0, 

j=0;3;5;10) and (v=1;3,j=0). It is very clear that from the monitored and plotted data, 

the cross section increase monotonically with increase of vi, ji .It was also seen that the  

vibartional effect exerting more influence than that of the rotational in increasing of the 

reaction cross section. Also the dissociation of D2 at different rovibrational states  was 

studied and provided that for the same Etr incidence energy of H2 the locations of 

minima of D2 was shifted more towards higher rotational state (j=0,3), as comparing 

with those of H2 (j=0,3), which indicate that H2 exhibiting higher chemsorption 

probability than D2 in the higher region, because D2 travels at much lower velocity than 

H2 for the same translation energy Etr steering will be more effective for D2 than for H2. 

 

In correspondence calculations of the reaction rate constant and as expected D2 

molecule have less rate constant than H2 molecule. Generally we find that the ratio of 

rate constants for H2 molecule to that of D2 molecule vary from one to two order of 

magnitude. This calculations was founded to be in a good accord with that for Cu13 
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cluster (1) ,Cu7
(11) and Cu and Pd surface. Reaction rate also increase with the increment 

of initial rovibatioal sates. 

As expected with high translation energy molecules will have greater dissociation 

probability when interacting with atoms near the center of mass of the cluster i.e. at 

impact parameter b=0 . This probability decrease successively with the increase in 

the impact parameter till it reach its minimum value for the impact parameter b> 4Å. 

The molecule interact at lower translation energy have the least dissociation probability, 

but they dissociate at large impact parameter than the former one.  

As for the rovibertional states v=0,j=0  this probability increase  with the increase of 

the rotational states and rovibertonal state. With high translation energy the dissociation 

probability was greater for all roviberational state than that for v-0,j-0.  This is true for 

all translation energies from 0.1eV to 0.6eV, again this probability decrease 

successively with the increase in the impact parameter, and at lower translation energy 

(0.01eV was selected) have the least dissociation probability when interacting with 

atoms near the center of mass of the cluster. Again and as expected the viberational 

state is more dominate in increasing the dissociation probability than the rotational 

state.  

 As we look forward there was clear insensitivity of dissociation cross section to the 

increases of cluster formation temperatures for both isotopes H2 and D2. This is also 

true for the rate constants calculations. At different rovibrational states it has been also 

noticed this insensitivity toward the increase of the cluster temperatures.      
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47- www.Atomic & Molecular Clusters, Reade Advance Material. 

 

48- www.Structure of Atomic Cluster. 

 

49- www.Bockstedte. Michel, "First-principles molecular dynamics", University 

Erlangen – Nürnberg, Staudtstr, Germany.  

 

50- www.Molecular dynamics.com 
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