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CHAPTER 1 
 

INTRODUCTION 
 

This dissertation attempts to apply three approaches of scientific methods, 

quantum calculations, molecular dynamics (MD) simulations and pulse field gradient 

nuclear magnetic resonance (PFG NMR) measurements to elucidate diffusion 

processes of guest molecules in zeolite micropores. Such microscopic understanding 

would be highly requisite for predicting microscopic zeolite-behaviors and leads 

directly to long-termed development, and hence, application of zeolites in industries.  
 

1.1. Zeolite: Supposititious Material 

1.1.1. What a zeolite is. 

A zeolite was first discovered 

in 1756 by a Swedish Mineralogist, named 

Cronstedt.1 Zeolites,2-4 groups of hydrated 

aluminosilicates of the alkali or alkaline earth 

metals (principally sodium, potassium, 

magnesium and calcium), are natural 

volcanic minerals with a number of unique 

characteristics, which are discovered in many 

parts of the world. Zeolites were formed 

when volcanic ash was deposited in ancient alkaline lakes. The interaction of the 

volcanic ash with the salts in the lake water alters the ash into various zeolite 

materials. However, most zeolites used commercially are produced synthetically. 

Figure 1.1 shows an electron micrograph of the MFI type zeolite. 
 

1.1.2. Structures of zeolites 

The building blocks for the framework of zeolites usually consist of 

silicon or aluminium and oxygen. The silicon or aluminium tetrahedron is a central 

atom surrounded with other shared oxygen atoms. These elements are arranged within 

the mineral in a manner that gives the crystal a framework of channels and cavities, 

three-dimensional crystalline structures containing (-Si-O-Al-) linkages.  These (-Si-

O-Al-) linkages form pores of uniform diameter and enclose regular internal cavities 

and channels of different sizes and shapes, depending on the chemical composition 

Figure 1.1 Electron micrograph 

of the MFI-type zeolite. 
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and the crystal structure of the specific zeolite involved.  These cavities can host 

cations, water or other molecules.   

One gram of zeolite provides up to several hundred square meters of 

surface area for chemical reactions to take place.5 This characteristic of zeolites leads 

to great adsorptive power. 
 

1.1.3. Expansive applications  

The zeolitic channels (or pores) are microscopically small, and have 

molecular size dimensions such that they are often termed "molecular sieves".  The 

size and shape of the channels have extraordinary effects on the properties of this 

material for adsorption processes and these properties lead to their use in separation 

processes (Figure 1.2) in petroleum refining and syn-fuels production.6-8  

Molecules can be separated via shape and size effects related to their 

possible orientation in the pore, or by differences in strength of adsorption. They can 

be used also in other applications; e. g. to exchange the ion in a treatment of waste 

water.9-11 The latest application is to store the heat,12 without requirement of the 

insulation. The idea is when heated, zeolites release water vapor.  As long as they stay 

dry, they can store large amounts of heat for months. When zeolites are allowed to 

absorb moisture, they release their stored heat.  Additionally, it can be used as a 

molecular nanodevice to design of precise functionalities.13,14 However, the zeolite 

heat storage is not yet available for residential use because of the relatively high cost. 

 

 

 

 

 

 
 

 

Figure 1.2 A picture of the sieve principle.  
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1.2. Recent Situation on the Diffusion Processes in Zeolite: 

Diffusion of adsorbed molecules in zeolites is the known common 

phenomenon which plays an important role in the use of zeolites. The dynamical 

behaviors of molecules in zeolites and other microporous solids have become 

attractive to both fundamental investigations and applied researches. The regular 

structures and numerous technical applications as catalysts, ion exchangers, 

adsorbents and host materials for advance technologies have made zeolites to a 

particularly important candidates of research.2,3,15 At present, computational 

chemistry can provide moderate data even for the complicated multicomponent 

diffusion. 

   

1.2.1. Water/zeolites 

It is well-known for all types of zeolites that they remain rigid in the 

presence of water.2,16 Also it is common knowledge that the water presence has large 

impact on the arrangement of the cations in zeolites.17-20 Water molecules in zeolites, 

even at small amount, can significantly influence properties of zeolite-like materials 

and lead to difficulties during some technological processes, i.e., separation processes. 

The understanding of such phenomena cannot be obtained purely by experimental 

techniques due to the complex interplay between many physical and chemical 

processes taking place in the zeolites.21 As a complementary technique in obtaining 

insight into the microscopic details, many MD studies on the interaction of water to 

various zeolites have been performed.22-33  

To our best knowledge, first MD simulations for water in zeolites 

have been reported by Demontis et al.,34-36 the vibrations of water in natrolite and 

by Leherte et al.,37-42 the structural properties and the self-diffusion coefficient of 

water in ferrierite in quantitative agreement with experiments.43-45 In the late 1990s, 

the sodium ions in hydrated zeolite A have been examined for the ranges of 

hydrations. The self-diffusion coefficients obtained from this simulation agrees 

within a factor of 3 with those obtained from experiments. More recently, the 

conformation of the triple helix of water in VPI-5, aluminophosphate-type material 

formation has been investigated by Fois et al. through Car-Parrinello molecular 
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dynamics simulations. It was found that the helice lies close to the channel walls and 

avoids the channel center. Empirical potential functions including electronic-field-

dependent terms have been developed and applied by Cicu et al.46 to simulate 

classically water in natrolite. It was found that the electric-field-dependent terms in 

the intramolecular potential of water can improve the results in comparison to 

experimental one. Interestingly, quantum or at least a semiclassical treatment is 

required in order to reasonable simulate particularly systems containing water and 

other polar molecules. Consequently, ab initio molecular dynamics (AIMD) has been 

performed for H2O and H3O+ in HSAPO-34 by Termath et. al.47 and it has been 

found also that an acid-base reaction in HSAPO-34 requires at least three water 

molecules per two nearby acidic sites, leading to a protonated water cluster, 

H3O+(H2O)2. More recently, the AIMD simulations of water-HSAPO-34, that have 

been studied by Jeanvoine et al.48 in order to elucidate the water behavior to 

Bronsted acidic sites, stated the demand on a water dimer for the occurrence of 

proton transfer in the cage, hence the basicity of a hydrogen-bonded water dimer is 

required. However, such AIMD simulation is indeed still computer time consuming. 

This requires the restriction on few 100 atoms systems, and the typical run length of 

some picoseconds.   

For the silicalite, the only available data on the water-silicalite 

interactions are the experimental measurements by Flanigen et al.49 and Vigné-

Maeder et al.,50 who reported the initial isostatic heat of adsorption of 6 kcal.mol-1 

and the mean heat of adsorption of the first four water molecules of 9.6 kcal.mol-1, 

respectively. Vigné-Maeder et al. have also calculated the water-silicalite potential 

map in which the average energy is expressed as a sum of electrostatic, polarization, 

dispersion and repulsion interactions between the atom pairs. The various atomic 

parameters for the first term are the ab initio results while those of other terms are 

empirical. The calculations yield an average water-silicalite interaction at 300 K of -

12.5 kcal.mol-1 and the approximate energy barrier via diffusion through the 

intersection between the straight and the zigzag channels of the silicalite of 8 

kcal.mol-1. However, it has been mentioned that the calculated results are very 

sensitive to the experimental geometry of the silicalite used. Recently,                 

Turov et al.51-54 have measured water adsorption in silicalite by H1 NMR and 
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thermogravitric methods and observed a high chemical shift. This corresponds to the 

formation of more than three hydrogen bonds of the attributed water in the pores. 

More recently, this issue has been investigated using quantum chemical calculations23 

and found that water can enter the silicalite channel. Activation energy of 

approximately 1.9 kcal.mol-1 is required to diffuse through the linked domain to or 

from the intersection channel. In addition, experimental results by Kärger et al.20 

using PFG-NMR measurements indicate that diffusion of water in silicalite takes 

place even at room temperature.  
 

1.2.2. Methane/zeolites 

The understanding the diffusion of hydrocarbons in zeolites is a 

requisite for optimizing catalytic processes using these materials.40 Nowadays, these 

topics have attached attention of either theoretical or experimental research  

groups,55-57 in particular methane, as it is commonly associated with petroleum 

deposits, and occurs naturally as the principal component of natural gas. Numbers of 

different experimental techniques are applied to measure the diffusivity in zeolites, for 

instance, the frequency response Zero-Length Column (ZLC) technique,58,59 an 

isotope exchange method,60 Quasielastic Neutron Scattering (QENS),61or Pulsed-

Field Gradient Nuclear Magnetic Resonance (PFG-NMR).2  However, the methane 

diffusivities depend on methods used. 
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Figure 1.3 Comparison of diffusion coefficients (D) of methane molecules at various 

loadings in silicalite-1. 

Ergo, computational simulations have become an increasingly 

important tool for studying guest molecules in zeolite.62,63 With the molecular 

dynamics simulation (MD), both structural as well as the dynamical properties of a 

system can be carried out. Methane is one of the most frequently considered 

molecules. Although, the simulated self-diffusion coefficients are in good agreement 

with those of experimental results (Figure 1.3).64-70 However, only some of them 

have investigated structural properties of the system.71,72  

The methane diffusivities in Silicalite-1 have been investigated using 

MD simulations with spherical methane model, ‘united atom model’ by         

Demontis et. al.71,73,74 and by Goodbody et al.75 in which the framework has been 

treated either rigid66,67,72 or flexible.76-78 However, five center methane models, 

based on the force field parametization by Ruthven et. al.79 and Bezus et. al.80
 are 

also available. Recently, Engel et. al.81 have developed the new methane/silicalite 
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model as a sum of electrostatic, inductive, dispersive and repulsive interactions. These 

parameters include every kind of interaction particles, i.e., the van der Waals radius, 

the ionic charge, the polarizability, and the number of valence electrons. Remark, it is 

empirical force field type. More recently, the new simulation, the so-called Dual 

Control Volume- Grand Canonical Molecular Dynamics simulation82 has been 

applied in order to understand the dynamics dictating the diffusion of methane 

molecule through the single crystal membrane.83,84  

More recently, Fritzsche et al.85 present new simulations of 10 ns 

length using the parameters taken from ref. [78,86,87]. The framework flexibility as 

well as the internal methane vibration have also been taken into consideration. It turns 

out that the approximation of a rigid lattice gives the same results as a full flexibility 

treatment. Nevertheless, the authors suggest a flexible treatment of methane 

molecules. 

 

1.3. Scope of this Work 

Although, several attempts have been made to study the adsorption and 

diffusion of hydrocarbons in silicalite-1 by means of both theoretical.88-90 and 

experimental91-94 investigations. However, very little information is available for the 

water/silicalite-1 system because one believes that water is not able to enter and 

diffuse in hydrophobic silicalite-1 channels. In order to demonstrate the statement of 

the presence of water molecules, the PFG NMR measurements have been proposed to 

be performed and water diffusion in silicalite-1 samples have been, in addition, 

evaluated.  

Furthermore, ab initio calculations for the optimal water configurations 

before and after entering channels have been examined and discussed, in terms of 

movement, encapsulation and energy barriers. The silicalite-1 crystal structure has 

been represented by three fragments, in which the chemical compositions are 

O10Si10H20, O30Si22H44 and O35Si29H58. Preferential binding sites with the 

corresponding binding energies have also been intensively evaluated. 

The main part of this work is centered on molecular dynamics simulations of 

water and methane molecules in silicalite-1 using ab initio fitted potentials. As a 
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matter of fact, most previous classical simulations63-67,69-94 of water and methane as 

well as all other guest molecules in zeolites used intermolecular potentials based on 

empirical force field parameterization. Some doubts arise when the force field 

potential was used to represent the interaction between guests and zeolites, in which 

hydrogen bonding is very important as this is better represented by ab initio derived 

potentials. In addition, it is known that unbalance of the pair potentials, guest-zeolite 

and guest-guest, can easily lead to artificial results. To avoid this discrepancy, an ab 

initio fitted potential for guest/silicalite-1 and guest-guest at the equivalent level have 

been developed. Such potentials are, therefore, newly developed and used in the 

present work. To derive potential function parameters based on quantum chemical 

calculations, numerous silicalite-1/water and silicalite-1/methane energy points have 

been generated using the Hartree-Fock (HF) and secondary Møller Plesset (MP2) 

levels, respectively. The energy points have been, then, fitted to an analytical function 

form, while, the water/water,95 and methane/methane96 potentials are taken from 

literatures as they are already developed using ab initio data.  

Molecular dynamics simulations have been performed using the novel 

developed ab initio potential and diffusion coefficients for a water and methane 

molecule as a function of loading and temperature in the silicalite-1. Changes of 

structural and dynamics properties of water and methane molecules in silicalite-1 

have cautiously been examined.  

The content of this dissertation starts with theoretical background in which 

fundamental diffusion principles, quantum mechanics, statistical mechanics, and also 

molecular dynamics have been briefly summarized. Next, the calculation and 

methodological details how to develop the guest/zeolite potential functions, as well as 

to perform MD simulations, and PFG NMR measurements, have been presented. All 

results are, then, reported, and debated in comparison to the previous works, in the 

next chapter. Last, new and significant enumerate have been concluded.  
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CHAPTER 2 
 

THEORY 
 

2.1. Fundamental Diffusion Principles 

The spontaneous decrease of the concentration gradient is so-called 

‘diffusion’. The well-known definition of the diffusion (D) is formulated for the case 

of transport through thin membranes by Adolf Fick, which is named Fick‘s First Law: 
 

z
cDJ

∂
∂

−= ,         (2.1) 

 

in which J  is the net rate of flow of a particle, D is called the transport diffusion 

coefficient. Or, a more general formula is  
 

cgradDJ −= .        (2.2) 
 

This will lead to the conservation equation  
 

2

2

t
cD

t
c

∂
∂

=
∂
∂ ,         (2.3) 

 

which is commonly known as Fick‘s Second Law of Diffusion. Before Fick’s Laws in 

1850s,97,98 in the late 1820s Robert Brown gave the expression of another 

phenomenon, which is closely related to diffusion. It is about the behavior results 

from the continuously changing interaction between small particles and the molecules 

of the surrounding fluid. Analogy, the individual particles undergo a sequence and 

apparently random movements. This phenomenon is generally referred to as 

Brownian motion.99,100  
 

2.1.1. Random walk 

The closed relationship between Brownian motion and diffusion was 

first elaborated by Einstein.101 An experimentally accessible quantity that describes 

Brownian motion is the time dependence of the concentration distribution, starting 

from the assumptions that the random walkers (systematic particles) do not interfere 

with each other and may step with equal probability in any direction. By a complex 
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mathematical work,3  the quantity, called the ‘propagator’, P, in which the mean 

square displacement has been shown: 
 

( )
( )

Dtdz
Dt

ertr
Dtr

6
4 23

4
22

2

==
−

∫ π
.       (2.4) 

 

This equation is generally known as Einstein’s relation, and dispenses a direct 

correlation between diffusivity and the time dependence of the mean square 

displacement.  
 

2.1.2. Self-diffusion 

There are two different diffusion phenomena: transport diffusion and 

self-diffusion. In this section, the self-diffusion will be introduced mainly. The self-

diffusion or Brownian molecular motion may be observed following the trajectories 

of a large number of individual diffusants and determining their mean square 

displacement, which is what simulators normally do. Although, transport diffusion 

and self-diffusion generally occur by essentially the same microscopic mechanism, 

the coefficients of both are in general not the same.  

The self-diffusion coefficients are calculated from the particle 

displacements. The process of self-diffusion was generally related to the moments of 

the propagator.102-104 The propagator ( ),t,P 0rr  represents the probability density to 

find a particle at position r at time t when it was at r0 at time t = 0.  

The nth moment of the propagator is defined by the relation,104  
 

( ) r, ,tr,rPrrrr 00
n

0
n d∫ −=−          (2.5) 

 

( ),t,P 0rr  is the solution of the diffusion equation for the initial concentration                

( ) ( )0δ0 rrr −==,tC . In the case of isotropic diffusion and of a homogeneous 

system the propagator is  
 

( ) ( ) ( ) .
Dt

Dt,t,P










 −−

=
−

4
exp4π

2
02

3
0

rrrr      (2.6)  
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Although zeolites are not homogeneous the propagator can be represented in this way 

if the displacements exceed the size of the inhomogeneities.103  Then ( ),t,P 0rr  

depends only on the difference 0rr − . For shorter times this is not true. As the 

transition time to the Gaussian behavior and the final D values were the quantities of 

main interest in the present paper an averaging over 0r  has been carried out. For all 

times the resulting propagator P depends upon 0rr −  only.  

The first four moments can be calculated from eqs. (2.6) and (2.7) in 

the case of normal diffusion as:104 

 

π
4 Dt

=− 0rr         (2.7) 

 

Dt62 =− 0rr         (2.8) 

 

( )2
33

π
32 Dt=− 0rr        (2.9) 

 

( ) .60 24 Dt=− 0rr         (2.10) 

In the anisotropic system, the corresponding equations for each 

direction are85  
 

π
=−

tDl20ll         (2.11) 

 

tDl22
=− 0ll         (2.12) 

 

( )2
33 8 tDl

π
=− 0ll         (2.13) 

 

( ) ,ll 24 12 tDl=− 0         (2.14) 
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where l  is x, y or z,  respectively. The D values estimated from these four moments 

must synchronize each other in the case of normal diffusion for t values larger than 

the decay time of the velocity auto-correlation function. The elements of the diffusion 

tensor, corresponding to the x-, y- and z-axes, are calculated from eqs. (2.11)-(2.14). 

In this case, the diffusivity D can be assumed to be one third of the trace of the 

diffusion tensor:  
 

( ).zyx DDDD ++= 3
1

         
(2.15) 

 

The good agreement (within the range of fluctuations) of the final D values will 

indicate that the diffusion time used in the evaluation procedure exceeds the 

correlation time. 
 

2.2. Quantum Mechanics  

2.2.1. Introduction 

By classical physics, which obeys the laws of classical mechanics, 

which developed in the late nineteenth century, various experimental results could not 

be explained. Those phenomena, for instance black-body radiation, heat capacity of 

solids at low temperature, atomic spectra, and the structure of the hydrogen atom, 

were able to solve by treating new physics schemes. Since the electrons and other 

microscopic ‘particle’ show wavelike as well as particle like behavior, which implies 

that electrons do presently obey classical mechanics, the fusion of the apparently 

complementary concepts of waves and particles was started by de Broglie and carried 

to fruition in the quantum mechanics105-109 of Heisenberg and Schrödinger. 

However, the uncertainty principle of Heisenberg, which is authentically the 

limitation of the obtained microscopic information of a system, seems to be essential 

as the consequences of the wave-particle duality. 

In the first part of this chapter, a brief concept of the Schrödinger 

equation was given. Then, the Born-Oppenheimer approximation has been introduced.   

The second part introduces the molecular quantum-mechanics methods, including 

Self-Consistent Field (SCF), and Møller-Plesset perturbation theory. Moreover, the 

density functional theory will be discussed in this chapter. 
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2.2.2. The Schrödinger equation 

The state of a system defined by a mathematical function Ψ or the state 

function, which is a mathematical description of all the possibilities for a particle, 

where Ψ*Ψ equals the probability of finding the particle at that position. As in 

general, the state changes as well with time, thus, a time dependent Ψ will be then 

introduced. For a single particle of mass m, one-dimension system, the equation is 

postulated to be 
 

( ) ( ) ( ) ( )txtxV
x

tx
m

h
t

tx
i
h ,,,,

Ψ+
∂
Ψ∂

−=
∂

Ψ∂
− 2

22

2
,             (2.16) 

 

where 
π2
hh ≡ , and V(x,t) is the potential energy function of a system. The eq. (2.16) 

is introduced by Schrödinger in 1926. It is known as the time-dependent Schrödinger 

equation, which contains the first derivative of the wave function with respect to time 

and enable us to calculate the future state at any time, if one knows the wave function 

at time t.  

As the solution of Schrödinger equation is an eigenvalue problem, the 

energy E are the eigenvalues, eigenfunctions are the wave function Ψ. Their 

eigenvalues and eigenfunctions are desired. One calls,
∧

H the Hamiltonian operator 

which is  

 

∧

H = )( xV
dx
d

m
h

+













− 2

22

2
.                 (2.17) 

 

Hence, a measurement of any properties must give a result as one of the eigenvalues 

of the corresponding operator. However, only the single-electron atom is exactly 

solvable, others are analytically unsolvable. The main problem is to solve the inter-

electronic repulsion terms in the Hamiltonian. Therefore, one must make an 

approximation. The fundamental one based on the molecular orbital theory is the 

Born-Oppenheimer approximation.  
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2.2.3. Born-Oppenheimer approximation 

 One recognizes that the mass of electron is much less than the mass of 

the atomic nuclei as well as the instantaneously motion responding of an electron. 

Therefore, instead of solving an equation for several nuclei and electrons, one solves 

the equations for electrons in the potential, which is provided, be static nuclei. The 

molecular Hamiltonian is then 
 

∑∑∑∑∑∑∑∑
>α α

α

α α>β αβ

βα
α

α α

∧
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ezz

m
h
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hH

222
2

2

2

2

2
1

2

'''

,    (2.18) 

 

where α and β describe nuclei while i and j describe electrons. The first term assigns 

to the kinetic energy operator of the nuclei. The second term assigns to the kinetic 

operator of the electrons. The third term is the repulsions potential energy between the 

nuclei, where rαβ is the distance between nuclei α and β with atomic number Zα and 

Zβ. The forth term assigns the attraction potential energy between the electrons and 

the nuclei, where riα is the distance between electron i and nuclei α. Last, the fifth 

term assigns to repulsions potential energy between the electrons, where rij is the 

distance between electron i and electron j. The hard core then would be the so called 

electronic Hamiltonian, which includes the second, forth and fifth terms. This 

separating electronic and nuclear motions approximation is expressly, Born-

Oppenheimer approximation. The electronic Hamiltonian in atomic units can be 

written as 
 

∑∑∑∑
<











+−∇−=

i ji iji
i r

eZH 1
2
1ˆ 22

α
α       (2.19) 

 

2.2.4. Quantum mechanics methods 

2.2.4.1. Hartree Fock method 

The principle of this method is to assume any single electron 

moves in a potential that is a spherical average of all the other electrons potentials. 

One solves numerically the Schrödinger equation for such a potential. By this 

approximation, the wave function of an atom or a molecule is the Slater determinant. 

For an n-electron system, one gets the wave function as  
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In deed, the molecular orbital function is built up by a linear combination of atomic 

orbitals, LCAO-MO. A set which is used to prescribe the one-electron functions is 

namely basis functions. For instant, the molecular orbital ϕi is able to build by a linear 

combination of m atomic orbitals ( )rχ , where cij is a molecular orbital expansion 

coefficient. 
 

( ) ( ) ( ) ( ) ( )11331221111 rcrcrcrcr mimiiii χ+χ+χ+χ=ϕ ...............    (2.21) 
 

or 
 

( ) ( )∑
=

=
m

j
jijii rcr

1
1χϕ .        (2.22) 

 

Since, the amount of these coefficients is unknown, except this value must not be less 

than a half of total electrons of a system. Presently, one knows how to build the wave 

function for a system. What this method does, is to guess reasonable unknown 

coefficients for all the orbitals and calculate a mean potential. The equation of a 

particular electron must be solved subsequently. The calculated wave equation from 

this equation is then used to polish the potential, which another electron experiences 

in the atom. The equation for this other electron is then solved and used to refine the 

original potential felt by eventually another electron. These steps are repeated, and 

recalculated on the basis of new functions until the solutions for all electrons are 

unchanged, which is an origin of the word, self-consistent field.  

 If one looks for the set of n orbitals yielding the lowest energy 

of a molecular system in the sense of the variational principle, one finds that they are 

determined by the equations 
 

( ) ( ) ( )111 rψErψrF iii =ˆ ,         (2.23) 
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called Hartree Fock (HF) equations. The orbitals iψ ( )1r  are named molecular orbitals, 

and the Fock operator, F̂ , is given by 
 

( ) ( ) ( ) ( )( )∑ −+=
n

k
kk rKrJrHrF 111

core
1 2ˆˆ ,      (2.24) 

 

where ( ) ∑∑−∇−=
i A iA

A

r
ZrH 2

11
core

2
1ˆ . The first part represents the one-electron part 

comprising the differential operator of the kinetic energy and the potential of the 

nuclei i. Interesting is the second term, which is the electron-electron interaction, and 

describes the whole electron mean potential. Those consisting two terms are 

respectively Coulomb and Exchange potential with 
 

( ) ( )
2

1 12

2
1

1 dr
rr

r
rJ

n

k

k∑∫
= −

=
ψ           (2.25) 

 

and  
 

( ) ( ) ( ) ( ) ( )
2

1 12

22
111 dr

rr
rrrrrK

n

k

k
kssk ∑ ∫

= −
ψψ

ψδ=ψ      (2.26) 

 

where the ssk
δ equals 0 if the spin functions belong to the different orbital ψ  and kψ  

and equals 1 if the same spin functions are assigned. Hence, the HF equations are 

integrodifferential equations, which must be solved iteratively until the second-term 

potential of eq. (2.24) is ‘self-consistent’. The further approximations are virtually 

necessary for all solutions for molecules based on the so-called algebraic 

approximation. The HF equations are able to transformed into matrices equations 

(Roothaan equations)110  and become 
 

FC=SCE          (2.27) 
 

With the Fock and overlap matrices 
 

χχ≡ FF           (2.28)  

and 
 

χχ≡S           (2.29) 
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The bracket | is used as a short-hand notation for integration over the coordinates of 

an electron i. The C would finally be the HF solutions given as m column vectors cj of 

coefficients referring to a chosen basis set.  
 

Basis set 

 There are two exiting basis functions, in which the first type is so-called 

Slater-type orbital (STO) and defined as  

 ( ) ( )
A

n r
Al erNlAs ς

ςς −−

=
1

,,, ,        (2.30) 
 

where ς, rA, n, and l are respectively the Slater orbital exponent coefficient, orbital 

radius in Å, the principle and angular number. Another analytical form of the basis 

functions, which was suggested by Boys;111  is 
 

2
Ark

A
j
A

i
Al ezyxNlAg α−

α=α ,),,( ,       (2.31) 
 

where α is the Gaussian orbital exponent. Obviously, the Gaussian type 
2
Are α−  decays 

much more rapidly and hence integrate easier than the Slater type Are ς− .  

In the past, the two-electron integral term is solved by their number grown as 

m4, where m means the number of basis function. Hence, one should keep m as small 

as possible. The way to achieve this is the use of fixed linear combinations of several 

Gaussian type orbitals (GTF) as a basis functions in the molecular calculations, 
 

j
j

j gc∑ µµ =χ .          (2.32) 

 

The coefficients of the ‘primitives’ in these ‘contracted’ GTF (CGTF) as transferred 

from calculations on atoms. Since the selection of an appropriate basis set is critical 

for an ab initio study to be successful, a short account of the classification and 

performance of basis sets will be given.  
 

Minimal Basis Sets  

A basis set is called ‘minimal’ (MB) if the single CGTF is employed for each 

type of atomic orbital occupied in the ground state of the respective atom. For 

example,  
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C: 1s, 2s, 2px, 2py, 2pz. 
 

The STO-3G basis set is the use of three Gaussian primitives per basis 

function, where STO stands for a Slater-type-orbitals having the radial dependence    

e-ξr as basis set.  
 

Split Valence Basis Sets  

The increasing the number of the basis functions per atom is a way to make a 

larger basis set and so-called split valence basis sets, for example 6-31G, which has 

two sizes of basis function for each valence orbital. The core consists of 6 GTOs 

which are not split, while the valence orbitals are described by one orbital constructed 

from 3 primitive GTOs and one single GTO.  In case of C, it is represented as: 
 

C: 1s, 2s, 2px, 2py, 2pz, 2s’, 2px’, 2py
’, 2pz

’. 
 

Here, primed and unprimed enormities have the different orbit size.  
 

Polarized Basis Sets 

  Polarized basis sets allow some small contributions from the unfilled orbital, 

what is required for the ground state for atom description by adding orbitals with 

angular momentum beyond. For example, the d functions are added to the C atom. 

The first star in 6-31G** will stand for the polarized function (particular d orbitals) on 

non-hydrogen atom. The second one will add the p orbitals to the hydrogen atom. The 

other notation is 6-31(d,p). 

 Particularly widespread are the basis sets suggested by the Pople group:109  

STO-3G (minimal), 3-21G and 4-31G (split valence), 6-31G* and 6-31G** (split-

valence augmented by polarized functions). For another survey and specific 

comments for a particular problem can be found in reviews.112,113   

 

Mulliken Population Analysis  

A Mulliken population analysis,114 which is actually the total charge among 

the atoms in the molecule, computes charges by dividing orbital overlap evenly 

between the two atoms involved. 
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2.2.4.2. Møller-Plesset perturbation theory 

One could see that the HF determinant is a good zero-order 

approximation. Hence, this type of correlation makes minor corrections to the HF 

results of molecular geometries, force constants, or molecular properties. However, a 

typical dynamical correlation effect is the dispersion energy, which is not contributed 

to the intermolecular bonding and not obtained at the HF level. This is responsible for 

the van der Waals bond between rare gas atoms and non-polar molecules, also 

significantly to other types of intermolecular bonding, e.g. hydrogen bonds. In spite of 

the fact that going beyond the HF approximation and taking electron correlation into 

account, even in an approximating way, is computational demanding. The simplest 

approximation to the electron correlation energy, (2)
corrE  is provided by the Møller-

Plesset Perturbation Theory up to the second order (MP2)115  

 

[ ]
∑ −−+

−
=

ijab baji EEEE
jaibjbiajbia

E
2(2)

corr
.      (2.33) 

 

This expression refers to a closed-shell ground state, i and j being doubly occupied 

orbitals. The most time consuming step is the transformation from the integrals over 

basis function, λσµυ , to the integrals over molecular orbitals, jbia : 
 

λσµυ= σλυ
µυλσ

µ∑ bjai ccccjbia .       (2.34) 

 

However, in case it fails, one could take into account the doubly substitutions to 

higher orders, including higher substitutions (MP3, MP4, …) or switch to 

multireference treatment. 
 

2.2.4.3.  Density functional approach 

The computational demanding in the most frustratingly problem 

in an including of include electron-correlation energy, Hohenberg and Köhn116 have 

presented the energy of a many-electron system which is a unique functional of 

electron density, ( )rρ . Hence, to get the energy instead of knowing the many particles 

wave function, one needs only the one particle density ( )rρ . Köhn and Sham117 have 
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shown further that the density yields the minimum energy by solving a single-particle 

equation with an effective ‘exchange-correlation’ potential ( )[ ]rvxc ρ   
 

( ) ( ) ( )[ ]{ } ( ) ( )1111 rErrvrjrh iiixc ψ=ψρ++ ,      (2.35) 
 

where 
 

( ) ( ) ( )∑ ψψ=ρ
i

ii rrr * .         (2.36) 

 

Note, ( )[ ]rvxc ρ  is non-exact, depending on method uses. This equation is closely 

related to the HF eq. (2.23) with the Coulomb potential J(r1), but instead of the HF 

exchange potential, K(r1) is replaced by ( )[ ]rvxc ρ .  
 

2.3. Statistical Mechanics 

2.3.1. Introduction 

If one considers 1 mole of any typical amount of material, it contains 

about 6x1023 molecules. In the macroscopic system of these 1023 molecules, it is 

impossible to follow a detailed history of what has happened to each molecule. One 

expects that the average macroscopic behavior of some molecules do not depend on 

all of the microscopic detail.  

Statistical mechanics118 gives macroscopic properties from 

microscopic principles (for example, quantum mechanics, etc.) by an assumption of a 

random distribution. It now becomes a question, how one can calculate the 

macroscopic thermodynamic properties of matter, i. e., E (energy), S (entropy), H 

(enthalpy), G (Gibbs free energy), etc., from the microscopic quantum or classical 

mechanical properties of the molecules. Although these quantities are possible to 

solve out, however, this is impractical to compute them for 1023 molecules, and 

provides all details than needed. What one wants is a long termed average for large 

system. One can defined the state of the system by the wave function Ψ(r,t), time 

dependent, or Ψ(r), time independent or definite energy associated. Statistical 

mechanics is another way to treat a very complicated quantum mechanics problem of 

many particles.  

As interests are focused on a few macroscopic properties of the system, 

what one considers is not only a single system, but infinite copies of the same system. 
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These are known as ‘ensemble’. A density function ρ(p,q,t), is the probability density 

of finding any particle with momenta p and coordinate q at time t, characterizes a 

distribution point in Γ-space, defined as 
 

( )  dd 33 qptqpρ NN,, = Number of representative containing points in the 

volume element d3Npd3Nq located at (p, q) in Γ    (2.37) 
 

The fundamental postulate of statistical mechanics is that all quantum states Ψ of a 

system consisting of the macroscopic description are equally likely, in other words the 

system consisting of number of particles, each of which can have different energy or 

can distribute differently among their energy levels, is often quantized. On one side, 

one can not measure the individual energy levels of each particle in the laboratory. 

Instead one can measure only macroscopic quantities, such as N (particle number), V 

(volume), T (temperature), or P (pressure), respectively. On another side, a basic tool 

in statistical mechanics is an ensemble of systems, all alike in natures, but in different 

states. Then, the identification of the type of ensemble by macroscopic variables, 

which is able to be measured, is necessary. For instance, in a canonical ensemble, the 

conserved quantities are N, V and T. Positions and momenta, as coordinates in a 

multidimensional space or phase space 6N dimensions for a system of N atoms, define 

the instantaneous mechanical state.  

If the long time average over an arbitrary function of the phase space 

coordinates is equal to the average of the same function taken over all possible, and 

equally probable, states that the system can go through, this important hypothesis is 

the ergodicity problem. However, the functions that describe the macroscopic state of 

the system have to become independent of the time interval used in the averaging 

process, hence, the system has reached equilibrium.  Consequently, the experimental 

observable macroscopic property obsB  is equivalently assumed to the time average 

B(Γ), taken over a large finite time interval and the abbreviation Γ is used for a 

particular position in phase space (p, q). Thus one can compute any quantity by time 

averaging or by ensemble averaging. The relation for B is finalized as 
 

( )( )∑
=

===
obs

1obs
enstimeobs

1 τ

τ

τΓB
Γ

BBB ,     (2.38) 
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while 
time

B and 
ensB are a time and ensemble average of the observable properties, 

respectively. obsΓ  is a total observable time, and ( )( )τΓB  is the observable property at 

each small time interval, τ.   
 

2.3.2. Ensembles in common use 

2.3.2.1. Microcanonical ensemble 

The above postulate actually implies the microcanonical 

ensemble, in thermodynamics equilibrium, with the density function 
 

( )




=ρ
+<<

otherwise  
)H( if

0
1 ∆EEp,qE

qp , .     (2.39) 

 

H(p,q) is a Hamiltonian to find an energy (E) of this ensemble system. In equilibrium, 

the system in this ensemble has N particles, in the volume V, and the energy lying 

between E and E + ∆Ε. 

The fundamental quantity, entropy, furnishes a connection 

between the microcanonical ensemble and thermodynamics and its determination is a 

main task. The volume in the Γ-space is expressed by Γ(E) as  
 

( ) ( )
( )
∫

∆+<<

ρ≡Γ
EqpHE

NN qpqpddE
,

33 , .      (2.40) 

 

It is noticed that Γ(E) depend on N, V, and ∆Ε and if ∆Ε is much smaller than E, then 

Γ(E) = ω(E) ∆Ε. Where ω(E), the density of states, of the system at the energy E is 

defined by 
 

 ( ) ( )
E
EE

∂
Σ∂

=ω ,        (2.41) 

and the entropy is defined by  
 

( ) ( )EkVES Γ≡ log,  ,       (2.42) 
 

where k is Boltzmann ‘s constant.119 All the entropy properties are possessed by this 

equation in thermodynamics. S satisfied the property as required by the second law of 

the thermodynamics has to be an extensive quantity. If Σ(E), enclosed by the energy 

surface of energy E, denotes the volume in Γ-space, one gets 
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( ) ∫
<

=Σ
EqpH

NN qpddE
),(

33 .       (2.43) 

 

If one considers two subsystems isolated from each other which molecular systems 

consist of N1 and N2 particles and N2 >> N1, then the system entropy is finally derived 

as 

 

( ) ( ) ( )222111 ,,, VESVESVES += .      (2.44) 

 

This proves the extensive property of the entropy, also implies that the subsystems 

energies have their definite values under the restriction E1 + E2 = E.  Thus the proof 

also reveals the meaning of the isolated system temperature or in other words, the 

temperature of an isolated system is a parameter controlling the equilibrium between 

one part of the system and another. The fact, the number of particles becomes very 

large (almost all members of the ensemble have the values ( )21 , EE , is fundamental to 

the success of statistical mechanics as a theory of matter. Three equivalent 

possibilities of deriving the entropy has been shown 

 

( ) ( ) )(logloglog EkEkEkS Σ=ω=Γ= .      (2.45) 

 

Thus the success in deriving the first and second laws of thermodynamics is done. 

One summarizes some practical thermodynamics functions, which are possible to 

calculate as the following: 
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A = U – TS,         (2.48) 

 

G = U + PV – TS,        (2.49) 
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where P, A, U, are pressure, Helmholtz free energy, and intrinsic energy, respectively, 

while Cv  is  heat capacity at constant volume. 
 

2.3.2.2. Canonical ensemble 

If one is interested in the thermal equilibrium with a large 

system, which ensemble is appropriated for this non-isolated system becomes 

diagnostic. The answer is to find the probability, proportional to the density in Γ-

space for this ensemble, that the system has energy E.  

Consider an isolated system, included two subsystems with 

macroscopic number of particles N1 and N2, respectively, and assume N2 >> N1.  The 

probability density of finding any particle in this phase space for the small subsystem 

is finally derived as  
 

( ) ( ) kTqpHeqp /,, −=ρ .       (2.51) 
 

This ρ vanishes only in the case that E1 (energy of subsystem 1) > E (E1+E2). In 

reality the larger subsystem behaves like a heat reservoir in thermodynamics. The 

small subsystem, determining the temperature through the contact with a heat 

reservoir, is the so-called canonical ensemble. Then, the partition function in its semi-

classical version is defined as: 
 

( ) ∫ β−≡ ),(
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qpddTVQ ,      (2.52) 

where β =1/kT, and where h, the Plank constant, has the power 3N of the dimensional 

of momentum and distance. The factor 1/N! is a corrected factor for Boltzmann 

counting. To obtain the thermodynamics of the system, the formula is performed as 
  

( ) ( )TVA
N eTVQ ,, β−= ,        (2.53) 

 

where A(V,T) is the Helmholtz free energy. By the thermodynamical Maxwell 

relations one gets  
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G = A + PV,         (2.56) 
 

U = <H> = A + TS.        (2.57) 
 

In canonical ensembles, due to the exponential density function, the densities of 

particles go away from the origin of Γ-space exponentially. By counting the number 

of particles on the energy surface, the energy distribution can be easily evaluated. The 

energy and the area of the energy surface increase when those particles are far from 

the origin. For a macro system of N atoms, the area increases as eE, E α N. This is an 

explanation that thermodynamics properties are insensitive to methods of derivation.  
 

2.4. Molecular Dynamics  

2.4.1. Introduction 

The earliest computer simulations of liquids were deliberated                        

already for about 50 years ago.120 It was to investigate structural properties of a 

system laid on the ‘Monte Carlo’ (MC) simulation, in which the role of the random 

numbers play. Nevertheless, a different technique required for providing the dynamics 

properties of well-defined systems of particles, so-called Molecular Dynamics 

(MD)121,122 simulation, has been introduced. This method lies on the solution of 

classical equations of motion. Newton, Hamilton, or Lagrange equations are normally 

used, depending on the characteristics of the system and the computer code 

optimization. In particular, the MD technique was first proficiently developed by 

Alder and Wainwright123,124 in the late 1950’s. In these papers, the system was 

simulated using hard sphere molecules. Then in 1964, Rahman125 has made a 

successful attempt to solve the equations of motion for Lennard-Jones particle 

systems. Since then, the feasible Lennard-Jones model’s properties have been 

thoroughly investigated. Subsequently, the computer simulations become more 

feasible.  
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MD is virtually used for any atomic or molecular system. A set of N 

classical particles characterized by coordinates, velocities, and masses is selected. The 

forces acting on the particles are evaluated from the derivatives of the potentials, 

usually interacting through the sum of suitable pairs in most investigations. The 

equations of motion are solved numerically by standard methods. The statistical 

averages of interest are figured out by the positions and the velocities of the particles 

as time averages over the trajectories of the system in its phase space.  
 

2.4.2. Motivation and applications 

The results from the simulations might be able to compare with those 

obtained from the real experiments. In spite of this, the initial step is to test the 

inherent potential model used in simulations. While, at the end one expects to 

visualize microscopic insights to the macroscopic experimental results and assists to 

analyze new results. The role of simulations is on one hand to be a bridge between 

models and the theoretical prediction and on the other hand to be a bridge between 

models and the experimental results and often called as ‘computer experiment’. The 

schematic connection (Figure 2.1) is illustrated in the way that simulation is 

conducted and analyzed.  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 2.1 The connection between experiment, theory and computer simulation.126 
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2.4.3. Equation of motion 

The main idea in molecular dynamics simulation is the integration of 

Newton’s laws of motion. But, the choice of algorithm is important. The successive 

system configurations will generate the trajectory, which illustrates how positions and 

velocities of the particles changed with time.  

Herein, the Newton’s laws of mechanics are: 

1. A particle moves continuously at a constant velocity, unless, a force 

acts and causes the velocity change. 

2. The rate of momentum change is equal to force (Equation of motion). 

3. An equivalent force of action and reaction is conserved. 

4. The forces are vectors. 
 

In another form, the Newton’s second law (F = ma), which 

demonstrates how the trajectory of the particle can be generated where a is an 

acceleration, can be written as a differential equation by,  

 

i

xi

m
F

t
x i=2

2

d
d .         (2.58)  

 

This equation describes the motion of a particle i, with the mass mi, along one 

coordinate xi. The total force       can be assumed to be a sum of all atom pair forces in 

the system in x-axis. 

 

2.4.4. A basic algorithm 

To carry out the MD simulation, the program is constructed in the rule, 

as following: 

1. The parameters specifying the conditions of the system, e. g., initial 

temperature, particles number, time step, total time, are read in. 

2. The system is initialized. 

3. The forces for each pair of particles in the system have been computed. 

4. The Newton’s equation has been integrated. This step and the previous 

steps of force calculations, the core of MD simulation, will be repeated 

until the total or evaluation time is reached. 

ixF
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5. After the core loop is completed, either dynamics or structural 

quantities could be carried out now. 
 

The above algorithm is illustrated in Figure 2.2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 The schematic representation of the simple subroutines in the MD 

program. 
 

2.4.5. Technical details 

In this section, the great practical importance of computational tricks 

will be discussed. One must compromise between computational time and accuracy of 

the results. Those useful tricks have in deed no deeply physical significance.  

 

2.4.5.1. Boundary conditions  

One advantage of the simulation is that macroscopic properties 

are achievable by using a small numbers of particles, utilizing by the treatment of 

boundaries. Boundary condition127 is a mimic of the presence of an infinite bulk 

surrounding of the N-particle system in order to avoid surface effects, whilst explicitly 

treating the simulation cell, replicated through space to produce an infinite periodic 

system. In Figure 2.3, the volume containing the marked N particles, which enables to 

interact with all others in this infinite periodic system, is treated as the primitive box 

of infinite identical cells. The utility of this mimic is to perform a simulation 

t < total time 

t = total time 

t = 0
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condition in such a way that the particles experience forces like they were in bulk 

fluid. Additionally, the number of particles in the central box, thus, remains constant.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Schematic representation of the periodic boundary condition 

 

As a particle leaves the simulation cell, its image in the replicated 

cell on the opposite side re-enters the simulation cell. As particle 3 in Figure 2.3 

leaves the cell as depicted by the arrow, its image in the cell to the left of the 

simulation cell, A3, re-enters the simulation cell. It can be seen in Figure 2.3 that the 

separation between particles 1 and 2 is large but the image of particle 2, labeled A2, is 

much closer to particle 1. An important artifact of this technique, which is known as 

the minimum image convention, is that when the cell is too large and the interactions 

between particles become significant by half of the length of the simulation cell as 

shown as a circle of that radius about particle 1 in Figure 2.3. Consequently, an 

energy summation over the particles in the primary simulation cell will miss some 

significant interactions. 
 

2.4.5.2. Truncation of interactions 

Calculations of the non-bonded energies or forces are the most 

time consuming step in the simulation. To solve this dilemma, one of the most 

common and smart ways is to employ a non-bonded cut-off and to apply the 

minimum image convention. The further apart than cut-off values of all pair 

interactions are set to be zero. However, the cut-off radius ought to be not so large 

that the particles see their own mimics when periodic condition applied.  

A3 

A2 
3
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2.4.5.3. Shifted–force potential  

A discontinuity in both potential energy and force at a cut-off 

radius is virtually appeared and caused the energy conservation problem in the 

simulation. The most common technique using for this discontinuity is to apply a 

shifted force. The energy and the force before (solid line) and after (dashed line) 

shifted have been visualized in Figure 2.4. The approach of this kind of force is to 

subtract from all potential energy values a constant term: 
 

v’(r) = v(r) – v(rc)  r ≤ rc,      (2.59a) 

v’(r) = 0   r>rc,                 (2.59b) 

 

where  rc is the cut-off distance, v(r), and v(rc) are the potentials at the  distance r and 

rc, respectively. Although, the term v(rc) would not affect in the process of the force 

calculation as it is constant, but to avoid instability in the equation of motion, a linear 

function, making derivative zero at cut-off, has been applied. Then, eqs. (2.59a) and 

(2.59b) become 
  

( ) ( ) ( ) ( ) ( )c
rr

c rr
r
rvrvrvrv

c

−





−−=

=d
d  r ≤ rc,    (2.60a) 

( ) 0=′ rv                 r>rc,        (2.60b) 
 

However, a drawback of this is directly connected to any thermodynamics property 

calculation since it is relatively straightforward to the unshifted potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic representation of an applying shifted-force potential  
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2.4.5.4. Verlet algorithm 

Despite the fact, that several possible algorithms are available in 

order to solve the equation of motion. Still, the Verlet algorithm128 is not only one of 

the simplest but usually one of the best. This algorithm is straightforward. Therefore, 

the obvious benefit is to handle a very large systematic study. To derive the Verlet 

algorithm, a position r is expanded by a Taylor expansion of a particle coordinate 

around time t,  
 

( ) ),(
!32

)()()( 4
3

2 trtt
m
tfttvtrttr ∆Ο+

∆
+∆+∆+=∆+ &&&    (2.61) 

 

as well as, 
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)()()( 4
3

2 trtt
m
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∆
−∆+∆−=∆− &&&   (2.62) 

 

where O(∆t4) is an expanded Taylor function, and ∆t is the time step. Note, that the 

Verlet algorithm does not take up the velocity in connecting with the new position 

calculation. By summation of both eqs. (2.61) and (2.62), one obtains 
  

( ) ( ) ( ) ( ) ( )42 22 tt
m

tftrttrttr ∆Ο+∆+=∆−+∆+ ,    (2.63) 

 

or   
 

( ) 2)()()(2 t
m
tfttrtrttr ∆+∆−−≈∆+ .     (2.64) 

 

The errors in eq. (2.64) are of order ∆t4. Nevertheless, a simple approach to carry out 

the velocity is to divide the difference in positions at time t + ∆t and t – ∆t by 2∆t: 
 

( ) ( ) ( )
t

ttrttrtv
∆

∆−−∆+
=

2
,       (2.65) 

 

which are subject to errors of order ∆t2. By integrating Newton's equations, the 

acceleration is just the force divided by the mass,  
 

a(t) = f(t)/m,         (2.66) 
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and using eq. (2.64), r(t+∆t) is calculated. Last, the velocity is calculated each time 

step. However, neither Verlet nor any other algorithms, e. g., predictor-corrector 

algorithm,129 would be expected to reproduce the exact trajectory.  
 

2.4.5.5. Radial distribution function 

The radial distribution function (RDF) allows a straightforward 

theoretical measurement in a simulation to the real laboratory experiment 

measurements, e. g., neutron or X-ray scattering. It is basically defined as the ratio 

between the average number density ρ(r) at a distance r from any determined atom 

(assuming all atoms are identical) and the number density at a distance r from an atom 

at the same overall density. By the definition,130,131 the RDF, displayed in Figure 

2.5, is calculated as 
 

)(
)(

)(
rV

rN
rg

ab

b
ab ∆ρ

= ,        (2.67) 

 

where ∆V(r), a volume in between the spheres of radials r and r + dr, is equal to 

{ }33)(
3
4 rdrr −+π , and ρab is a number density of unrepeated pair between atom ‘a’ 

and atom ‘b’ found in the volume shell, ∆V(r). A number of particles of type ‘b’ 

around a particle ‘a’ in the volume ∆V are collected as Nb(r). 
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Figure 2.5 To evaluate g(r) as shown in eq. (2.67), number of particles of type ‘b’ 

around a particle of type ‘a’ in the volume ∆V are collected. 
 

2.4.5.6. Diffusion 

The tendency of matter to migrate in such a way to eliminate 

spatial variations in composition, thereby approaching a uniform equilibrium state, is 

well-known called diffusion.132 Fick’s law, as recognized as a macroscopic law to 

describe diffusion, states that the flux j of the diffusing species is proportional to the 

negative gradient in the concentration (c) of that species as shown, 
   

j = -D.c,         (2.68) 
 

where D is a constant of proportionality and referred as the transport diffusion 

coefficient. To compute the time evaluation of the concentration profile, the Fick’s 

law must be combined with the expressing conservation of the total amount of the 

labeled material, 
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∂
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trc        (2.69) 

 

Combining eqs. (2.68) and (2.69), one gets 
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To solve eq. (2.69), one has to introduce the boundary condition  
 

c(r,0) = δ(r),          (2.71) 
 

where δ(r) is the Dirac delta function. This yields 
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π
= ,       (2.72) 

 

where d denotes the dimension of the system. In practice, one does not need c(r,t) 

itself, but instead the time dependence of its second moment <r2(t)>: 
 

∫= 22 ),(d)( rtrrctr ,       (2.73) 

 

as well as it is obligatory that 
 

∫ ),(d trrc =1         (2.74) 

 

Multiplying eq. (2.70) by r2 and integrating over all space, the time evaluation of 

<r2(t)> is straight carried out: 
 

∫ ∫ ∇=
∂
∂ ),(d),(d 222 trcrrDtrcrr
t

.     (2.75) 

 

Simply, one can derive the left-hand side as
t

tr

∂

∂ )(2

. After all, the eq. (2.75), 

becomes 

t

tr

∂
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 = 2dD.        (2.76) 

 

This relation is derived by Einstein, where D is a transport diffusion coefficient. 

Where <r2(t)> is a mean square displacement during time interval (t) and representing 

the microscopic interpretation. This <r2(t)> can be simply written as,  
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where N is the total particle numbers of the system. To be more particular, the 

displacement is simply derived as the time integral of the marked particle’s velocity, 

and this type of diffusion is the so-called ‘self-diffusion’. 

 For example, if only one Cartesian component of the mean squared 

displacement is considered in this case,  
     

t

tx
D

t ∂

∂
=

∞→

)(
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2

,        (2.78) 

 

and if one writes x(t) as the time integral of the x component of the marked particle 

velocity, one conclusively gets 
 

∫ ∫=
t t

xx tvtvdtdttx
0 0

''''''2
'

)()(2)( .      (2.79) 

 

The quantity, )()( ''' tvtv xx , called the velocity autocorrelation function (VACF), 

measures the correlation between the velocity of a particle at time t’ and t’’, by 

determined along an equilibrium trajectory. Under a change of time origin, the VACF 

will depend only on the difference of time t’ and t’’, as the invariant equilibrium 

properties as defined, 
  

.)0()()()( ''''''
xxxx vttvtvtv −=      (2.80)  

 

 

By inserting eq. (2.79) into eq. (2.76), one finally gets 
     

∫
∞

ττ=
0

)0()( xx vvdD        (2.81) 

 

by τ ≡ t – t’’ was introduced. It is obvious that this equation, D is derived by an 

integral of the velocity autocorrelation function as known as Green-Kubo relation. 

Note, both the Green-Kubo relation and the Einstein relation must be strictly 

equivalent in calculating the diffusion values. 
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2.5. Pulse Field Gradient Nuclear Magnetic Resonance 

There are distinct with respect to the study of diffusion: the elementary 

process at the molecular level investigation, the tracer or self-diffusion studies, and 

the transport diffusion measurement. The NMR pulse field gradient (PFG) 

method,21,133-136 which has the great advantage in providing a direct determination 

of the mean square displacement in a given time interval and regarding as a direct 

measurement of the self-diffusivity, allows measurements made over the distance in 

the micrometer range. It is applicable to both intracrystalline and long-range diffusion 

measurements, except the relaxation time of the nuclear spins is sufficiently long.  

Considering the principle of NMR self-diffusion measurement, as 

schematically shown in Figure 2.6, the inhomogeneous field (the field gradient) is 

superimposed on the homogeneous field (Figure 2.6b) over two short time interval. 

Under the influence of the field gradient pulse, the procession of the transverse 

magnetization )(zM⊥  depends on the spatial coordinate (z). A de-phasing of the vector 

of the transverse magnetization at the different positions is risen by the first gradient 

pulse (Figure 2.6c), and gives a result as the vector sum decay (Figure 2.6d). The 

broken lines in Figure 2.6c and d show the incompletely re-focusing of the molecules 

(spin) moving during the time interval between the gradient pulses and indicate the 

behavior with molecular migration. Hence, the decrease in the NMR signal becomes 

larger as the mean square displacement increase. 
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Figure 2.6 Schematic representations of the fundamentals of NMR self-diffusion 

measurements (a) radio frequency (r. f.) pulses, (b) gradient pulses, (c) transverse 

magnetization )(zM⊥  of different regions, and (d) total transverse magnetization 

)(zM⊥ .137 
 

The pulse field gradient, which yields a gentle treatment of the signal 

attenuation by diffusion under the pulse sequence, is one of the field gradient 

techniques. In order to visualize all procedures, the time program of the pulse field 

gradient technique is shown in Figure 2.7. Rigorous treatment of the signal 

attenuation by diffusion under these sequences yields138,139  
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where the meaning of the parameters t1 and t2 is explained in Figure 2.7. 
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Figure 2.7 Diagram of time program of the pulse field gradient technique using 

primary echo102 
 

For simplicity, under condition 0gg τδ ≥ , which means for sufficiently 

intense field gradient pulses, eq. (2.82) obviously coincides to be 
 

( )[ ]3/exp 222 δδγψ −∆−= gD ,      (2.83) 

 

where γ and D denote the gyromagnetic ratio and the diffusion coefficient. The 

duration of the applied field gradient pulses, the duration of the ‘dephasing’ and the 

‘read’ intervals, and the value of the time interval between the two echo sequence 

pulses are δ, τ  and ∆, respectively.  
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CHAPTER 3 
 

METHODOLOGY DETAILS AND CALCULATIONS 
 

In order to get the drift of sections including in this chapter, the schematic 

representative methodology details and calculations are demonstrated in Figure 3.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 Schematic representation of the content of this chapter. 
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3.1. Quantum Chemical Calculations 

3.1.1. Silicalite-1  representation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Schematic representations of the (a) silicalite-1 crystal structure, (b) linked 

domain, (c) straight and sinusoidal channels and (d) intersection channel  
 

The silicalite-1 structure is characterized by the straight and sinusoidal 

channels, whose symmetry group is Pnma. The crystallographic cell140 contains 288 

atoms, namely 96 Si and 192 O, with cell parameters a = 20.07 Å, b = 19.92 Å and     

c = 13.42 Å. It is clear that the system consisting of all atoms in the unit cell does not 

allow the use of quantum chemical calculation even with a small basis set because of 

the unreasonable computation time that would be required. Therefore, the silicalite-1 

crystal structure was represented by the three fragments (Figures 3.2b-3.2d), namely 

single, intersection and double rings. The sinusoidal and main parts of the straight 

channels of the crystal (Figure 3.2a), in which the inner surfaces are almost identical, 

were represented by the double 10-oxygen membered ring (Figure 3.2d). This 

fragment (mentioned later, for simplicity as the double ring) consists of 30 O and 22 

Si atoms. The bigger fragment (35 O and 29 Si atoms), containing parts of the 

sinusoidal and straight channels, was used to represent the intersection and so-called 
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intersection ring (Figure 3.2c).23,24 Note that the remaining valence orbitals of the 

silicon atoms of both fragments are then filled up by the hydrogen atoms. The 

chemical compositions of the single, double rings, and intersection, after filling up the 

remaining valence orbitals of the silicon atoms with hydrogen atoms, are O10Si10H20, 

O30Si22H44 and O35Si29H58, respectively.  
 

3.1.2. Selected guest-host configurations  

3.1.2.1. For the investigations of  preferential binding sites 

Determining the water-silicalite-1 interactions based on ab initio 

calculations in order to understand the water orientation, preferable binding sites and 

energy barrier during the movement into and in the silicalite-1 pores are part of the 

main aims. Investigations have been made only for water molecules in which its 

intersections with silicalite-1 is more attractive due to its higher-polarity and lower-

symmetry in comparison to those of methane molecule.  

To follow the movement of water molecule in the silicalite-1 

pore, quantum chemical calculations have been performed when water were located at 

various positions along the vector distance L, varying between the oxygen atom of 

water and the referred center of the coordinate system over the range of –5.0 Å to    

5.0 Å, the translation step (∆L) is 1 Å. The translational- or y-axis (see Figure 3.3) is 

defined as a vector pointing through the origin and perpendicular to the plane defined 

by the window of each channel. Then, the z-axis is parallel to the vector pointing from 

O6 to O1 (labeled on the rings shown in Figure 3.3).   

Positive or negative distance vectors are determined from the 

origin to the oxygen atom of the water molecule along the positive or negative 

translation axis, respectively. In order to search for the optimal binding sites both 

outside and inside the windows, interactions between water and silicalite-1 for each 

fragment in the four configurations shown in Figure 3.3 have been calculated. The 

out-of-plane (Figures 3.3a-3.3b) and in-plane (Figures 3.3c-3.3d) configurations are 

assumed to represent the binding of water to the silicalite-1 framework before and 

after entering the channels, respectively.  
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Figure 3.3 Schematic representations of the binding of water molecule (a) - (b) 

outside and (c) – (d) inside the silicalite-1 channels.   
 

For the double hydrogen-bond (2HB) configurations (Figures 

3.2b and 3.2d), the two O-O distances (rOO) were simultaneously optimized. Inside the 

pore (Figures 3.3c and 3.3d), the molecular plane of the water molecule was kept 

parallel to the plane of the 10-oxygen membered ring (the window plane). For the out-

of-plane configurations (Figures 3.3a-3.3b), we additionally optimized angles y’-O6-

Ow (α) as well as rotation around the H1-Ow bond of water for the single-hydrogen-

bond (1HB) system (Figure 3.3a), where vector y’ is perpendicular to the window 

plane at O6, Ow denotes the oxygen atom of water and the H1-Ow vector points to 

O6, and α is the angle between vectors y’ and rOO. 
 

3.1.2.2. For the development of guest-host potential function 

In order to develop intermolecular potential functions 

representing the interaction between two molecules in all configurations, numerous 

coordinations of the second molecule around the first one have to be generated. 

Subsequently, the interaction energies of configurations will be calculated using 

quantum chemical calculations. Those obtained data points must then be fitted to an 
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analytical form. For the water/silicalite-1 and methane/silicalite-1 systems, numerous 

coordinates have been generated inside the three fragments defined in Figure 3.2, 

varying over 0o ≤ φx ≤ 360o and 0o ≤ φy, φz ≤ 180o, where φx, φy and φz denote rotational 

angles around x, y and z-axes, respectively. The origin of the coordinate system for 

each fragment is the average of the positions of all oxygen atoms lying on the 10-

oxygen membered rings, which later is defined as the referred center. The translation 

or y-axis (see Figure 3.2) is defined as a vector pointing through the origin and 

perpendicular to the plane defined by the window of each channel. Then, the z-axis is 

parallel to the vector pointing from O6 to O1. The rotational steps are ∆φx = ∆φy = ∆φz 

= 15o while the translation step is 0.1 Å.  

In addition to the above definition, the generating configurations 

for methane molecule are restricted only to the three main orientations clarified by the 

pointing 1, 2, and 3 hydrogen atoms to the fragment (Figure 3.4). This is possible for 

methane because of its highly symmetry. 

 

 

 
 

 

  

 

 

Figure 3.4 Three main proposed orientations for methane molecule as an example of 

a linkage domain, where the dash line shown the path M.  
 

The configurations have been generated along vector distance 

(M), which counts from referred center of the coordinate system to any oxygen or 

silicon atom on the surface (Figure 3.4) where the translation step (∆M) is kept equal 

0.3 Å.  
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3.1.3. Perform the calculations  

3.1.3.1. Water/silicalite-1 

Ab initio or first principle calculations at the Hartree Fock (HF) 

and the second order Møller-Plesset perturbation (MP2) levels have been performed 

for the water/silicalite-1 system using extended 6-31G and 6-31G* basis sets. 141,142 

Experimental geometries of water143 and silicalite-1140 have been used and kept 

constant throughout. An error due to the unbalance of the basis set, basis set 

superposition error (BSSE), has also been examined and taken into consideration. All 

calculations are performed using the G98 program.144 All optimizations have been 

done using the HF method with the 6-31G* basis set with BSSE corrections. 
 

3.1.3.2. Methane/silicalite-1 

As known the main interaction for non-polar molecule is due to 

the dispersion force. Therefore, the Møller-Plesset perturbation (MP) as well as 

density functional theory145 (DFT) based Becke's three parameter hybrids functional 

of Lee, Yang, and Parr (B3LYP) method146 has been applied for the 

methane/silicalite-1 system. All calculations have been performed using 6-31G* basis 

set. Experimental geometries of methane147 as well as silicalite-1 geometries have 

been kept constant.  
 

3.2. Development of Guest-Host Intermolecular Potential Function 

3.2.1. Water/silicalite-1  

 More than 1,000 ab initio data points were consequently fitted to an 

analytical function of the form: 
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where 3 and 288 denote the numbers of atoms in a water molecule (w) and the 

silicalite-1 (s) unit cell, respectively. The constants Aij, Bij and Cij are fitting 

constants and rij is the distance between atom i of water and atom j of silicalite-1. 

Here, qi and qj are the atomic net charges of atoms i and j in atomic units, as obtained 

from the population analysis114 of the isolated molecules in the quantum chemical 
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calculations. Superscripts a and b on the fitting parameters have been used to classify 

atoms of equal atomic number but different environmental conditions, for example, 

oxygen and silicon atoms of silicalite-1 in the different channels. The third 

polynomial term ( )3
ijij rC  was added in order to obtain better numerical fitting. 

Concerning an assignment of a negative or positive value to the fitting parameters, it 

is generally not possible in all cases to force A/r6 to be negative and B/r12 to be 

positive, in order to represent attractive and repulsive interactions of the pair, 

respectively.148-150  

 

3.2.2. Methane/silicalite-1  

About 150 selected data points yielded from the MP2 calculations 

using the extended 6-31G* basis sets have been used. Due to a requirement of 

numerous computational time, because of the use of highly accurate MP2 method, 

therefore, those data points has been carefully selected. By considering shape of the 

water/silicalite-1 potential energy surface, the methane/silicalite-1 force-field 

potentials which are available in the literature66,67,74,75,79,80,151,152  and the specific 

character of the methane molecule which is highly symmetric, numbers of 

unnecessary energy data points can be easily removed. 

  The optimal analytical function form for the methane/silicalite-1 

system is: 
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where 5 (in the sum) denotes the numbers of atoms in a methane molecule (m). All 

other parameters are identical to those of the water/silicalite-1 system. 
 

3.3. Molecular Dynamics Simulations 

The silicalite-1 crystal structure used in this study is characterized by 

two types of channels, sinusoidal and straight channels whose symmetry group is 

Pnma. The crystallographic cell contains 288 atoms (Si96O192), with the lattice 

parameters a = 20.07 Å, b = 19.92 Å and c = 13.42 Å.140 Simulations have been 

carried out for the consisting system of 2 silicalite-1 unit cells. The statistical 

mechanics ensemble employed is the canonical (NVT) ensemble. The thermalization 
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during which the total energy is adjusted to a value that leads to the wished average 

kinetic energy, implying the temperature constant. The Newton equation of motion 

solved through Verlet algorithm.128 Periodic boundary conditions have been applied; 

all simulations carried out at 298 K and 393 K, respectively. According to ref. [153] 

the use of Ewald summations can be avoided in systems with total charge zero if 

shifted force potentials are applied instead.  
 

3.3.1. Water/silicalite-1 

Simulations have been carried out with the time step of 0.5 fs. The 

occupancies were varied from 1 to 8 water molecules per intersection of the   

silicalite-1 corresponding to 8 to 64 molecules per MD box, respectively.  

The potential proposed by Bopp, Jancso and Heinzinger95 was 

employed to describe the water-water interactions. The oxygen-oxygen (VOO(r)), 

oxygen-hydrogen, (VOH(r)) and hydrogen-hydrogen (VHH(r)) potentials are shown in 

eqs. (3.3)–(3.5). These BJH functions are developed from CF model by Lemberg and 

Stillinger:154  
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The energy is given in kcal.mol-1, and r in Å.  For each evaluation, the trajectory is 

corresponding to length of 10 ns; while 0.5 ps is the thermalizing length. 
 

3.3.2. Methane/silicalite-1 

Simulations have been carried out at 298 K for various loadings of 

methane, 1 to 8 molecules per intersection, in silicalite-1 using the newly 

methane/silicalite-1 and methane/methane potential (shown below). The classical 

equations of motion are integrated in time steps of 1 fs. The trajectories are collected 

from 10 ns after 0.5 ps thermalization. 
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The methane/methane interaction potential function96 is developed at 

the MP2 level. The data points have been used and fit to represent interactions 

between each atomic pair, carbon-carbon, carbon-hydrogen, and hydrogen-hydrogen. 

The obtained methane/methane formula and the corresponding parameters are: 
 

( ) ( ),. r
r

rV 58292exp125053959
6CC −∗+

−
=       (3.6) 

 

( ),.. r
r

rV 59553exp*27429815)( 6CH −+=      (3.7) 

 

( ).... r
r

rV 47823exp*28493287)(
6HH −+

−
=      (3.8) 

 

Here again, the energy is given in kcal.mol-1, and r in Å.   
 

3.4. Pulse Field Gradient (PFG) NMR measurements 

In order to manifest the presence of water molecules in silicalite channels, 

the measurements of self-diffusion of guest molecules including water, ethane, 

propane, butane and their mixtures, in silicalite-1 samples have been carried out using 

the home-built PFG NMR spectrometer FEGRIS 400 operating at a 1H resonance 

frequency of 400 MHz.155 The idea is to ratify the presence of water, diffusivities of 

alkanes in the presence and absence of deuterium water formula (D2O).  

For diffusion measurements, the standard stimulated echo and Hahn echo 

PFG NMR pulse sequences3 were used. To obtain the diffusivity, the attenuation of 

the PFG NMR spin echo signal (Ψ) was measured as a function of the amplitude of 

the applied field gradient (g). For the PFG NMR diffusion measurements using both 

sequences, the duration of the applied field gradient pulses (δ) was set to 0.26 ms and 

the duration of the ‘dephasing’ and the ‘read’ intervals (τ) were set to 0.8 ms. The 

other measurements using the stimulated echo sequence the value of the time interval 

between the two gradient pulses (∆) was in the range between 1.2 ms and 2 ms. The 

intensity of the applied gradients was varied between 0 and 24 T/m. 

The average size of silicalite-1 crystals is 100x30x20 µm3. The zeolite was 

used in the calcined form. The sample of silicalite-1, applied in the PFG NMR 
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studies, was synthesized as described in ref. [156]. The samples for the PFG NMR 

measurements were prepared as follows. Around 300 mg of silicalite-1 were 

introduced into the NMR tube. Then the tube was connected to the vacuum system 

and the zeolite sample was activated by keeping the sample under high vacuum at 473 

K for 20 hours. Subsequently, the zeolite sample was loaded with water by freezing it 

from a fixed volume of the vacuum system. When preparing the samples with 

D2O/alkane mixtures, upon loading with D2O, the samples were additionally loaded 

with alkane by freezing it from another fixed volume of the vacuum system. Upon 

loading, the NMR tube was sealed and separated from the vacuum system. The total 

amount adsorbed of water in the alkane-free and of D2O in the samples with the 

D2O/alkane mixtures sample are corresponded to 24 mg.g-1 and to 28 mg.g-1, 

respectively. To be comparable to MD results, the measurements of the sample 

concentrations are prepared to be identical to those of MD simulations. The amounts 

of ethane, propane and n-butane adsorbed in the samples with the D2O/alkane 

mixtures as well as in the samples loaded only with alkane were 42, 61 and 81 mg.g-1, 

respectively.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

49

CHAPTER 4 
 

RESULTS AND DISCUSSIONS 
 

In this chapter, results which are obtained from pulse field gradient nuclear 

magnetic resonance or PFG NMR of water molecules in silicalite-1 have been first 

deliberated in order to manifest the presence of water molecules. Subsequently, the 

results analyzed from first principle calculations have been given and debated for 

water and methane molecules inside silicalite. Besides, the new ab initio fitted 

potential functions for these guest-systems have been argued. Further, results of 

molecular dynamic simulations have been discussed in both terms of dynamics and 

structural properties. All sections are roughly organized as the following schematic 

representation (Figure 4.1) as similarly to those in chapter 3, except the PFG NMR 

results has been given first.  
 

 
 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic representative four main sections contained in this chapter. 
 

4.1. PFG NMR Measurement: Presence of Water 

The measurements of single and binary guests’ self-diffusion in silicalite-1 

samples have been carried out using a home-built PFG NMR spectrometer for water, 

alkane including ethane, propane and butane with and without D2O.  

The attenuation curves were recorded using the stimulated echo and the 

Hahn echo PFG NMR sequences.3 For both sequences the spin echo attenuation can 

be written as102                  

RESULTS AND DISCUSSIONS

Development of Guest-Host Intermolecular Potential Function 

Pulse Field Gradient NMR measurements

Molecular Dynamics Simulations 

Quantum Chemical Calculations 
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( ) ( )( ),, δ−∆δγ−=∆Ψ 3
1exp 222 gDg               (4.1) 

 

where γ and D denote the gyromagnetic ratio and the diffusion coefficient. In deriving 

eq. (4.1) it was assumed, that the diffusion can be described by a normal Gaussian 

propagator,102,157 which represents the probability density for the diffusing molecules 

to be displaced over a distance |r-r0| during a time interval t. This diffusivity can be 

obtained from the initial slope of the ln(Ψ)-vs-g2 representation using eq. (4.1). It was 

shown in ref. [158] that for sufficiently small PFG NMR attenuations measured in 

powder samples, eq. (4.1) is a good approximation even for anisotropic diffusion like 

diffusion in silicalite-1. 

 

4.1.1. Water in silicalite-1 samples 

Figure 4.2 shows examples of the attenuation of the NMR signal 

















∆
∆

≡∆Ψ
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),(),(
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gMg of water molecules in the sample of silicalite-1 at 298 K and 

at 393 K. It is seen in Figure 4.2 that the attenuation curve measured at 298 K shows a 

pronounced non-linear behavior. Probably PFG NMR attenuations diffusion 

anisotropy leads to such deviations from the linear dependence of ln(Ψ) on g2 as 

predicted by eq. (4.1). On the other hand, the curve measured at 393 K exhibits only 

minor deviations from a linear behavior except for the very rapid decay in the initial 

part of the curve. The deviations of the attenuation curves in Figure 4.2 from straight 

lines can be attributed to the diffusion anisotropy of water molecules in silicalite-1 

and/or to the existence of the distribution of the diffusivities of water molecules in 

silicalite-1 samples. Note that the root mean square displacements of water molecules 

were always sufficiently small in comparison to the size of the crystals so that the 

effect of diffusion restriction of water molecules in the crystals by the outer surface of 

the crystals was negligible. Hence, it is unlikely that the diffusion restriction is the 

reason of the deviations of the measured attenuation curves from the linear 

dependencies predicted by eq. (4.1).  
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Figure 4.2 1H PFG NMR spin echo attenuation curves for water in the sample of 

silicalite-1 recorded by using the stimulated echo PFG NMR sequence at 298 K      (∆ 

= 2 ms) and by using the Hahn echo PFG NMR sequence at 393 K (∆ = 0.8 ms). The 

lines show the fit curves used to calculate the diffusion coefficients. 

 

An existence of a distribution of the diffusivities of the water 

molecules in the silicalite-1 samples, on the other hand, is feasible. It can be assumed 

that a part of the water molecules in the sample forms monolayers on the external 

surfaces of the zeolite crystals or even exists in the form of the liquid. The difference 

between the diffusion coefficient of this type of water and that of water molecules 

residing in silicalite-1 crystals can lead to the non-linear attenuation curves at 298 K. 

The diffusion results are given in Table 4.1 in comparison to those calculated 

diffusion tensors from molecular dynamics simulations, using the recent fitting ab 

initio fitted model of water sorbate. 
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Table 4.1 The diffusion coefficients Dx,  Dy, and Dz,  of water molecules in x, y, and z 

direction as well as the average value D (one third of the trace of the diffusion tensor) 

obtained from the simulations and comparison with the mean diffusivity obtained in 

the PFG NMR studies at 298 K and 393 K.21 
 

MD Simulation Temp 

(K) Dx 

(m2.s-1) 

Dy 

(m2.s-1) 

Dz 

(m2.s-1) 

D 

(m2.s-1) 

PFG 

NMR 

D (m2.s-1) 

298 2.6×10-9 6.5×10-9 7.9×10-10 3.3×10-9 1.7x10-9 

393 5.7×10-9 1.3×10-8 1.4×10-9 6.7×10-9 1.5x10-9 

 

The diffusivity obtained from the initial slope of the attenuation curve 

measured at 298 K (Figure 4.2) is equal to 1.7×10-9 m2.s-1. This diffusivity can be 

attributed to the characteristic mean diffusivity of all the types of water in the sample. 

A heating of the sample up to 393 K will reduce or completely eliminate the liquid 

phase and the monolayers of water in the sample.  At this temperature the water 

molecules can be expected either to be primarily in the gas phase of the NMR sample 

or to reside in silicalite-1 crystals. This is in agreement with the experimental 

observation of the very fast initial signal decay followed by the almost linear signal 

decay at 393 K (Figure 4.2). The fast initial decay can be attributed primarily to the 

water in the gas phase while the slower portion of the attenuation curve can be 

assigned to the water in silicalite-1 crystals. The diffusion coefficient of water 

obtained from the slower portion of the attenuation curve (Figure 4.2) using eq. (4.1) 

is equal to 1.5×10-9 m2.s-1. This diffusivity is significantly lower than the diffusivity of 

water in the liquid phase even at 373 K (8.7×10-9 m2.s-1 from ref. [159]). Hence, the 

diffusivity measured at 393 K may definitely not be assigned to the diffusion 

coefficient of water in a liquid or a quasi-liquid phase. We tentatively assign this 

diffusivity to the diffusion of water in silicalite-1 crystals. The small deviations of the 

slower part of the attenuation curve from a straight line (Figure 4.2, 393 K) may be 

attributed primarily to the diffusion anisotropy in silicalite-1 crystals.  
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According to the experimental values by PFG NMR measurements, it 

can be seen that the simulation values overestimate the experimentally observed self-

diffusivities of water by PFG NMR by approximately a factor of 2 at 298 K and of 4 

at 393 K.21 Possibly experimental explanations for these discrepancies are discussed 

in terms of the contributions of extra-crystalline and intra-crystalline water to the 

measured signals by PFG NMR. Note that the model employed in this study yields 

practically a one-to-one correspondence between the predicted (by the potential 

function) and the observed (by the ab initio calculation) interaction energies. 
 

4.1.2. Alkanes with/without D2O in silicalite-1 samples 

The study of the diffusion of one component in zeolite under the 

influence of other diffusants was recently a point of interest for both theoreticians and 

experimentalists.160-163 It was generally observed that the diffusivity of one 

component kept at constant loading decreases as the loading level of another, usually 

less mobile component increases. Here, we report the preliminary results of the PFG 

NMR diffusion measurements of ethane, propane and n-butane in samples of 

silicalite-1 with and without pre-adsorbed D2O.  The loadings of alkanes in both types 

of the samples were kept at the same level. In all cases the initial part of the PFG 

NMR attenuation curves (-1.0 < ln(Ψ) < 0.0) of alkane diffusion in silicalite-1 shows 

the linear behavior as predicted by eq. (4.1). The diffusion coefficients of the alkanes 

in the samples with and without water are presented in Table 4.2.  

Table 4.2 The diffusion coefficients D of ethane, propane and n-butane obtained from 

the PFG NMR measurements at 298 K in the samples of silicalite-1 with and without 

pre-adsorbed D2O.  

 

Alkane D without pre-adsorbed D2O 

(m2.s-1) 

D with  pre-adsorbed D2O 

(m2.s-1) 

Ethane 1.3×10-9 4.0×10-10 

Propane 4.4×10-10 2.2×10-10 

n-Butane 1.9×10-10 1.4×10-10 
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The diffusivities were obtained from the initial slope of the 

attenuation curves.  Diffusion studies of small alkanes in water-free MFI-type zeolites 

by the PFG NMR technique are reported.68,164,165 The comparison of the present 

data obtained for the water-free samples with those previously reported shows general 

agreement between the absolute values of the diffusion coefficients. The data 

presented in Table 4.2 show that the diffusivities of all three alkanes are lower in the 

samples with pre-adsorbed water than in the water-free samples. It can be seen in 

Table 4.2 that for smaller, more mobile alkanes, the influence of water on the self-

diffusion of alkane molecules is larger. This observation is in qualitative agreement 

with the results previously reported for other two-component systems.162-166 The 

data presented in Table 4.2 provide, in our opinion, evidence that under our 

experimental conditions significant loadings of water molecules in silicalite-1 crystals 

are achieved.   
 

4.1.3. Difficulty and problems in experiments 

As in most experimental setting, zeolites are used in the form of 

powders; thus, those powders do not fill all the available space. The absorbed 

substances, which occupy in the interstitial volume, possibly entrench in the solvent, 

not absorbed in the zeolite channels.167 Thereupon, the at least five limitations of 

diffusive guest molecule can be taken place:  
 

1. A molecule moves along Zeolite channels and cavities without traveling along 

the crystal defects, ‘unrestricted intracrystalline diffusion’. 

2. The particle move along the extended or localized crystal defects, hindering or 

enhancing a diffusant motion, ‘modified intracrystalline diffusion’.  

3. The diffusant is reflected at the crystal environs, owing to a very low 

probability of desorption, ‘restricted intracrystalline diffusion’.   

4. The molecule migrates between difference crystals, ‘intercrystalline 

diffusion’.  

5. The particle, which remains in the gas or liquid phase, is delaminated only by 

the walls of a sample tube, ‘fluid phase diffusivity’.   
 

Furthermore, the values of the diffusion coefficient measurement 

depend upon the size and the time scale at each experimental technique operates. 
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Being based on the perpetual transformation of matter, molecular migration i.e., 

diffusion phenomena, plays such important role. PFG NMR168 has been 

demonstrated as a tool provided the new insights for less mobile systems, including 

the zeolitic system.169-171  

Nevertheless, computer simulations using different technique have 

become feasible in the last decade – achievable to study the details of the diffusive 

processes in order to assist the experiment framing precious upshots.   
 

4.2. Quantum Chemical Calculations 

As mentioned in section 3.1.2.1, only water in silicalite-1 has been 

considered for the favorable binding sites. Yet, Optimal Basis Set, Optimal Method, 

and Optimal size of the fragment would be discussed for both water and 

methane/silicalite-1 calculations. 
 

4.2.1. Optimal basis set, optimal method, and optimal size of the 

fragment 

4.2.1.1. Water/silicalite-1 

To examine discrepancies due to the method of calculation and 

the size of the basis set as well as BSSE corrections,172,173 the water-silicalite 

interactions have been calculated for the frameworks of single and double rings using 

HF and MP2 methods and 6-31G and 6-31G* basis sets with and without BSSE 

corrections. The calculated results are plotted in Figures 4.3 and 4.4.   
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Figure 4.3 Interaction energy versus water-silicalite distance, calculated using HF 

method with the 6-31G and 6-31G* basis sets without BSSE corrections for the 

double ring framework and a water molecule lying on the translation axis as shown in 

Figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                        

                                        

                                        

                                        

                                        

-6 -4 -2 0 2 4 6
-8

-4

0

4
 

 

6-31G*
6-31G

 

 ∆E /kcal.mol-1 

Distance / Ǻ 



 

 

57

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Interaction energy versus water-silicalite distance, calculated using HF/   

6-31G* basis set with and without BSSE corrections for the frameworks of  (a) single, 

as well as the given MP calculations and (b) double rings and a water molecule lying 

on the same translation axis as shown in Figure 3.3.  
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According to Figure 4.3, the HF interaction energies between 

water and silicalite in the double-ring framework have been calculated using the       

6-31G and 6-31G* basis sets. Both plots exhibit a local minima at L = -1.0 Å.  (L was 

defined in section 3.1.2.1) and the most attractive minimum at L = 4.0 Å. The 

interaction energies obtained from the two basis sets are significantly different, 

especially in the repulsive and attractive regions where |L| ≥ 2 Å, as the difference in 

the interaction energy in both regions is around 100%. Though it is known that a 

smaller basis set could be less accurate than a larger one, evidently one could 

conclude the 6-31G* basis set is substantially more reliable than 6-31G for the 

investigated system. 

Figure 4.4a and 4.4b display calculated results for both 

frameworks, single and double rings, using HF calculations and the 6-31G* basis set 

with and without BSSE corrections. For the MP2 method the requirement of 

computational time for the double ring is not affordable. Therefore, the calculations 

have been performed only for the framework of the single ring, with and without 

BSSE corrections. These results are also shown in Figure 4.4a. It is seen in both 

Figures that there is a rather high error due to the BSSE for both HF and MP2 

methods in terms of the interaction energy. For instance, HF and MP2 give the values 

at the most attractive region for both single and double ring systems amount to an 

error of about 40% and 100%, respectively. Dependence of the calculated results on 

the method used can be understood from Figure 4.4a. The interaction energies 

including correlation effects based on the MP2 approximation are more stable than 

those from the HF method. After the correction for BSSE, the effect of the electron 

correlation is almost negligible, i.e., no significant differences were found between 

the interaction energies obtained from the two methods for any distance. Another 

conclusion is that although interaction energies from both HF and correlated MP2 

methods for single and double ring systems suffer from BSSE errors, but the two 

methods are in good agreement in predicting the geometry of the complex. Note that 

the difference in the distance to the energy minimum for the frameworks of single (L 

= 2.0 Å) and double (L = 4.0 Å) rings are due to different definitions of the origins of 

the two systems. 

The above observations suggest that correlation methods and 

BSSE corrections do not play a role regarding the predicted geometry of the system. 
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However, in order to increase the reliability of the derived interaction energies, all 

data points reported in the next sections, including encapsulation, barrier, and the 

diffusion energies in quantum parts are the results of HF calculations with BSSE 

corrections.  

 In addition to the above results, Figure 4.4a and 4.4b also 

contain information on the optimal size of the fragment, which is used to represent the 

silicalite. Taking into account the definition of the origin, the difference in the optimal 

interaction energies take place at 2.0 Å and 4.0 Å for the frameworks of single and 

double rings, respectively, are almost negligible. This fact is valid for the results 

obtained both before and after BSSE corrections. For instance, the interaction energy 

after the BSSE correction at L = –3.0 Å for the framework of single ring and at L =    

–5.0 Å for that of the double ring are almost identical (about 1.5 kcal.mol-1). The 

corresponding values before the BSSE correction for the single and the double rings 

are 1.0 and 0.7 kcal.mol-1, respectively. Therefore, a one useful state one could be 

made is that the framework of single 10-oxygen membered ring is already large 

enough to represent the silicalite crystal structure in the investigation of the water-

silicalite interaction energy. However, a guest molecule is needed to travel along the 

inner pores in terms of the diffusion process. Nevertheless, the double ring and 

intersection are necessary.  
 

4.2.1.2. Methane/silicalite-1 

In contrast to the water/silicalite-1 system, interaction between 

the non-polar CH4 molecule and silicalite-1 are mainly due to the dispersion forces. It 

is known that the Hartree Fock method fails to describe such kind of interactions. 

Therefore, it is not taken into consideration for the methane/silicalite-1 calculations. 

The stabilization energies calculated at DFT and MP2 levels for all three framework 

types with the 6-31G* basis set have been calculated. The results for the single ring, 

double ring, and intersection, in the configuration where one of the hydrogen atom of 

methane points toward to the ring along the central line (see Figure 3.4) have been 

displayed in Figure 4.5a-4.5c, respectively. Note that the selected basis set is the 

upper limit, which we are able to effort. The CPU times require are approximately, 

100000, 2500000 and 7000000 sec for the complexes of one methane molecule with 

the single, double, and intersection rings using the MP2 calculations, i.e., on the HP 

Workstation Series 700 and 800,174 respectively.  
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Figure 4.5 Methane-silicalite interaction energy, calculated using MP2 and B3LYP 

methods with 6-31G* basis set for the frameworks of (a) single ring, (b) double ring, 

and (c) intersection, respectively where a methane molecule lies on the same 

translation axis as shown in Figure 3.4 and distance M defines as that from C atom of 

methane to center of the ring (more details see text). For single and double rings, the 

plots with an enlarged scale in an area around the minimum have been also displayed. 

                                        

                                        

                                        

                                        

                                        

                                        

-2 -1 0 1 2

0

10

20
                                        

                                        

                                        

                                        

                                        

                                        

-1 0 1

-3

-2

-1

0

1

 

 

 

 

  

 

 

 MP2
 DFT

(a) 

∆E / kcal.mol-1 

M/Ǻ 

                                        

                                        

                                        

                                        

                                        

                                        

-2 -1 0 1 2

0

10

20

                                        

                                        

                                        

                                        

                                        

                                        

-1 0 1

-4

-2

0

2

4

 

 

 

 

 

 

(b) M/Ǻ 

∆E / kcal.mol-1 



 

 

61

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (cont.) 

 

The plots for both single and double rings (Figures 4.5a and 

4.5b), show the minima, while that of the intersection (Figure 4.5c), displays two local 

minima at -1.5 Å and 1.8 Å. This could be explained as the geometry of the 

intersection, in which one side of the window is the 10-oxygen membered ring 

connecting to the zigzag-channels, and the other side is the 5-oxygen membered ring. 

The attractive energy at -1.5 Å for the intersection is the position where the molecule 

is on the opposite side of the zigzag channels. The local interaction energy of -4 

kcal.mol-1 in the intersection channel is slightly higher than that of -4.7 kcal.mol-1 in 

the double ring. This evidence agrees with that reported in ref. [72,163] which found 

that preferential sites for methane molecule are the zigzag channels. The plots in 

Figure 4.5a-4.5c show also that in relative scale, energies obtained from both DFT 

and MP2 calculations are in good agreement. However, the MP2 energies are 

significantly lower than those of DFT ones for all configurations. 

As it is known, that simulation results depend directly on the 

relative interaction energy among the particles in the system as well as on an 

unbalance of the pair potential due to the use of energy points derived from different 
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level of accuracy. As the MP2 fitted potential for CH4-CH4 is available in the 

literature.96 This function has been applied to represent CH4-CH4 interactions in the 

silicalite-1 system. Therefore, the MP2 has been used to calculate the CH4/silicalite-1 

interaction energy. 
 

4.2.2. Optimal diffusing route: Water/silicalite-1 system 

4.2.2.1. Diffusion through the center of the window 

Based on the above conclusions for water/silicalite-1, HF 

calculations with the 6-31G* basis set and BSSE correction have been carried out for 

the three fragments. For each system, numerous water-framework configurations have 

been generated by varying L, φx, φy and φz as described in section 3.1.2.1. Results for 

four main routes defined by the {∆φx, ∆φy, ∆φz} coordinates of {0, 0, 0}, {0, 90, 0}, 

{180, 0, 0} and {180, 90, 0} have been displayed in Figure 4.6. The optimal route, in 

which the energy minimum for each distance takes place, has been given for all plots 

too. An area inside the pores for the three fragments have been estimated and labeled 

as the regions between the two vertical-dot lines (Figures 4.6a-4.6c). These ranges for 

the single, double and intersection rings are –0.5 Å ≤ L ≤ 0.5 Å, –1.5 Å ≤ L ≤ 1.5 Å 

and –2.5 Å ≤ L ≤ 2.5 Å, respectively. 

The plots for all fragments indicate how the water molecule, 

moves and turns via diffusion along the translation axis (Figure 3.3) through the 

center of the channel. The water molecule starts to interact with the window of the 

silicalite at a long distance, far from the molecular center. The preferred configuration 

at this distance is to point its dipole vector towards the center of the pore (graphs 3 

and 4 for all plots of Figure 4.6).  Then the water molecule leaves the pore by pointing 

its dipole vector towards the center of the channel (graphs 1 and 2). In addition, the 

interaction energy in the region around center of the pore of the intersection ring 

(Figure 4.6c), –1.0 Å ≤ L ≤ 3.0 Å, is strongly orientation dependent. It is interesting to 

note here, that the energy gap (∆Egap) between two plots of parallel dipole moments, 

graphs 1 and 2 (∆Egap ≈ 2 kcal.mol-1) or graphs 3 and 4 (∆Egap ≈ 2 kcal.mol-1), as 

shown in Figure 4.6b is higher than that seen in Figures 4.6a (∆Egap ≤ 1 kcal.mol-1)and 

4.6c (∆Egap ≤ 1 kcal.mol-1). This leads us to conclude that the energy barriers for the 

rotation around the dipole axis of the water molecule in the straight and the sinusoidal 
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channels (represented by double ring) are higher than those of the intersection channel 

and the linked domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Interaction energy versus water-silicalite distance, calculated using HF 

method with the 6-31G* basis set and BSSE corrections for the frameworks of   (a) 

single, (b) double ring, and (c) interaction where a water molecule lying on the 

translation axis in the configurations given in the insert; ={0,90,0}; ♦={0,0,0}; 

={180,0,0}; ={180,90,0}. The bold solid-lines represent the optimal route 

(Calculation details in 3.1.2.1). An area between the two vertical dot-lines is estimated 

to be inside the pore (more details see text). 
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Figure 4.6 (cont.) 
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It can be also seen from Figure 4.6a-4.6c that the diffusion of a 

water molecule along the translation axis through the center of a window of the 

silicalite is a kind of rolling movement. The molecule must move and turn in order to 

find the optimal route (bold-solid lines in Figures 4.6a–4.6c). As the energy 

fluctuations on the optimal route for the double ring (Figure 4.6b) is much lower than 

those of the other fragments. The change of the interaction energies during the 

diffusion into and in the channel along the optimal route is within thermal fluctuations 

at room temperature, which amounts to about 0.6 kcal.mol-1. This leads to a 

conclusion that the motion of a water molecule in the straight and the sinusoidal 

channels is rather smooth compared to that in the linked domain and the intersection 

channel. 
 

4.2.2.2. Diffusion along the inner wall 

Another possible pathway for the water molecule to diffuse in the 

silicalite channel is to attach to a specific binding site on the window, then enter the 

pore, find the next binding site and move from one site to another along the inner wall 

of the channel. Such information can be calculated using the supramolecular approach 

as described in detail in section 3.1.2.1 and as schematically displayed in Figure 3.3. 

The obtained optimization energies and corresponding distances are summarized in 

Table 4.3. 

The following information can be extracted from the interaction 

data given in Table 4.3: (i) The most stable binding site for the water molecule before 

entering into the silicalite channel is to coordinate to the oxygen atom of the linked 

domain to form a single hydrogen bond outside the pore (Figure 3.3a). The 

corresponding interaction energy of –2.61 kcal.mol-1 is comparable to the energy 

obtained from the optimal route, -3.58 kcal.mol-1 (Figure 4.6a). Therefore, the water 

molecule can enter the pore via the linked domain either by using the optimal route at 

the center of other pore or by binding to the window as a single hydrogen bond. The 

situations are different for the double and the intersection fragments. Enter the pore 

through the optimal route is much more favorable than when the molecule binds to the 

framework. (ii) To bind to the inner wall, the interaction energies obtained from the 

three fragments fluctuate within a thermal limit at room temperature. This implies no 

any preferential binding site for water molecule in the inner wall of the silicalite 

pores. The observed result supports the fact that the silicalite channel is hydrophobic. 
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(iii) The interaction energy between the water molecule and the inner wall as 

mentioned above is less attractive compared to that when the water molecule moves 

along the optimal route through center of the pore (Figure 4.6). These data indicate 

that the diffusion in the silicalite pore takes place via the optimal route (Figure 4.6).  
 

Table 4.3 Optimal binding distance (roo in Å), angle (α in degree), and interaction 

energy  (∆E in kcal.mol-1) obtained from the geometry optimization using 6-31G* 

basis set with BSSE corrections for the water-silicalite complexes in the four 

configurations (a), (b), (c) and (d) which correspond to those shown in Figures 3.3a-

3.3d, respectively. 

 

Fragment 

Configuration 
Single ring Double ring Intersection ring 

roo 3.93 3.91 3.48 

α 79.9 47.5 101.3 

(a) 

∆E -2.61 3.67 -0.35 

roo 3.64 3.66 3.52 

α 60.3 52.8 96.4 

(b) 

∆E -1.32 -1.02 0.84 

roo 3.42 3.51 3.59 (c) 

∆E 0.34 -0.95 -0.4 

roo 3.69 3.60 3.83 (d) 

∆E -0.81 -0.98 -1.04 
 
 

4.2.3. Ab initio based energy barriers: Water/silicalite-1 system 

4.2.3.1. Diffusing into the channels 

The energy change ( netE∆ ) for a water molecule to enter the 

silicalite channel is simply defined as the difference between the most stable water-

silicalite interaction energies inside ( min
inE∆ ) and outside ( min

outE∆ ) the pores. According 

to our model, the possible pathway for entering the single fragment is either to bind to 

the framework first or to move along the optimal route via the central line, while only 

the second pathway is preferable for the double and the intersection fragments. 

However, the most stable interaction energy to bind a water molecule to the single 
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ring outside the pore (Figure 3.3a) of -2.61 kcal.mol-1 is higher than in the case that 

the molecule moves along the optimal route of –3.58 kcal.mol-1 taken place at L = -1 

Å (Figure 4.6a). Therefore, the energy change and the energy barrier for all fragments 

have been calculated only when a water molecule moves along the optimal route. The 

results are summarized in Table 4.4. 

The maximum of the interaction energy ( maxE∆ ) which lies 

between the min
inE∆  and min

outE∆  on the optimal route suggests how easily water can 

enter the pore via this pathway. The energy barrier ( barrierE∆ ) for the water molecule 

to enter the pore can then be expressed as maxE∆  - min
outE∆ , resulting in the values of 

1.62, 0.67 and 1.28 kcal.mol-1 for the single, double and intersection rings, 

respectively.  
 

Table 4.4 The water-silicalite interaction energies (kcal.mol-1) along the optimal route 

taken from the corresponding L distance: min
outE∆ , min

inE∆ , and maxE∆ are the minimum 

outside the pore, the minimum inside the pore, and the maximum which lies between 

the min
outE∆ and min

inE∆ , respectively (more details see text). 

Fragment min
outE∆  maxE∆  min

inE∆  barrierE∆  netE∆  

Single ring -3.58 

(L=-1 Å) 

-1.96 

(L=0 Å) 

-1.96 

(L=0 Å) 

1.62 

 

1.62 

 

Double ring -2.79 

(L=-4 Å) 

-2.12 

(L=-2 Å) 

-2.55 

(L=-1 Å) 

0.67. 0.24 

Intersection ring -3.14 

(L=-7 Å) 

-1.86 

(L=-2 Å) 

-3.86 

(L=1 Å) 

1.28 -0.72 

 
 

The energy data in Table 4.4 indicate that the energy barrier of 

1.28 and 1.62 kcal.mol-1 is required to drive the water molecule to enter the pore of 

the silicalite, the linked domain (represented by the single ring) and the intersection 

channel (represented by the intersection ring). The situation is different for entering 

the straight and the sinusoidal channels (represented by the double ring), i.e., a water 

molecule enters these channels via the optimal route without energy barrier (0.6 

kcal.mol-1 is within a thermal fluctuation of room temperature). 
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In terms of the energy change, the netE∆ , which defines as min
inE∆ - 

min
outE∆  (Table 4.4) indicates that entering the linked domain and the intersection 

channel are endothermic and exothermic processes, respectively. On the other hand, 

the energy changes for diffusing process to enter the straight or the zigzag channels 

are almost zero.   
 

4.2.3.2. Diffusing across the channels 

To investigate the energy barrier for a water molecule to diffuse 

from one to another channel inside the silicalite, the most stable interaction energies 

(shown in Table 4.4) for encapsulation of water molecules in the three channels, 

represented by the three fragments are considered and the diffusion process is 

schematically drawn in Figure 4.7. The small barrier takes place only when a water 

molecule crosses the linked domain, which is represented by the single ring (Figures 

3.3b) to and from the intersection channels (Figures 3.3d). The energy requirement of 

1.96 kcal.mol-1 is equivalent to a temperature of about 973 K. This value is much less 

than that of 8 kcal.mol-1 obtained from the development of the water-silicalite 

potential map using an empirical method.50 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Changes of the water-silicalite interaction energy via diffusion in the 

silicalite channels. 

Some comments can be made concerning the encapsulation 

energy shown in Table 4.4 in which the most stable position takes place in the 
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the light alkane molecules, which stated that they bind more strongly in the straight or 

sinusoidal than in the intersection channels.72,90,175-177 Therefore, it is suggested by 

these results that the degree of hydrophobicity, typical character of the silicalite, of 

the intersection channel is less than those of the other channels. In addition, our value 

for the encapsulation energy (Figure 4.6c, thick line, at L = 1 Å) of the water molecule 

in the silicalite pore of –3.9 kcal.mol-1 is much higher than the experimental value of 

–9.6 kcal.mol-1 and the calculated one of –12.5 kcal.mol-1 reported by Vigné-Maeder 

et al..50 However, it would be noted here, therefore, that the two values given in ref. 

[50] are too strong to represent the interaction energy between a polar molecule such 

as water and the hydrophobic channels of the silicalite. This statement was supported 

by the simulation results published recently by Takabe et al..33 The simulated results 

for the water-methanol mixture in the silicalite membranes show that no water 

molecule diffuses into the silicalite pore. Adsorption takes place only with the silanol 

groups on the external surface. Therefore, a heat of adsorption obtained from the 

experiment is a consequence of the adsorption on the surface but not in the 

hydrophobic micropores of the silicalite. However, a preliminary result by Kärger et 

al.21 using PFG-NMR measurement indicates the diffusion of water molecule in the 

silicalite micropores at high temperatures.   
 

4.2.4. Orientation dependences: Methane/silicalite-1 

Three main different orientations of methane molecules (Figure 3.4) 

coordinated on the center of the single ring have been computed on the basis of MP2 

calculations where the translating axis is parallel to the wall with a step (∆M), defined 

in section 3.1.2.2, of 0.3 Å. Figure 4.8 shows stabilized energy of those three major 

orientations of methane at various vector distances (M) terminating to target wall 

atoms, Si and O. Notations 1H-x, 2H-x and 3H-x denote methane orientations where 

1, 2 and 3 hydrogen atoms of methane point toward x (Si or O) atoms of surface. As 

expected, no any preferential sites have been found for methane/silicalite-1 system. 
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Figure 4.8 Interaction energy versus methane-silicalite distance, calculated in three 

different major orientations terminating to Si and O atoms carried out by MP2 method 

using a 6-31G* basis set where the inserted picture zooms to the minimum. (See text 

for more details) 
 

The MP2 based interaction energies for three main different 

orientations show typical repulsive interactions when different orientations of 

methane molecule approach the wall at different positions, Si or O atom. The plots 

display that the interactions at the center of the channel are orientation dependent. The 

differences are emerged when methane molecule move closely to the wall. It is 

interesting to note that the most repulsive orientation is to point 2 hydrogen atoms of 

methane to Si atom of silicalite-1 (2H-Si). In addition, a methane molecule can 

approach closest to the wall by pointing 1 to 3 hydrogen atoms to Si (1H-Si and 3H-

Si)  
 

4.3. Development of Guest-Host Intermolecular Potential Functions 

The reason to develop such a function is as known that the simulation results 

depend strongly on the quality of the potential function used, which one could directly 

parameterize from the data, yielded from quantum mechanical calculations. However, 

in practice it is not possible, especially for large molecular systems, to generate such 

data even with a small basis set, because of the unreasonable computation time that 

would be required. Several attempts have been made with substantial success by 
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Demontis et al.,178 Catlow et al.,179-181 Sauer et al.,182-185 and some others.186-191 

The potential parameters were derived from the results of ab initio 

calculations.181,185,186,188-191 The molecular models, which represent typical 

structural elements of zeolites, consist of SiO4 and protonated AlO4 tetrahedral 

connected to chain rings and cages. 
 

4.3.1. Water/silicalite-1 

In this study, an alternative choice in deriving potential function 

parameters is proposed. Several numerous silicalite-1/water energy points have been 

generated using quantum chemical calculations at the HF level. 

 

4.3.1.1. Functional feature and set of parameters 

More than 1,000 ab initio data points at the HF level with the 

extended 6-31G* basis sets were fitted to an analytical function of the form: 
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where 3 and 288 denote the numbers of atoms in a water molecule (w) and the 

silicalite-1 (s) unit cell, respectively. The constants Aij, Bij and Cij are fitting 

constants and rij is the distance between atom i of water and atom j of silicalite-1. 

Also, qi and qj are the atomic net charges of atoms i and j in atomic units, as obtained 

from the population analysis of the isolated molecules in the quantum chemical 

calculations. Superscripts a and b on the fitting parameters have been used to classify 

atoms of equal atomic number but different environmental conditions, for example, 

oxygen and silicon atoms of silicalite-1 in the different channels. The third 

polynomial term (Cij/r3
ij) with the arbitrary exponent 3 was added in order to obtain 

better numerical fitting. The silicalite-1/water fitting parameters were summarized in 

Table 4.5. 
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Table 4.5 Final optimization parameters for atom i of water interacting with atom j in 

each channel of the silicalite-1 lattice. Subscripts sd and st denote sinusoidal (zig-zag) 

and straight channels, respectively. Energies in kcal.mol-1, distances (rij) in Å and 

atomic net charges (q) in atomic units. 

 

i j qi 

 

qj 

 

A 

(Å
6
kcal.mol

-1
) 

B 

(Å
12

kcal.mol
-1

) 

C 

(Å
3
kcal.mol

-1
) 

O 

O 

O 

O 

Sisd 

Sist 

Osd 

Ost 

-0.87 

-0.87 

-0.87 

-0.87 

1.57

1.67

-0.78

-0.84

- 9044

- 4160

1371

- 111

1161168 

989964 

-21046 

51208 

1419

617

-352

-111

 

i j qi qj 
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6
kcal.mol-1) 
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(Å
12

kcal.mol-1) 

C 

(Å
3
kcal.mol-1) 

H 

H 

H 

H 

Sisd 

Sist 

Osd 

Ost 

0.43 

0.43  

0.43 

0.43 

1.57

1.67

-0.78

-0.87

3725

2077

-406

35

-4315 

-8925 

689 

33 

-792

-416

222

103
 

 

Concerning an assignment of a negative or positive value to the 

fitting parameters, it is generally not possible in all cases to force A/r6 to be negative 

and B/r12 to be positive, in order to represent attractive and repulsive interactions of 

the pair, respectively. Some examples are those in references.150,156,192,193 In these 

cases, the physical meaning of the atomic-based pair potentials, 864 pairs running 

over i = 1-3 and j = 1-288 for eq. (4.2), is not achieved. However, the physical 

meaning, as well as quality, of the molecular-based water-silicalite-1 function is its 

ability in representing ab initio data. An advantage of this approach is that it is a one-

to-one correspondence between the predicted (by the potential function) and the 

observed (by the ab initio calculation) interaction energies. With the same reason, as 

well as for a better numerical fitting, the third polynomial term (Cij/r3
ij) was added and 

its sign was not able to be controlled. 
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4.3.1.2. Quality of the function 

Here, the oxygen atom of the water molecule moves from one 

surface to the opposite surface along the vector r (see Figure 4.9); its dipole moment 

point is parallel to vector r and its molecular plane is parallel to the window of the 

lattice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Schematic representations of the path perpendicular to wall of the 

silicalite-1 channels. 

 

With the analytical potential shown in eq. (4.2), the lattice-water 

interactions in the straight channel have been calculated and plotted in Figure 4.10. 

The ab initio interaction energies at the same lattice-water configurations have been 

calculated and given also for comparison. The good agreement between the two 

curves in Figure 4.10 illustrates the reliability and quality of the fit. This conclusion 

was, again, confirmed by the plot shown in the Figure 4.11, where all 1,050 ab initio 

and fitted energies have been compared. 

 

 

 

                        -       +  
rr



 

 

74

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Silicalite-1/water interaction energies (∆E) obtained from the ab initio 

calculations (∆EHF) with the extended 6-31G* basis sets and from the potential 

function (∆EFIT) according to eq. (4.2), where the oxygen atom of the water molecule 

lies along the vector r (see Figure 4.9), its dipole moment point is parallel to r and its 

molecular plane is parallel to the window of the lattice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 A comparison of ab initio and fitted data points on the unit of kcal.mol-1. 
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 Some comments could be made concerning the quality of the 

ab initio interaction energies given in this dissertation. The energies calculated from 

the ab initio fitting potential function, EFIT, and the actual energies calculated from ab 

initio method, EHF, have been given in comparison. The EFIT’s are in excellent 

agreement to those EHF, if the energies are lower than zero. Vise versa, the EFIT’s have 

been shown the less repulsion than those EHF. Discrepancies and reliabilities of the 

data points due to the size of the fragments, the calculated methods and the basis sets 

used as well as an error due to the unbalance of the basis set, basis set superposition 

error, have been intensively examined and discussed in the beyond section 4.2.1.  
 

4.3.1.3. Specific character to different channel  

To visualize the characteristics of the silicalite-1/water potential 

function, the interaction energies for different orientations of the water molecule in 

the straight channel have been computed according to eq. (4.2). The changes of the 

energies as functions of the distances along r were plotted in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Silicalite-1/water interaction energies (∆E, kcal.mol-1) obtained from the 

potential function according to eq. (4.2) for different orientations of a water molecule, 

where its oxygen atom lies along r (see Figure 4.9) in the straight channel. 
 

 The curves 1 and 4 in Figure 4.12 show the minima at L < 0, 

and the interaction energies for L > 0 increase more slowly than those for L < 0. This 
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occurrence can be understood as water molecules in these configurations (at the right 

of this Figure) approach the surface at L > 0 by pointing hydrogen atoms toward the 

oxygen atoms of the lattice, i.e., attractive Coulomb interactions between the 

hydrogen atoms of water and the oxygen atoms of the surface compensate the water-

surface repulsion. This leads to a slow increase of the interaction energy and hence to 

an asymmetry of the lattice-water potential. The difference between the shapes of the 

two curves indicates how sensitive the obtained function is. That means it is able to 

classify the two orientations of the water molecule which differ only by rotating the 

molecule by 90o around its dipole vector. The situation is very similar for the curves 2 

and 5, in which the minima take place at L > 0 and the interaction energies for L < 0 

increase faster than those for L > 0. For the curves 3 and 6, the shapes are much more 

symmetric than the other curves. The reason is that the water molecule in these 

configurations approaches the lattice, both for L > 0 and L < 0, by pointing its dipole 

vector parallel to the surface. The curve 6 is broader than the curve 3 because in the 

curve 3 water moves toward the surface in configurations for which distances from 

the surface to the two hydrogen atoms are identical. For the curve 6, at the same 

position of water as in the curve 3, one hydrogen atom is closer to the surface than the 

other (see legend of Figure 4.12). This fact confirms the ab initio interaction energies 

reported in ref. [22].  

  As can be seen from eq. (4.2), different fitting data sets have 

been used to represent the interaction between the lattice and a water molecule lying 

in the sinusoidal (zig-zag) or in the straight channel. To visualize this effect, the 

interaction energies have been calculated separately for a water molecule in the two 

channels. In this example, the water molecule was in the same configurations as that 

of Figure 4.10. The results are displayed in Figure 4.13. The sensitivity of the 

silicalite-1/water potential to different environments has been monitored, in addition 

to that due to the water orientation as shown in Figure 4.12.  
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Figure 4.13 Silicalite-1/water interaction energies obtained from the potential 

function according to eq. (4.2), where the water molecule lies in the same 

configuration as that of Figure 4.10 in the sinusoidal and the straight channels. 
 

The difference between the interactions in the straight and the 

sinusoidal channels is consistent with the energy data analyzed intensively in section 

4.2.1.1 where the optimal diffusion route has been considered. Note, it is the first time 

to use fairly large fragments of 10 T, 20T, and 27 T of zeolite in quantum chemical 

calculations with high quantity basis sets, where T denotes the silicon of corner 

sharing TO4 tetrahedral in zeolite crystalline.23 
 

4.3.2. Methane/silicalite-1 

Similarly to the water-guest system, numerous silicalite-1/methane 

energy points have been generated using quantum chemical calculations at the MP2 

level and subsequently fitted. 

4.3.2.1. Functional feature and set of parameters 

About 150 ab initio carefully selected data points at the MP2 

level with the extended 6-31G* basis sets have been fitted to an analytical function as 

stated below, 
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where 5 and 288 denote the numbers of atoms in a methane molecule (m) and the 

silicalite-1 (s) unit cell, respectively. The other parameters have referred to those 

clarified parameters in water/silicalite-1 potential function. The fitting parameters 

were summarized in Table 4.6. Analogy to water/silicalite function, an assignment of 

a negative or positive value to the fitting parameters is generally not possible to 

control. 
 

Table 4.6 Final optimization parameters for atom i of methane interacting with atom j 

in each channel of the silicalite-1 lattice; subscripts sd and st denote sinusoidal (zig-

zag) and straight channels, respectively; energies in kcal.mol-1, distances (rij) in Å and 

atomic net charges (q) in atomic units. 
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4.3.2.2. Quality of the function  

To visualize the quantity of the function, therefore, changes of 

interaction energies have to be plotted as a function of methane/silicalit-1 distance. 

Here, moving paths with respect to the channels of silicalite-1 have been defined. 

Figure 4.14 shows two paths along vector s1 (Figure 4.14a) and vector s2 (Figure 

4.14b), in which a methane molecule moves parallel, and the perpendicular to the 

surface, respectively.  Note s1 parallels to y-axis while s2 is in the xz-plan and tilts 45° 

from the z-axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.14 Schematic representations of the moving paths (a) along and (b) 

perpendicular to the straight channel; the methane molecule points one hydrogen atom 

toward vectors s1 and s2. 
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The reliability of the methane/silicalite function has first been 

displayed in Figure 4.15 in which the fitted and ab initio data for all configurations 

are compared. By using the analytical potential shown in eq. (4.3), the lattice-methane 

interactions for both parallel and perpendicular paths in the straight channel have been 

plotted in Figures 4.16a and 4.16b, respectively. The ab initio interaction energies at 

the same lattice-methane configurations have additionally been calculated and given 

in comparison. The two curves in each Figure, 4.16a or 4.16b, illustrate the reliability 

and quality of the fit. The two minima of the curves in Figure 4.16a indicate the 

specific character of the junction in the intersection channels in which the two 

channels, straight and sinusoidal, jam together. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 A comparison of ab initio and fitted data on the unit of kcal.mol-1.  
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Figure 4.16 Silicalite-1/methane interaction energies (∆E) obtained from the ab initio 

calculations (∆EMP2) with the extended 6-31G* basis sets at MP2 level and from the 

potential function (∆EFIT) according to eq. (4.3), where methane molecule move (a) 

along  and (b) perpendicular to the straight channel as defined in Figure 4.14. 
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4.3.2.3. Specific character to different channel  

Similar to the water/silicalite-1 potential function, the different 

fitting data sets as well as function formula have been used to represent the interaction 

between the lattice and a methane molecule lying in the sinusoidal (zigzag) or in the 

intersection channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Silicalite-1/methane interaction energies obtained from the potential 

function according to eq. (4.3), where the CH4 molecule pointing one hydrogen atom, 

perpendicular to the intersection (filled squared symbols) and sinusoidal (filled circled 

symbols) channels.  
 

To visualize the functional characteristic, the interaction energies 

have been calculated separately for a CH4 molecule in the two channels. In this 

example, the methane molecule was in the same configurations as that of Figure 4.16. 

The results are displayed in Figure 4.17. Sensitivity of the silicalite-1/methane 

potential to different channel environments has been monitored. The methane-lattice 

interactions in sinusoidal are more attractive than those in the intersection channels. 

The asymmetry of the potential surface is due to methane orientation. Thus, the recent 

methane/silicalite-1 function could classify not only the diversity of the channels but 

also of its orientations.  
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4.4. Theoretical Dynamics and Structural Properties  

The results, which contain in these parts, are carried out by series molecular 

dynamics simulations at various concentrations, at some ambitious temperatures. Both 

dynamics and structural properties could be elucidated via the trajectories of the guest 

molecules. 
 

4.4.1. Water/silicalite-1 

With a time step of 0.5 fs at 298 K and 393 K, the simulations have 

been performed for systems containing 1 - 8 water molecules per intersection, 

equivalent to 8 – 64 molecules per simulation cube, which contains 2 silicalite-1 unit 

cells. The BJH water-water potential95 and the new fitted ab initio water/silicalite-1 

potential model have been applied.22,24,25  
 

4.4.1.1. Structural properties:  

• Silicalite-water radial distribution functions 

o Average RDF for all channels 

In order to investigate structural data of water 

molecules via diffusion in zeolite silicalite-1 at various loadings (n1d), the radial 

distribution functions (RDFs) from surface oxygen atom (OS) to water oxygen (OW) 

and hydrogen (HW) atoms of water have been evaluated and plotted in Figure 4.18. 

The change of the water behavior has been exhibited by the OS- OW RDFs in which 

the transition takes place between the loadings of 6 and 7 water molecules per 

intersection. 

The OS-OW RDFs for n1d ≤ 6 display firstly broad 

maxima around 4.2 Å, followed by a pronounced shoulder at around 5.8 Å and second 

broad peaks centered at 8.4 Å. Due to the cylinder-like structure with the diameter of 

8.2 Å of the silicalite channels, the water molecules lied under the first maximum and 

the established shoulder of the OS-OW RDFs can be assigned to molecules moving 

along the center of the tube. The distances from OW to OS of the nearest 10-oxygen 

membered-ring and their adjacent rings are between 4 to 6 Å. This is in good 

agreement with those predicted by ab initio calculations which state that central line is 

the optimal path for water molecule to travel along the silicalite channels.23  
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A transition takes place for the nld > 6, in which the 

first broad OS-OW peak splits into two sharp peaks centered at 3.45 Å and 5.25 Å. 

This feature indicates dramatic changes of the water behavior in silicalite-1 channels. 

With concentrations higher than 6 water molecules per intersection, the water 

molecules are forced by their repulsion to stay out of the central line region. This 

information cannot be obtained from ab initio calculations because only the 

interaction of a pair or only a few molecules can be taken into consideration. It is 

interesting to note here, therefore, that these two peaks are contributed from the same 

set of water because the sum of OS-OW distances for OW centered at 3.45 Å far from 

OS on one side and 5.25 Å from the opposite side of the 10-oxygen membered ring 

are, somehow, equivalent to the diameter of 8.2 Å of the tube.  
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Figure 4.18 Radial distribution functions (RDFs) of (a) OS-OW and (b) OS-HW at 

various loadings nld from 1 to 8. 
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Some comments could be made concerning an 

appearance of the OS-OW peak at 3.45 Å for n1d > 6. The sharp, pronounced and 

discrete characters of the peaks are usually due to the tight binding between the two 

molecules. This is surely not true for the water/silicalite-1 system in which the 

interaction energies derived from ab initio calculations or the ab initio fitted potential 

for any configurations where the OS-OW distance = 3.45 Å of about -4 kcal.mol-1 is 

almost equal to that at the optimal configuration of the water dimer of -5.6 kcal.mol-1,   

i.e., the water-water binding is superior to the surface-water one. Therefore, the 

formation of this peak can only be assigned to a cluster formation of water molecules. 

The repulsion among molecules in the cluster in a limited space inside the silicalite-1 

channels, leads not only to a shift of water positions out of the central line but also to 

a lower flexibility of their positions. As a consequence of the cluster formation and 

the repulsion of the water molecule in a limited space, the OS-OW RDF starts to be 

detected at a shorter distance, when the concentration increases. The investigation and 

the discussion on the cluster formation are given in more details in the water-water 

radial distribution function part. 

 Considering the OS-HW RDFs in Figure 4.18b, the 

plots for all loadings show corresponding RDFs with established shoulders around 3.2 

Å, and first maxima around 5.2 Å. As a function of the water loading, the following 

conclusions can be made (i). An appearance of the first pronounced OS-HW shoulder 

at a shorter distance than that of the OS-OW first peak implies that the water molecules 

point their hydrogen atoms toward the inner surface of silicalite-1.; (ii) With the 

distances to the first peak of the OS-OW RDFs of 3.4 Å and the OS-HW shoulder of 

distances of both peaks mentioned earlier, it can be concluded that hydrogen bonding 

between water molecules and the inner surface of silicalite-1 cannot be formed. (iii) 

Broadening of these peaks and their shoulders indicate a flexibility of the water 

molecules in terms of both their positions and orientations. This finding confirms the 

ab initio results which suggest the changes of water orientations via the diffusion in 

the silicalite-1 channels;23  (iv) For the same reasons as that of the OS-OW RDFs, the 

OS-HW RDF for low loadings  start to be detected after those of high loadings. This is 

also true for the distance to the first shoulder of the OS-HW RDFs while their first 

peaks appear at the same position. 
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o Separated RDF for each channel  

To understand more details of the water behavior in the 

different channels, the RDFs from oxygen surface of each channel to all oxygen and 

hydrogen atoms of water molecules have been evaluated. The results are given as 

examples in Figures 4.19a and 4.19b for nld = 1 and 8, respectively. Here, the 

notations Os representing oxygen atoms of the silicalite-1 surface were replaced by 

OIt, OSt and OSd for the intersection, straight and sinusoidal oxygens, respectively. 

Average OS-OW and Os-Hw RDFs for both loadings are also given for comparison. 

The following conclusions can be extracted from the plots. 
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Figure 4.19 RDFs of OIt, OSt, OSd to water molecule, where filled and unfilled 

symbols referred to OW and HW, respectively, (a) for nld = 1, and (b) for nld = 8. 
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In terms of the peak height, which give informations on 

the probability of finding water molecules residence in the investigated channel, the 

detected order is intersection > straight > sinusoidal. This conclusion is valid for the 

RDFs from silicalite-1 surface to both oxygen and hydrogen atoms of water and both 

nld = 1 and 8. Note that, the averaged OS-OW and OS-Hw RDFs are not able to compare 

with those of the separated channels because the number density, ρ (ρ = n/V where n 

is number of water molecules moving in each channel and V denotes the volume of 

the simulation cube), for each channel is not known. Therefore, the separated RDFs 

are not possible to properly normalized and the total number of water molecules in the 

simulation cube, N, was used instead. In other words, the y-axis for the separated 

RDFs is in arbitrary units. However, the peak position doesn’t depend on the number 

density. In addition, the height of the OSt-OW RDFs is similar to those of the OIt-OW 

for nld = 1 (Figure 4.19a) and of OSd-OW for nld = 8 (Figure 4.19b). What we learn 

from these facts is, that at low loadings, the probabilities to detect water molecules in 

the intersection and the straight channels are considerably higher than those in the 

sinusoidal one, i.e., the diffusion along the straight channel is superior. In contrary, no 

significant difference has been found for nld = 8 in the diffusion of water molecules 

along straight and sinusoidal channels. The trajectory density plot shown in Figure 

4.20 confirms this statement. 
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Figure 4.20 The trajectory of one water molecule at nld = 1 after 10 ns (Å) 

coordinated on x- v. s. y-axis at 298 K; inserted picture for the zoom out. 
 

Considering the RDFs in Figure 4.19 in terms of the 

peak position and their shapes, all plots for separated RDFs are almost identical with 

those of averaged ones (for both concentrations and RDF to both oxygen and 

hydrogen atoms of water). The only separated RDF, which has a different shape from 

the others, is the OSd-OW one. In addition to the first peak at 4.2 Å of the averaged OS-

OW RDF, the separated OSd-OW RDF shows also a second peak at 5.6 Å. An 

appearance of this peak can be assigned to a contribution from the water molecules 

lying in the other channels. It can be seen from the trajectory density plot (Figure 

4.20), that high density regions in the intersection and sinusoidal channels lay within a 

spherical shell with a radius of 5.3 Å with respect to the oxygen atoms of the 

sinusoidal channel. On the other hand, the contributions to the OIt-OW and OSt-OW 

RDFs are not visible because the water density in the sinusoidal channel is 

significantly lower than those in the other channels (Figure 4.19a).  
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• Water-water radial distribution functions 

In order to get insights how water molecules formulate inside 

the channels, the RDFs from oxygen atom (OW) to oxygen (OW) and to hydrogen 

(HW) atoms of water at 8 loadings have been calculated and illustrated in Figure 4.21a 

and 4.21b respectively. The OW-OW RDF for pure water has been also given for 

comparison. Characteristics of the pronounced peaks of the RDFs are summarized in 

Table 4.7.      

o The Oxygen-Oxygen radial distribution function 

Significant changes in the water structure can be 

observed, in comparison between that of pure water and water in the silicalite-1 cage. 

The OW-OW RDF for pure water shows a typical first peak at 2.80 Å, a second peak at 

4.50 Å and a first shell coordination number (n) of 4.5 water molecules.194 

Inside the cage, the OW-OW RDF changes dramatically 

as a function of loading. With the concentration of 8 water molecules per intersection, 

the plot shows a first sharp peak at 3.35 Å, an apparent minimum at 5.25 Å and n = 

3.9 water molecules. The distances to the first maxima (RM1) and the first minima 

(rm1) increase steadily if the concentration decreases. In addition, peak splitting starts 

to be detected if nld = 4 and separates at nld = 1. This indicates the changes of the 

water structure in the cage of silicalite-1. An appearance of the first sharp peak (for 

high loading) is assigned to the formation of water clusters in the cage of silicalite-1 

(details in the next paragraph) while the splitting peak (for low loading, especially for 

nld = 1) at 4.5 Å is interpreted as the water molecules lying separately in different 

channels. 

In terms of the first shell coordination numbers, a 

linear relation with the water concentrations has been detected and plotted in Figure 

4.22. The coordination number of 3.9 for the loading of 8 water molecules per 

intersection is close to that of 4.5 for pure water.194 
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Table 4.7 Characteristics of the radial distribution functions for water loadings (n1d) 

of 1 to 8 molecules per intersection in silicalite-1 where RM1 and rm1 are the distances 

in Å for the first maxima and minima of RDFs, respectively, and n is the average 

coordination number integration up to rm1.   
 

n1d RDF 

OWOW 1 2 3 4 5 6 7 8 

Bulk** 

RM1 3.65, 

4.3*** 

3.55, 

4.3*** 

3.45, 

4.2*** 

3.45, 

4.2*** 

3.35 3.35 3.35 3.35 2.80 

rm1 8.05 6.45 5.95 5.85 5.65 5.45 5.35 5.25 3.2 

n 0.1 0.7 1.2 1.9 2.5 2.9 3.4 3.9 4.5 

n1d RDF 

OWHW 1 2 3 4 5 6 7 8 

Bulk** 

RM1 4.05 4.05 3.95 3.95 3.85 3.85 3.75 3.75 1.85 

rm1 8.45* 9.05* 8.95* 8.75* 8.55* 5.65 5.45 5.35 2.4 

n 1.3 5.7 9.6 11.9 15.8 7.5 8.3 9.2 4.4 
 

 

Some comments could be made concerning the OW-OW 

RDFs of pure water and of the high concentration of water in the silicalite-1 cage, 

especially for nld = 8, in which the shapes of the RDFs are totally similar and their 

first shell coordination numbers are about the same. It is known that bulk water forms 

a hydrogen bond network with the O-O distance, indicated by the first peak of the 

OW-OW RDF, of 2.80 Å. Therefore, it is evident from the OW-OW RDF of water 

molecules in the cage of silicalite-1, at least for nld = 8, that clusters are formed.  

 

 

 

 

 

* the RDFs show flat minima 

** values taken from ref. [194] where the simulation was performed using the CF2 

water model. 

*** the RDFs show broad splitting peak  
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Characteristics of the cluster can be figured out from 

the RDF and summarized as the following: (i) Water molecules in the cluster in the 

cage of silicalite-1 do not bind together via hydrogen bond because the O-O distance 

of 3.35 Å (RM1 of the OW-OW RDF for nld = 8) which is about 0.5 Å longer than the 

typical hydrogen bond distance in bulk water, does not fit to the geometrical, and 

hence the energetic, criteria195-197 of the hydrogen bond formation; (ii) The height of 

the OW-OW RDF indicates that the water clusters in the cage of silicalite-1 are less 

flexible than that of pure water. This observation can be understood in terms of their 

interactions with water molecules in the second solvation shell and with the silicalite-

1 wall. Due to the limited space in the channel, the second solvation shell of water 

doesn’t allow to be formed (the second peak at about 6.5 Å of the OW-OW RDF is 

shown in Figure 4.21a for other loadings is due, surely, to the water molecules lying 

in different channels). This fact leads to a destruction of the hydrogen bond networks 

and, hence, a lower stability of the water clusters in the cage of silicaite-1 in 

comparison to those of pure water. Destructive contributions can be compensated by 

the interaction with the silicalite-1 wall in which the first shell molecules can be 

weakly held in place by the water-silicalite-1 potential. A conclusion is that, in spite 

of interactions among water molecules in the cluster, its stability which leads 

consequently to the sharp and pronounced OW-OW first peak at 3.35 Å, can be 

described in terms of destructive and constructive contributions from the second 

solvation shell and the silicalite-1 wall, respectively.; (iii) Based on the detailed 

description given in (ii), the size of the “low density water clusters”, in terms of 

spherical radius, rsphere, (equivalent to RM1 of the OW-OW RDF), is expected to depend 

strongly on ∆r, the difference between the radius of the pure water cluster and  of the 

silicalite-1 channels i.e., rsphere increases as a function of ∆r. In contrary, “high density 

water clusters” (RM1 of the OW-OW RDF > 2.80 Å) would be also possible to be 

formed for the high loading of water molecules in small-channel zeolite. 
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Figure 4.21 RDFs of (a) OWOW and (b) OWHW for nld = 1 to 8; RDFs for bulk water 

inserted for comparison, * marked at the first maximum.  
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Figure 4.22 The average coordination number integration up to rm1 as a function of 

the loading. 

o Oxygen-Hydrogen radial distribution function 

Additional characteristics of the low density cluster of 

water molecules in the silicalite-1 cage can be extracted from the OW-HW RDFs, 

shown in Figure 4.21b. In good agreement with those of OW-OW RDF, the plots for 

high loadings show a pronounced shoulder centered at about 2.8 Å. This shoulder is 

less pronounced when the concentration decreases and it disappears for nld = 1. An 

appearance of the clear shoulder at longer distances than that of the first OW-HW main 

peak implies that H2O….H-OH is superior. This hydrogen-bond like configuration 

confirms the formation of low density clusters of water. Note, as already mentioned, 

that, the distances to the established shoulder of about 2.8 Å and to the first main peak 

of the OW-HW RDFs ranging from 3.75 Å to 4.05 Å for nld = 1-8, are surely not fit to 

any criteria of hydrogen bond formation.196-198  
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4.4.1.2. Dynamical properties 

• Self-diffusion coefficients 

The self-diffusion coefficients are calculated from the particle 

displacements. The process of self-diffusion was quite generally related to the 

moments of the propagator.102,103,104 The propagator ( ),t,P 0rr  represents the 

probability density to find a particle at position r at time t if it was at r0 at time t = 0. 

The nth moment of the propagator is defined by the relation103 

( ) rrr,rrrr n d000  ,tPn
∫ −=− .          (4.4) 

Here, ( ),t,P 0rr  is the solution of the diffusion equation for the initial concentration 

( ) ( )0δ0 rrr −==,tC . The elements of the diffusion tensor, corresponding to the x-, 

y- and z-axes, are calculated. The overall diffusivity D is assumed to be one third of 

the trace of the diffusion tensor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 The self-diffusion coefficients (m2.s-1) v. s. the loading (molecules per 

intersection) at 298 and 393 K. 
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 The self-diffusion coefficients of the water molecules as a 

function of the loading, varying from 1 to 8 water molecules per intersection, at 298 K 

and 393 K are shown in Figure 4.23. Changes of the water self-diffusion coefficients 

as a function of the loading can be seen from the plots. Similar to the case of other 

small guest molecules such as, CH4, CF4, He, Ne, Ar, Xe and SF6 in silicalite-1,64 the 

diffusion of water decreases if the concentration increases. As expected, the 

diffusivities for all concentrations at 393 K are higher than those of 298 K. The 

temperature dependence is stronger at low concentrations, i.e., the difference of the 

diffusion coefficients obtained from the two temperatures disappeared almost at the 

loading of 8 water molecules per interaction. 

• Anisotropic effect 

It has been observed experimentally and theoretically that the 

diffusion of alkanes and light gases in silicalite-1 is anisotropic.66,164,198-200 To 

visualize this effect, a formula for the relation between the components of the 

diffusivity tensor (D) proposed by Kärger et al.200 eq. (4.5) has been applied, 
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where a, b and c are the unit cell lengths. The deviation from eq. (4.5) can be 

accounted by introducing an parameter,66,158,201   
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        (4.6) 

where, β = 1 denotes random processing, e.g., a water molecule passing an 

intersection continues the diffusion path independent of how it gets to the intersection. 

A hint on preferentially continuative diffusion path either along in one or the same 

channel type is when β > 1. Vice versa, a higher diffusivity in z-direction, that is only 

possible by changes between straight and sinusoidal channels, occurs if β < 1. The 

interchange between the two channel types is more probable in this case. 
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Figure 4.24 The correlated movement parameter calculated from eq. (4.6) vs. the 

loading. 

 

 Figure 4.24 visualizes the computed β as a function of the 

loading at the two temperatures. The β’s for almost all concentrations and 

temperatures are higher than 1, indicating preferential continuation-diffusivity of  the 

water molecule in the same silicalite-1 channels. This is in good agreement with 

examinations for xenon and alkane molecules in silicalite-1 in which β = 1.2 and 1.3 

have been detected.160  However, as the changes of the β’s as functions of loading 

and temperature observed in the present paper are within the fluctuation limit, 

relations between these variables cannot be concluded.  

 The fact, the continuation-diffusivity preferred by non-polar 

molecules in comparison to polar molecules in silicalite-1, can be due to the diffusion 

of a polar molecule is stronger influenced by its interaction with the silicalite-1 inner 

surface. Polar molecules are expected to approach closer to the channel wall as non-

polar ones. Therefore, when a molecule gets into an intersection from a channel of 

type A, it expects to take the closest pore - which belongs to the other type of channel, 

B (pores to the same type of channel are almost on the opposite side of the 

intersection) for continuation diffusion. This leads directly to decrease probability of 
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taking the same channel type for the polar molecule, i.e., β for polar molecules is 

lower than that of non-polar molecules. 
 

4.4.2. Methane/silicalite-1 

Similar to the water system, the simulations were conducted in the 

canonical statistical ensemble (NVT), at 298 K and various concentrations, nld ranged 

from 1 to 4 molecules per intersection, equivalent to 4 – 32 molecules per simulation 

cube, respectively. Newton’s equations of motion were integrated with the Verlet 

algorithm, with a time step of 1 fs. To stabilize the system, thermalization has been 

applied within the first 10 ps. Another 10 ns were conducted in which the trajectories 

were collected and self-diffusion coefficients as well as radial distribution functions 

were evaluated. The methane-methane interaction model recently developed by 

Rowley and Pakkanen96 at the MP2 level, has been used while the methane/silicalite-

1 model was newly developed, (section 3.2.2) by fitting 150 MP2 methane/silicalite-1 

interaction energies into an analytical form. 
 

4.4.2.1. Structural properties:  

• Silicalite-methane radial distribution functions 

o Average RDF for all channels 

To investigate structural data of methane molecules via 

diffusion in zeolite silicalite-1, the radial distribution functions (RDFs) from surface 

oxygen atom (OS) to methane carbon atom (C) have been calculated. The RDFs as a 

function of loadings, nld at 298 K have been plotted in Figure 4.25. 

The RDFs at all loadings display first sharp maxima 

around 4.2 Å, and second broad peaks centered at 5.8 Å. This could also be explained 

as in the water cases, due to the cylinder-like structure with the diameter of 8.2 Å of 

silicalite-1 channels, methane molecules lied under this first maximum can be 

assigned to those moving along central line at the center of the tube. Hence, it can be 

concluded that central line is the optimal path for both methane and water (nld ≤5) 

molecules to travel along the silicalite-1 channels.  

In consistence with other works,74,72 the plots show 

the other 2 peaks at approximately 6 Å and 8 Å. The first one corresponds to the 

distance from OIt to the methane molecule lying in the sinusoidal channels, and vice 

versa where OIt denote oxygen atoms in the intersection channel. For the other peaks 
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at 8.3 Å, they represent the distance from oxygen surface of sinusoidal channels to 

methane molecule in the straight channels, and vice versa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25 OSC Radial distribution functions (RDFs) at various loadings of the 

methane molecule in silicalite-1, nld from 1 to 4. 

 

o Separated RDF for each channel  

To understand more details of the methane behavior in 

different channels, the RDFs from the oxygen surface of each channel to all carbon 

atoms of methane molecules have been evaluated. The results are given, as examples 

only for nld = 1 and 4, in Figures 4.26 where the notation the OIt, OSt and OSd were 

defined as those in Figure 4.19. The following conclusions can be extracted from the 

plots. 
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 Figure 4.26 RDFs of OIt, OSt, OSd to the methane molecule where filled and unfilled 

symbols referred to nld =1 and 4; the symbols defined as those in Figure 4.19. 

 

The plots are concentration independent. The three main 

peaks, which are found for the average RDFs, still remained in the separated ones. 

The sharp first peaks at 4.2 Å for all separated RDFs confirm preferential movement 

along the central axis of each channel. In terms of the peak height, which give the 

information about the probability of finding methane molecules residence in the 

investigated channel, the detected order is that the methane molecule spends more 

times in the intersection than those in the two channels of sinusoidal and straight. It is 

interesting to be noted that sinusoidal channels are as preferable as straight channels 

for methane molecule occupation. This corresponds to the energy data derived from 

both ab initio calculations, and, the potential energy surface in which interactions 

between methane and the sinusoidal or straight channels are no significant difference. 

(See detail section 4.3.2).  
 

• Methane-methane radial distribution functions 

To get some insights into structured data of methane molecules 

inside the channels, the RDFs from carbon to other carbon atoms of methane 

molecules at various loadings have been calculated and illustrated in Figure 4.27.      

r/Å 

g(r) 

                                        

                                        

                                        

                                        

                                        

                                        

0 2 4 6 8 10
0

1

2

3

 

 

 

 



 

 

102

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 Carbon-carbon radial distribution functions (RDF), g(r) for methane 

molecules in silicalite-1 at nld = 1 – 4.  
 

Before going into detailed structural properties of methane, the 

distances between the channels have been visualized in Figure 4.28.72 The distance 

from any intersection to center of the adjacent straight, sinusoidal, and intersection 

channels are around 4 Å, 6 Å, and 10 Å, respectively, while that from center of any 

straight channel to center of another adjacent sinusoidal channel is approximately 8 Å.  

The radial distribution functions of the centers of mass of methane at various loading 

according to ref. [72] have been in addition given in Figure 4.29 for discussing.   

 

 

 

 

 

 

 

 

 

 

Figure 4.28 Schematic representations of distances at various channels in silicalite-1  
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As a function of loading, the distinct changes of the methane-

methane structure have been observed. At adequate high loading the methane 

molecule (nld = 4), the plot shows a first sharp peak (RM1) at 5.4 Å with a first 

minimum (rm1) at 6.6 Å, as well as a second sharp peak at 7.4 Å, followed by the 

shoulder at 8.6 Å. However, there is no particular tendency detected, for the decrease 

of the concentration. At a loading of 2, the apparent RM1 at 6.4 Å as well as rM1 at 8.2 

Å is established. In striking to these distinct peaks, the broaden peaks have been found 

at nld = 1 and 3, the established shoulder at 5.1 Å with RM1 at 6.3 Å and the ensuing 

boarded peak at 6.4-6.5 Å have respectively been demonstrated. The detected 

distances agree, somehow, with those exhibited peaks in Figure 4.28. Note that the 

distances in Figure 4.28 are from center to center of channels. In practice, the guest 

molecules are able to move covered broad regions in the channel with changes of its 

potential energy within thermal fluctuation, kT ≈ 0.6 kcal.mol-1 at room temperature 

(k denotes the Boltzmann constant). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.29 Radial distribution function (RDF) of the centers of mass of the methane 

molecules at various loadings taken from ref. [72]. 
 

The plots show pronounced increasing peaks at about 4 Å as a 
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performed in ref. [72] concerning an appearance of the first C-C peak at 4 Å for low 

concentration, for example nld = 1 and 0.5. As it is comprehended that sinusoidal 

channels of silicalite-1 is preferential for sitting residence72 for methane. Therefore, 

at the concentration lower than 1 methane per intersection, methane molecule should 

not available in the intersection and straight channels at the same time, i.e., the C-C 

peak at 4 Å is expected to disappear. This is the reason why the authors72 perform 

simulations at nld = 0.5. This matter is not yet understood. The only possibility, which 

leads to this discrepancy, is an artifact due to the methane/methane and 

methane/silicalite-1 pair potential functions. Note that all available methane/silicalit-1 

data are based on the force-field parametizations. The methane/methane potentials 

used in all previous simulations are also the force field ones, although the ab initio 

fitted models are also available. 

Considering the recent structural results using the MP2 

interactions for both methane/methane and methane/silicalite-1 shown in Figure 4.27, 

the characteristic of the plot for nld = 4 is comparable to that obtained from the 

simulations using force field potential,72,74 except the second peak of the present 

study is much pronounced. The decrease of the methane concentration, the first peak 

is shifted to about 6.5 Å while that at 5.4 Å is disappeared for nld = 3 and nld = 2. 

However, a decrease of the first peak at 6.5 Å, in comparison to those of nld = 2 and 3, 

are not yet understood. 
 

4.4.2.2. Dynamical properties 

• Self-diffusion coefficients 

  Similarly to water/silicalite-1 system, the self-diffusion 

coefficients have been calculated from the particle displacements related to the 

moments of the propagator.102,103,104 
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Figure 4.30 The self-diffusion coefficients as a function of loading, nld at 298 K 

(Fritzsche et al. simulates using various available models).  
 

 The self-diffusion coefficients of the methane molecules as a 

function of the loading, varying from 1 to 4 molecules per intersection, at 298 K are 

shown in Figure 4.30. Experimental values by PFG NMR measurements since 1985 at 

the same concentrations have been also given for comparison. The other diverse 

simulated self-diffusion coefficients64,66,68,72,74,75,162 carried out by various groups 

have also been given. However, the recent work using various available 

methane/silicalite-1 models with 10 ns evaluation length, by Fritzsche et al.85 shows 

the outmost values from the experiment in a fluctuation range, closed to the values 

carried out from this work, while MM2 diffusion coefficients are in excellent 

agreement that of experimental values. However, the explanations for those 

discrepancies could be due to the intermolecular potential functions used, as well as 

the lengths of the production time. Although, the results for all loading from this study 

are slightly lower than other works. However, all data shown in Figure 4.30 are in 

satisfactory agreement to each others. As a function of loading, the results from all 

works are almost linearly decreasing. 
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• Anisotropic effect 

Due to such three-dimensional channels in silicalite-1, the 

diffusion is anisotropic as discussed first for water system in section 4.4.1.2. 

However, in order to get a prompt idea the β values have again defined; β = 1, if a 

correlation role is valid; β > 1, preferential continuation of diffusion path; β < 1, 

interchanging between straight and sinusoidal channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31 The correlated movement parameter (β) calculated from eq. (4.6) as a 

function of loading nld. 
 

 Figure 4.31 visualizes the computed β as a function of the 

loading. In good agreement with other works,66,68,72,74,75,162 most of the β values 

are higher than 1, indicating a preferential continuation-diffusivity of  the methane 

molecule. However, at nld =1 and 4, the βs are considerably larger than others. As 

discussed in section 4.4.1.2 in comparison with those of water molecule, the βs for 

methane as well as other hydrocarbons are larger that those from water. This confirms 

that dipole molecule prefer more to switch the diffusivity paths but not for non-polar 

molecule.202  
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CHAPTER 5 
 

CONCLUSION 
 

The three scheme investigations, quantum chemical calculations, molecular 

dynamics simulations and pulse field gradient nuclear magnetic resonance 

measurements have successfully been used in order to evaluate the diffusion 

phenomena of water and methane molecules in silicalite-1. The results are 

summarized below. 

 

5.1. Binding and Encapsulation of Water 

Changes of water/silicalite-1 interactions, when water molecule moves 

along the translation axis through the center of a window of the silicalite-1, have been 

proposed.  

The energy barrier for the water molecule to enter the pores via the single, 

double and intersection rings are respectively 1.62, 0.67 and 1.28 kcal.mol-1. The 

barrier of about 1.9 kcal.mol-1 is required to cross from zigzag or straight channels to 

intersection channels. The encapsulation or stabilization for water molecule in the 

silicalite-1 pore is –3.9 kcal.mol-1, and the preferential location is in the intersection 

part. Additionally, it was also found that a water molecule enters and leaves the pores 

by pointing its dipole vector towards the center of the cavity. 

 

5.2. Ab initio Fitted Potentials 

The novel water/silicalite-1 and methane/silicalite-1 interaction models 

have been formulated on the basis of quantum calculations at the Hartree-Fock and 

secondary order Møller Plesset levels. The rather large fragments of silicalite-1 

fragments consisting of 20, 52 and 64 heavy atoms (oxygen and silicon atoms), in 

which the chemical compositions are O10Si10H20, O30Si22H44 and O35Si29H58 have 

been used to represent the bottle neck (single 10-oxygen-membered ring), the straight 

or zigzag channel (double 10-oxygen-membered ring), and the intersection channels, 

respectively. The intermolecular potential functions have been represented by fitting 

ab initio data of 1,032 water and 150 methane configurations. The outstanding 

features of these functions are their ability to classify guest-framework interactions in 
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different channels as well as the orientations of guest molecule which are not possible 

in the previous works.  

 

5.3. Dynamical and Structural Properties of Water 

Series of molecular dynamics simulations have been performed in order to 

examine changes of structural and dynamical properties of water molecules in 

silicalite-1 as a function of temperatures and loadings. The ab initio fitted silicalite-

1/water potential which is newly developed and the BJH flexible water/water 

potential have been employed. The water loading was varied from 1 to 8 water 

molecules per intersection, equivalent to 8 to 64 molecules per simulation cube. The 

simulations have been carried out at 298 and 393 K. The results show that the water 

structure inside the silicalite-1 cages changes dramatically as a function of loading. 

The probability of water molecules to reside in the straight channel is always higher 

than that to find them in the sinusoidal channels. The formation of water clusters has 

been detected for high loading. The observed clusters display pure water like-

structure. It is named “low density cluster” due to the following reasons: (i) The 

cluster consists of 5 water molecules (4 in the first hydration shell of the central one) 

which is consistent with that of pure water; (ii) Molecules in the cluster are not 

coordinated together via hydrogen bond. The radius of the first hydration shell of 3.35 

Å is 0.5 Å longer than that of pure water; (iii) Molecules in the cluster are less flexible 

than those of pure water.  

In terms of dynamical properties, for low loadings a preferential diffusion 

path for sufficiently low loadings is observed along center of the channel tube. The 

water molecules were detected to diffuse closer to the surface when the concentration 

is higher than 6 molecules per intersection. The diffusion coefficient (D) of water 

decreases when the concentration increases. The D values for all concentrations at 

393 K are higher than those of 298 K. The temperature dependence almost disappears 

at a loading of 8 water molecules per intersection. In addition, the anisotropic 

diffusion is less pronounced for water in silicalite-1 in comparison to that of non-polar 

molecules 
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5.4. Dynamical and Structural Properties of Methane 

In the same manner of water, series of molecular dynamics simulations of 

methane molecule in silicalite-1 have been performed in order to examine changes of 

structural and dynamical properties when the concentration increases. The MP2 ab 

initio fitted silicalite-1/methane potential, which is newly developed and the MP2 

rigid methane/methane potential have been utilized. The methane loading was varied 

from 1 to 4 water molecules per intersection, equivalent to 8 to 32 molecules per 

simulation cube. The simulations have been carried out at 298 K. The results show 

that the methane structure inside the silicalite-1 cages changes dramatically as a 

function of loading, similar to water/silicalite-1 system. In addition, a probability of 

methane molecules to reside in the intersection at all loadings is always higher than 

that in the sinusoidal or straight channels. A transition of the methane-methane radial 

distribution function takes place when concentration increases. This event has never 

detected when the force-field model has been applied. The anisotropic diffusion 

parameter beta displays a fluctuation at nld = 1, and 4.  
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Quantum chemical calculations at the Hartree-Fock and MP2 levels have been performed to investigate water-
silicalite interactions as well as the energy barrier and water orientations during diffusion into and in silicalite.
Experimental geometries of water and silicalite have been used and kept constant throughout. The silicalite
crystal structure has been represented by three fragments consisting of 20, 52, and 64 heavy atoms (oxygen
and silicon atoms). Calculations have been performed using extended 6-31G and 6-31G* basis sets with
BSSE (basis set superposition error) corrections. The results indicate obviously how the water molecule moves
and turns via diffusion through the center of the silicalite pore in order to find the optimal route. The energy
barriers for the water molecule to enter the pore and to diffuse from one channel to another have been clearly
examined. The most stable binding site inside the pore is to be encapsulated in the intersection channel. It
was also found that a water molecule enters and leaves the pores by pointing its dipole vector toward the
center of the cavity.

1. Introduction

Zeolites1,2 are outstanding among the interesting materials
for chemical science and technology for their special charac-
teristics and multifarious uses. Their active sites appear on the
microporous inner wall positions. The size of the micropore or
cavity plays an important role in the selectivity process. The
widespread and diverse uses of zeolites are as catalysts and
molecular sieves in the chemical industry and as ion exchangers,
in particular as absorbents in detergents.3-5 Diffusion phenom-
ena,6 which are the basis of those applications, lie in the
adsorption and the transportation processes.7,8 Interest in the
water-zeolite interaction arises from the fact that water plays
strong and essential roles for both absorption and catalytic
properties of zeolite,9,10 as it is known that all natural zeolites
are hydrated. In addition, water molecules facilitate the exchange
of the charge-compensating cations, which are essential for the
industrial catalysts. Therefore, understanding the water-zeolite
interactions as well as the behavior of water in zeolite, especially
in relation with the zeolite structure, would lead to rapid
development of the knowledge in this field, and hence of the
application of the zeolites.

According to our best knowledge, the only available data on
the water-silicalite interactions are the experimental measure-
ments by Flanigen et al.11 and Vigne-Maeder et al.,12 who
reported the initial isostatic heat of adsorption of 6 kcal mol-1

and the mean heat of adsorption of the first four water molecules
of 9.6 kcal mol-1, respectively. Vigne-Maeder et al. have also
calculated the water-silicalite potential map in which the
average energy is expressed as a sum of electrostatic, polariza-
tion, dispersion, and repulsion interactions between the atom
pairs. The various atomic parameters for the first term are the

ab intio results, whereas those of the other terms are empirical.
The calculations yield an average water-silicalite interaction
at 300 K of -12.5 kcal mol-1 and the approximate energy
barrier via diffusion through the intersection between the straight
and the zigzag channels of the silicalite of 8 kcal mol-1.
However, it has been mentioned that the calculated results are
very sensitive to the experimental geometry of the silicalite used.

The aim of this study is to use quantum chemical calculations
at the Hartree-Fock (HF) and MP2 levels to determine the
water-silicalite interactions in order to understand the water
orientation, preferable binding sites and energy barrier during
the movement into and in the silicalite pores. This framework
is the dealuminated analogue of the zeolite type ZSM-5.

2. Calculation Details

2.1. Representation of the Silicalite.The silicalite structure
is characterized by two types of channels whose symmetry group
is Pnma. The crystallographic cell13 contains 288 atoms, namely
96 Si and 192 O, with cell parametersa ) 20.07 Å,b ) 19.92
Å andc ) 13.42 Å. It is clear that the system consisting of all
atoms in the unit cell does not allow the use of quantum
chemical calculation, even with a small basis set because of
the unreasonable computation time that would be required.
Therefore, the silicalite crystal structure was represented by the
three fragments (Figure 1b-d), namely single, intersection, and
double rings. The sinusoidal and main parts of the straight
channels of the crystal (Figure 1a), in which the inner surfaces
are almost identical, were represented by the double 10-oxygen-
membered ring (Figure 1d). This fragment (mentioned later, for
simplicity, as the double ring) consists of 30 O and 22 Si atoms.
The larger fragment (35 O and 29 Si atoms) containing both
parts of the sinusoidal and straight channels was used to
represent the intersection and so-called intersection ring (Figure
1c). Note that the remaining valence orbitals of the silicon atoms
of both fragments are then filled up by the hydrogen atoms.
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To investigate the energy barrier for diffusion from the
intersection to the straight or to the sinusoidal channels, the
water-silicalite interaction in the linked domain has been also
calculated. The selected fragment is the 10-oxygen-membered
ring (Figure 1b). This fragment, called the single ring, contains
10 O, 10 Si and 20 H atoms.

2.2. Configurations of the Water Molecule. Numerous
configurations of water molecules have been generated, varying
over -5.0 Å e L e 5.0 Å, 0° e φx e 360°and 0° e φy, φz e
180°owing to its symmetry, whereL is the distance between
the oxygen atom of water and the origin of the coordinate system
andφx, φy, andφz denote rotational angles around thex, y, and
z axes, respectively. The rotational steps are∆φx ) ∆φy ) ∆φz

) 15° while the translation step is∆L ) 1 Å. The origin of the
coordinate system for each fragment is the average of the
positions of all oxygen atoms lying on the 10-oxygen-membered
rings. The translation ory axis is defined as a vector pointing
through the origin and perpendicular to the plane defined by
the window of each channel. Then, thez axis is parallel to the
vector pointing from O6 to O1 (labeled on the rings shown in
Figure 2). Positive or negative distances are determined from
the origin to the oxygen atom of the water molecule along the
positive or negative translation axis, respectively.

To search for the optimal binding sites both outside and inside
the windows, interactions between water and silicalite for each
fragment in the four configurations shown in Figure 2 have been
calculated. The out-of-plane (Figure 2a-b) and in-plane (Figure
2c-d) configurations are assumed to represent the binding of
water to the silicalite framework before and after entering the
channels, respectively. For the double hydrogen bond (2HB)
configurations (Figure 2b,d), the two O-O distances (rOO) were
simultaneously optimized. Inside the pore (Figure 2c,d), the
molecular plane of the water molecule was kept parallel to the
plane of the 10-oxygen-membered ring (the window plane). For
the out-of-plane configurations (Figure 2a,b), we additionally
optimized anglesy′-O6-Ow (R) as well as rotation around
the H1-Ow bond of water for the single hydrogen bond (1HB)
system (Figure 2a), where vectory′ is perpendicular to the
window plane at O6, Ow denotes the oxygen atom of water,
and the H1-Ow vector points to O6.

2.3. Quantum Chemical Calculations.Ab initio calculations
at the HF and the MP2 levels have been performed for the

water-silicalite system using extended 6-31G and 6-31G* basis
sets.14,15Experimental geometries of water16 and silicalite13 have
been used and kept constant throughout. An error due to the
imbalance of the basis set, basis set superposition error (BSSE),
has also been examined and taken into consideration. All
calculations were performed using the G98 program.17 All
optimizations have been done using the HF method with the
6-31G* basis set with BSSE corrections.

3. Results and Discussion

3.1. Optimal Basis Set, Optimal Method, and Optimal Size
of the Fragment.To examine discrepancies due to the method
of calculation and the size of the basis set as well as BSSE, the
water-silicalite interactions have been calculated for the
frameworks of single and double rings using HF and MP2
methods and 6-31G and 6-31G* basis sets with and without
BSSE corrections. The calculated results are plotted in Figures
3 and 4.

Figure 3 shows the HF interaction energies between water
and silicalite in the double-ring framework, calculated using
the 6-31G and 6-31G* basis sets. Both plots exhibit a local
minima atL ) -1.0 Å (L was defined in section 2.2) and the
most attractive minimum atL ) 4.0 Å. The interaction energies
obtained from the two basis sets are significantly different,

Figure 1. Schematic representations of the (a) silicalite crystal
structure, (b) linked domain, (c) straight and sinusoidal channels and
(d) intersection channel (for more details see text).

Figure 2. Schematic representations of the binding of water molecule
(a)-(b) outside and (c)-(d) inside the silicalite channels (for more
details see text).

Figure 3. Interaction energy versus water-silicalite distance, calculated
using HF method with the 6-31G and 6-31G* basis sets without BSSE
corrections for the double-ring framework and a water molecule lying
on the translation axis as shown in Figure 2 (for more details see text).

3410 J. Phys. Chem. B, Vol. 105, No. 17, 2001 Bussai et al.



especially in the repulsive and attractive regions where|L| g 2
Å. As the difference in the interaction energy in both regions is
around 100%, it is known that a smaller basis set could be less
accurate than a larger one. We therefore conclude that the
6-31G* basis set is substantially more reliable than 6-31G for
the investigated system.

Figure 4 displays calculated results for both frameworks,
single and double rings, using HF calculations and the 6-31G*
basis set with and without BSSE corrections. For the MP2
method, the requirement of computational time for the double
ring is not affordable; therefore, the calculations have been
performed only for the framework of the single ring, with and
without BSSE corrections, and these results are also shown in
Figure 4a. It is seen in both figures that there is a rather high
error due to the BSSE for both HF and MP2 methods in terms
of the interaction energy. For instance, HF and MP2 values at
the most attractive region for both single- and double-ring
systems amount to an error of about 40% and 100%, respec-
tively. Dependence of the calculated results on the method used
can be understood from Figure 4a. The interaction energies
including correlation effects based on the MP2 approximation
are more stable than those from the HF method. After the
correction for BSSE, the effect of the electron correlation is
almost negligible, i.e., no significant differences were found
between the interaction energies obtained from the two methods
for any distance. Another clear conclusion is that although
interaction energies from both HF and correlated MP2 methods
for single- and double-ring systems suffer from BSSE errors,

the two methods are in very good agreement in predicting the
geometry of the complex. Note that the difference in the distance
to the energy minimum for the frameworks of single (L ) 2.0
Å) and double (L ) 4.0 Å) rings are due to different definitions
of the origins of the two systems (see section 2.2).

The above observations suggest that correlation methods and
BSSE corrections do not play a role regarding the predicted
geometry of the system. However, to increase the reliability of
the derived interaction energies, all data points reported in this
study are the results of HF calculations with BSSE corrections.

In addition to the above results, Figure 4 also contains
information on the optimal size of the fragment, which is used
to represent the silicalite. Taking into account the definition of
the origin, the difference in the optimal interaction energies
taking place at 2.0 and 4.0 Å for the frameworks of single and
double rings, respectively, is almost negligible. This fact is valid
for the results obtained both before and after BSSE corrections.
For instance, the interaction energy after the BSSE correction
at L ) -3.0 Å for the framework of single ring and atL )
-5.0 Å for that of the double ring are almost identical (about
1.5 kcal mol-1). The corresponding values before the BSSE
correction for the single and the double rings are 1.0 and 0.7
kcal mol-1, respectively. Therefore, a clear and useful conclu-
sion is that the framework of a single 10-oxygen-membered
ring is already large enough to represent the silicalite crystal
structure in the investigation of the water-silicalite interaction
energy.

3.2. Optimal Diffusion Route. (i) Diffusion through the
center of the window. On the basis of the conclusions of section
3.1, HF calculations with the 6-31G* basis set and BSSE
correction have been carried out for the three fragments. For
each system, numerous water-framework configurations have
been generated by varyingL, φx, φy, and φz as described in
section 2.2. Results for four main routes defined by the{∆φx,
∆φy, ∆φz} coordinates of{0, 0, 0}, {0, 90, 0}, {180, 0, 0}, and
{180, 90, 0} have been displayed in Figure 5. The optimal route,
in which the energy minimum for each distance takes place,
has been also given for all plots. The areas inside the pores for
the three fragments have been estimated and labeled as the
regions between the two vertical-dot lines (Figure 5a,c). These
ranges for the single, double, and intersection rings are-0.5 Å
e L e 0.5 Å, -1.5 Å e L e 1.5 Å, and-2.5 Å e L e 2,5 Å,
respectively.

The plots for all fragments indicate clearly how the water
molecule moves and turns via diffusion along the translation
axis (Figure 2) through the center of the channel. The water
molecule starts to interact with the window of the silicalite at
a long distance, far from the molecular center. The preferred
configuration at this distance is to point its dipole vector toward
the center of the pore (graphs 3 and 4 for all plots of Figure 5).
Then the water molecule leaves the pore by pointing its dipole
vector toward the center of the channel (graphs 1 and 2). In
addition, the interaction energy in the region around center of
the pore of the intersection ring (Figure 5c),-1.0 Å e L e 3.0
Å, is strongly orientation dependent. It is interesting to note
here that the energy gap between two plots of parallel dipole
moments, graphs 1 and 2 or graphs 3 and 4 as shown in Figure
5b, is higher than that seen in Figures 5a and 5c. This leads us
to conclude that the energy barriers for the rotation around the
dipole axis of the water molecule in the straight and the
sinusoidal channels (represented by a double ring) are higher
than those of the intersection channel and the linked domain.

It can be also seen from Figure 5 that the diffusion of a water
molecule along the translation axis through the center of a

Figure 4. Interaction energy versus water-silicalite distance, calculated
using the HF method with the 6-31G* basis set with and without BSSE
corrections for the frameworks of (a) single and (b) double rings and
a water molecule lying on the translation axis as shown in Figure 2.
Results obtained from the MP2 calculations for the framework of a
single ring with and without BSSE corrections are also given for
comparison (more details see text).
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window of the silicalite is a kind of rolling movement. The
molecule must move and turn in order to find the optimal route
(bold-solid lines in Figure 5a,c). As the energy fluctuation on
the optimal route for the double ring (Figure 5b) is much lower
than those of the other fragments. Change of the interaction
energies during the diffusion into and in the channel along the
optimal route is within thermal fluctuations at room temperature,
which amounts to about 0.6 kcal mol-1. This led to a clear
conclusion that the motion of a water molecule in the straight

and the sinusoidal channels is rather smooth compared to that
in the linked domain and the intersection channel.

(ii) Diffusion along the Inner Wall.Another possible pathway
for the water molecule to diffuse in the silicalite channel is to
attach to a specific binding site on the window, then enter the
pore, find the next binding site, and move from one site to
another along the inner wall of the channel. Such information
can be calculated using the supramolecular approach as de-
scribed in detail in section 2.3 and as schematically displayed
in Figure 2. The obtained optimization energies and correspond-
ing distances are summarized in Table 1.

The following information can be extracted from the interac-
tion data given in Table 1: (I) The most stable binding site for
the water molecule before entering into the silicalite channel is
to coordinate to the oxygen atom of the linked domain to form
a single hydrogen bond outside the pore (Figure 2a). The
corresponding interaction energy of-2.61 kcal mol-1 is
comparable to those when a water molecule moves along the
optimal route (Figure 5a). Therefore, the water molecule can
enter the pore via the linked domain either by using the optimal
route at the center of other pore or by binding to the window
as a single hydrogen bond. The situations are different for the
double and the intersection fragments. To enter the pore through
the optimal route is much more favorable than when the
molecule binds to the framework. (ii) To bind to the inner wall,
the interaction energies obtained from the three fragments
fluctuate within a thermal limit at room temperature. This
implies no preferential binding site for water molecule in the
inner wall of the silicalite pores. The observed result supports
the fact that the silicalite channel is hydrophobic. (iii) The
interaction energy between the water molecule and the inner
wall as mentioned above is less attractive compared to that when
the water molecule moves along the optimal route through center
of the pore (Figure 5). These data indicate clearly that the
diffusion in the silicalite pore takes place via the optimal route
(Figure 5).

3.3. Energy Barrier to Enter the Channel. The energy
change (∆Enet) for a water molecule to enter the silicalite channel
is simply defined as the difference between the most stable
water-silicalite interaction energies inside (∆Ein

min) and outside
(∆Eout

min) the pores. According to our model, the possible
pathways for entering the single fragment are either to bind to
the framework first or to move along the optimal route via the
central line; only the second pathway is preferable for the double
and the intersection fragments. However, the most stable
interaction energy to bind a water molecule to the single ring
outside the pore (Figure 2a) of-2.61 kcal mol-1 is higher than

Figure 5. Interaction energy versus water-silicalite distance, calculated
using the HF method with the 6-31G* basis set and BSSE corrections
for the frameworks of (a) single, (b) double, and (c) intersection rings
and a water molecule lying on the translation axis in the configurations
given in the insert;l ) {0,90,0}; n ) {0,0,0}; s ) {180,0,0}; t )
{180,90,0}. The bold solid-lines represent the optimal route. An area
between the two vertical dot-lines is estimated to be inside the pore
(more details see text).

TABLE 1: Optimal Binding Distance ( rOO in Å), Angle (r in
Degree), and Interaction Energy (∆E in kcal mol-1)
Obtained from the Geometry Optimization Using 6-31G*
Basis Set with BSSE Corrections for the Water-Silicalite
Complexes in the Four Configurations (a), (b), (c), and (d),
which Corresponds to Those Shown in Figures 2a-d,
Respectively

configuration fragment
single
ring

double
ring

intersection
ring

(a) rOO 3.93 3.91 3.48
a 79.9 47.5 101.3

∆E -2.61 3.67 -0.35
(b) rOO 3.64 3.66 3.52

a 60.3 52.8 96.4
∆E -1.32 -1.02 0.84

(c) rOO 3.42 3.51 3.59
∆E 0.34 -0.95 -0.4

(d) rOO 3.69 3.60 3.83
∆E -0.81 -0.98 -1.04
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that to move the molecule along the optimal route of-3.58
kcal mol-1 taking place atL ) -1 Å (Figure 5a). Therefore,
the energy change and the energy barrier for all fragments have
been calculated only when a water molecule moves along the
optimal route. The results are summarized in Table 2.

The maximum of the interaction energy (∆Emax), which lies
between the∆Ein

min and ∆Eout
min on the optimal route, suggests

how easily a water can enter the pore via this pathway. The
energy barrier (∆Ebarrier) for the water molecule to enter the pore
can then be expressed as∆Emax - ∆Eout

min, resulting in the
values of 1.62, 0.67, and 1.28 kcal mol-1 for the single, double,
and intersection rings, respectively.

The energy data in Table 1 indicate clearly that the energy
barrier of about 1.5 kcal mol-1 is required to drive the water
molecule to enter the pore of the silicalite, the linked domain
(represented by the single ring) and the intersection channel
(represented by the intersection ring). The situation is different
for entering the straight and the sinusoidal channels (represented
by the double ring), i.e., a water molecule enters these channels
via the optimal route without energy barrier (0.6 kcal mol-1 is
within a thermal fluctuation of room temperature).

In terms of energy change, the∆Enet, which defines as
∆Ein

min - ∆Eout
min (Table 2) indicates clearly that entering the

linked domain and the intersection channel are endothermic and
exothermic processes, respectively. On the other hand, the
energy change for this process is almost zero for the straight
and the sinusoidal channels.

3.4. Energy Barrier to Diffuse across the Channels.To
investigate the energy barrier for a water molecule to diffuse
from one to another channel inside the silicalite, the most stable
interaction energies for encapsulation of water molecules in the
three channels, shown in Table 1, are considered and the
diffusion process is schematically drawn in Figure 6. The small
barrier takes place only when a water molecule crosses the
linked domain, which is represented by the single ring (Figures
1a and 1b) to and from the intersection channels. The energy

requirement of 0.96 kcal mol-1 is equivalent to a temperature
of about 450 K. This value is much less than that of 8 kcal
mol-1 obtained from the development of the water-silicalite
potential map using an empirical method.12

Some comments can be made concerning the encapsulation
energy shown in Table 1, in which the most stable position takes
place in the intersection channel. This observation is different
from that reported theoretically for the light alkane molecules,
which stated that they bind more strongly in the straight or
sinusoidal than in the intersection channels.18-23 Therefore, it
is suggested by these results that the degree of hydrophobicity,
typical character of the silicalite, of the intersection channel is
less than those of the other channels. In addition, our value for
the encapsulation energy of the water molecule in the silicalite
pore of-3.9 kcal mol-1 is much higher than the expermental
value of -9.6 kcal mol-1 and the calculated value of-12.5
kcal mol-1 reported by Vigne-Maeder et al.12 However, it should
be noted here, therefore, that the two values given in ref. (12)
are too strong to represent the interaction energy between a polar
molecule such as a water and the hydrophobic channels of the
silicalite. This statement was supported by the simulation results
published recently by Takabe et al.24 The simulated results for
the water-methanol mixture in the silicalite membrance show
that no water molecule diffuses into the silicalite pore. Adsorp-
tion takes place only with the silanol groups on the external
surface. Therefore, a strongly experimental heat of adsorption
is a consequence of the adsorption on the surface but not in the
hydrophobic micropore of the silicalite. However, preliminary
result by Kärger25 using PFG-NMR measurement indicates the
diffusion of water molecule in the silicalite micropore at high
temperatures.
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Abstract

Molecular dynamics simulations of water diffusion in silicalite-1 are reported. The simulations are carried out using an
ab initio fitted silicalite-1–water potential based on quantum chemical calculations. In addition, preliminary results of pulsed
field gradient (PFG) NMR diffusion measurements of water and small alkane molecules in silicalite-1 samples are presented.
Pre-adsorption of water in silicalite-1 samples was found to change the intra-crystalline diffusivities of small alkane molecules
in silicalite-1. This is interpreted as an indirect evidence that under our experimental conditions water molecules occupy a
significant part of the silicalite-1 channel system. The preliminary results of the PFG NMR diffusion measurements of water
in silicalite-1 samples are discussed in terms of the contributions of extra- and intra-crystalline water to the measured signals.
An-order-of magnitude agreement between the measured and the simulated intra-crystalline diffusivities of water in silicalite-1
is obtained. © 2002 Elsevier Science B.V. All rights reserved.

Keywords:Diffusion coefficient; Silicalite-1; Water; Ab initio fitted potential; Molecular dynamics; PFG NMR

1. Introduction

Zeolites have found applications in various fields
of industry as catalysts and molecular sieves[1–3].
Unlike conventional, high-aluminum-content zeolites,
silicalite-1 possesses a channel system, which can be
regarded as cation-free. Silicalite-1 is widely used to
separate paraffin or aromatics from water or other po-
lar solvents as well as to sieve the molecules having
different shapes[4–6]. Owing to low aluminum con-
tent, the affinity of this zeolite-to-water is weak. Ear-
lier measurement of water diffusion in pentasil zeolites
have been published[7], but there are experimental in-
dications that water molecules can, at the best, occupy

∗ Corresponding author.

only a part of the available pore volume of silicalite-1
crystals[8]. The presence of defect sites, such as hy-
droxyl groups on the surface of the silicalite-1 chan-
nels, may significantly affect the adsorption of water
molecules[8].

In this paper, we report the results of molecular dy-
namics simulations of water diffusion in silicalite-1.
We also present here the first, preliminary results of
pulsed field gradient (PFG) NMR measurements of
water diffusion in samples of silicalite-1. In addition,
PFG NMR diffusion measurements of ethane, propane
and n-butane in water-free samples of silicalite-1
and in silicalite-1 samples with pre-adsorbed wa-
ter are reported and discussed. The latter measure-
ments were performed in order to study the influence
of pre-adsorbed water on the diffusion of alkane

0926-860X/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
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molecules in silicalite-1. An experimental detection
of such an influence can be regarded as an indirect
evidence that water molecules occupy a significant
part of the silicalite-1 channel system.

2. Molecular dynamics simulations

2.1. Methodology and the used ab initio fitted
potential

To obtain the self-diffusion coefficient by means of
a theoretical approach, molecular dynamics simula-
tions [9,10] have been performed at 298 and 393 K.
Simulations have been carried out with a time step
of 0.5 fs with a MD box consisting of two silicalite-1
unit cells. The system has been examined at a con-
centration of two water molecules per intersection
corresponding to 16 water molecules per MD box and
experimentally equivalent to water–silicalite-1 mass
ratio (w/s) of 24 mg g−1. Before starting evaluations
each system was thermalized for 0.5 ps. Some trial
calculations with longer thermalization showed no dif-
ference in the diffusion coefficients within the range
of fluctuations. The evaluation part of the MD runs
corresponded to trajectory lengths of 10 ns. There was
no thermalization during the evaluation part of the
run. Periodic boundary conditions have been applied.
The silicalite-1 crystal structure used in this study
is characterized by the two types of channels and
belongs to the “Pnma” symmetry group. The crys-
tallographic cell[11] (Si96O192) contains 288 atoms
with lattice parametersa = 20.07 Å, b = 19.92 Å and
c = 13.42 Å. The potential proposed by Bopp et al.
[12] was employed to describe water–water interac-
tions, with the stabilization energy of−6.1 kcal mol−1

at O–O distance of 2.86 Å. A recently developed
potential:

�E(w, s) =
3∑
i

288∑
j

{
Aab

ij

r6
ij

+
Bab

ij

r12
ij

+
Cab

ij

r3
ij

+ qiqj

rij

}
,

(1)

was used to represent the silicalite-1–water inter-
actions.A, B and C parameters are obtained from
1032 water-framework interaction energies calcu-
lated quantum mechanically. Here, the framework is

represented by the three fragments taken from the
sinusoidal, straight and intersection channels and
water coordinates were generated inside those frag-
ments.Eq. (1) contains 24 fitting parameters and six
different atomic net charges, distinguishing interac-
tions between Si and O atoms of silicalite in different
channels and O and H atoms of water molecule.
The optimal water-framework interaction energy is
−7.0 kcal mol−1. This energy is achieved when the
water molecule resides at the center of the interaction
channel[13]. A detailed description of the method
used for the potential calculations from ab initio data
is given in[13].

In the present simulations, the lattice was kept fixed
while the water molecules are flexible. This approx-
imation is in agreement with the findings observed
for methane in silicalite-1[14], where the effect of
host–guest flexibility is already sufficiently accounted
for if only the molecules are considered to be flexible
while the lattice is kept rigid.

In [15,16], it has been shown that the use of Ewald
summations for the Coulomb interactions can be
avoided for the treatment of charged particles in ze-
olites [15] if the sum of all charges in the MD box
is zero. Especially in the paper of Wolf et al.[16]
it has been shown in detail that this approximation
works surprisingly well. Taking into account that
Ewald summation may produce the artifacts due to
an artificial periodicity of long-range forces arising
from distant water atoms, in the present paper we use
the approximation proposed by Wolf et al.[16]. This
approximation essentially means the use of shifted
forces.

In this work, the silanol group free lattice was used.
The elucidation of the potentially strong influence of
these groups on water diffusion and adsorption in real
silicalite-1 crystals remains to be the subject of future
research.

2.2. Molecular dynamics results

The self-diffusion coefficients are calculated from
the particle displacements. In[20–22], the process of
self-diffusion was quite generally related to the mo-
ments of the propagator[20]. The propagatorP(r,
r0, t) represents the probability density to find a par-
ticle at positionr at time t when it was atr0 at
time t = 0.
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Thenth moment of the propagator is defined by the
relation[20]:

〈|r − r0|n
〉 =

∫
|r − r0|n P (r, r0, t)dr, (2)

P(r, r0, t) is the solution of the diffusion equation
for the initial concentrationC(r, t = 0) = δ(r − r0).
In the case of isotropic diffusion and a homogeneous
system the propagator results to be:

P(r, r0, t) = (4πDt)−3/2 exp

{−(r − r0)
2

4Dt

}
. (3)

Although zeolites are not homogeneous the propaga-
tor can be represented in this way if the displacements
exceed the size of the inhomogeneities[21]. ThenP(r,
r0, t) depends only on the difference|r − r0|. For
shorter times this is not true. As the transition time
to the Gaussian behavior and the finalD values were
the quantities of main interest in the present paper an
averaging overr0 has been carried out. The resulting
propagator depends only upon|r − r0| for all times.
But, it attains the shape shown inEq. (3)(or its equiv-
alents for the different components of the diffusion
tensor in the anisotropic case, as shown below) only
for sufficiently long times.

The first four moments can be calculated from
Eqs. (2) and (3)in the case of normal diffusion as:

〈|r − r0|〉 = 4

√
Dt

π
, (4)

〈|r − r0|2〉 = 6Dt, (5)

〈|r − r0|3〉 = 32√
π
(Dt)3/2, (6)

〈|r − r0|4〉 = 60(Dt)2. (7)

Table 1
The diffusion coefficientsDx , Dy and Dz, of water molecules inx-, y- and z-directions as well as the average valueD (one-third of the
trace of the diffusion tensor) obtained from the simulations and comparison with the mean diffusivity obtained in the PFG NMR studies
at 298 and 393 K

Temperature (K) MD simulation PFG NMRD (m2 s−1)

Dx (m2 s−1) Dy (m2 s−1) Dz (m2 s−1) D (m2 s−1)

298 2.6× 10−9 6.5 × 10−9 7.9 × 10−10 3.3 × 10−9 1.7 × 10−9

393 5.7× 10−9 1.3 × 10−8 1.4 × 10−9 6.7 × 10−9 1.5 × 10−9

In the anisotropic system, the corresponding equations
for each direction are[14]:

〈|l − l0|〉 = 2

√
Dlt

π
, (8)

〈|l − l0|2〉 = 2Dlt, (9)

〈|l − l0|3〉 = 8√
π
(Dlt)

3/2, (10)

〈|l − l0|4〉 = 12(Dlt)
2, (11)

where l is x, y or z, respectively. TheD values es-
timated from these four moments must synchronize
each other in the case of normal diffusion fort val-
ues that are larger than the decay time of the velocity
auto-correlation function. The elements of the diffu-
sion tensor, corresponding to thex-, y- andz-axis are
calculated fromEqs. (8)–(11). In this case, the diffu-
sivity D is one-third of the trace of the diffusion tensor:

D = 1
3(Dx + Dy + Dz)· (12)

The good agreement (within the range of fluctua-
tions) of the finalD values calculated for 298 K us-
ing the Eqs. (8)–(11)(as shown inFig. 1), indicates
that the diffusion time used in the evaluation proce-
dure exceeds the correlation time. The self-diffusion
coefficients calculated in this way at 298 and 393 K
are summarized inTable 1.

It can be seen from these results that the largest com-
ponent of the diffusion tensor isDy . TheDy values are
about two times larger thanDx at both temperatures
and about seven times larger thanDz at 298 K and even
larger at 393 K. This is consistent with the physical
structure of the silicalite-1 crystal, which consists of
zigzag channels lying in thexz-plane and the straight
channels lying parallel to they-axis. This causes the
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Fig. 1. The diffusion coefficients in (a)x-axis; (b)y-axis; (c)z-axis
vs. time window (0.4 ns) obtained from the simulations with two
water molecules per intersection of silicalite-1 at 298 K.

significant difference of the elementary diffusion rates
in different directions.

Considering the diffusion through silicalite-1 as a
random walk of independent steps between the chan-
nel intersections, the main elements of the diffusion
tensor may be shown to be correlated by the relation
[23]:

c2

Dz

= a2

Dx

+ b2

Dy

, (13)

wherea, b andc are the unit cell lengths.Eq. (13)im-
plies that the correlation time of propagation is shorter
than the mean time it takes a molecule to travel from
intersection to intersection. Possible deviations from
this case, i.e. correlated motion between the channel
intersections, may be accounted for by introducing a
parameter[24–26]:

β = c2/Dz

a2/Dx + b2/Dy

(14)

The caseβ = 1, obviously represents the above con-
sidered case of completely random steps. The case
β > 1 indicates preferential continuation of the diffu-
sion path along one and the same channel, whileβ <

1 stands for molecular propagation with interchanges
between the two channel types more probable than at
random. The values ofβ calculated in this study are
equal to 1.04 at 298 K and 1.25 at 393 K. In agree-
ment with the behavior found for alkanes, e.g.[26],
whereβ = 1.2 and 1.3, a tendency is observed that
the xenon molecules and the methane molecules, re-
spectively, in silicalite-1 prefer to remain in the same
type rather than to change into a segment of the other
channel type at a channel intersection.

The oxygen–oxygen radial distribution functionsg
for the water molecules at the two temperatures have
been calculated and displayed inFig. 2. In inhomoge-
neous systems,g(r1, r2) depends uponr1, also, and is
not simplyg(r) with r = |r1 − r2|. But, as a first ap-
proximation, we have done the evaluation ofg(r) like
in a homogeneous isotropic system. This is equivalent
to an averaging over the sitesr1 taking as a weight

Fig. 2. Oxygen–oxygen radial distribution functions and corre-
sponding running integration numbers for water molecules ob-
tained from the simulations at 298 and 393 K.
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function the relative number of events when ther1
are found during the MD run. Note that due to the
asymmetry of the silicalite-1 lattice the functiong(r),
defined in this way, does not converge to 1.0 for dis-
tances of the order of 10 Å. The functiong(r) = 1
would correspond to a homogeneous distribution in
space that can be observed in systems with a structure
on molecular level only at a length scale that is larger
than the size of the inhomogenities, i.e. the channel
structure in the present case. The radial density dis-
tributions show a first maximum at 3.5 Å followed by
a pronounced shoulder centered at 4.4 Å. In order to
see the number of neighbors the integraln(r) of g(r) is
also displayed inFig. 2. It can be seen that, e.g. within
a distance of 7 Å around a given water molecule, there
are in average only two other water molecules.

To decide whether the water molecules form clus-
ters, the distribution of coordination numbers is ex-
amined. As the first minimum is not well-defined, the
probability Pr (i) to find 1, 2, 3,. . . water molecules
within r = 4, 5 and 6 Å around a given one was
examined for both temperatures and compared in
Fig. 3. The highest probability is found for the num-
ber zero of water molecules in all cases. The average
coordination numbers at 298 K integrated up to the
three distances are 0.36, 0.94 and 1.44, respectively.
The corresponding numbers at 393 K are 0.36, 0.90
and 1.40. It can be concluded that the simulations
did not show any clustering of water molecules in the
silicalite-1 channels for the examined temperatures
and concentrations of guest molecules.

3. PFG NMR measurements

3.1. Experimental details

The measurements of self-diffusion of guest
molecules in samples of silicalite-1 were carried out
using the home-built PFG NMR spectrometer FE-
GRIS 400 operating at a1H resonance frequency
of 400 MHz [17]. For diffusion measurements, the
standard stimulated echo and Hahn echo PFG NMR
pulse sequences[18] were used. To obtain the dif-
fusivity, the attenuation of the PFG NMR spin echo
signal (Ψ ) was measured as a function of the ampli-
tude of the applied field gradient (g). For the PFG
NMR diffusion measurements using both sequences
the duration of the applied field gradient pulses (δ)

Fig. 3. Representation of nearest-neighbor probabilities: the heights
of the columns represent the probabilityPr (i) to find i further
water molecules within a distance ofr (4, 5 and 6 Å) around a
given water molecule. Distance means the distance between the
oxygen atoms in the water molecules.

was set to 0.26 ms and the duration of the ‘dephasing’
and the ‘read’ intervals (τ ) was set to 0.8 ms. For the
PFG NMR measurements using the stimulated echo
sequence the value of the time interval between the
two gradient pulses (∆) was in the range between 1.2
and 2 ms. The intensity of the applied gradients was
varied between 0 and 24 T m−1.

The average size of silicalite-1 crystals was
100�m×30�m×20�m. The zeolite was used in the
calcined form. The sample of silicalite-1, applied in
the PFG NMR studies was synthesized as described
in [19]. The investigations of this sample using H1

MAS NMR revealed the presence of silanol groups
(around one silanol group per two unit cells).

The samples for the PFG NMR measurements were
prepared with the following method. Around 300 mg
of silicalite-1 were introduced into the NMR tube.
Then the tube was connected to the vacuum system
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and the zeolite sample was activated by keeping the
sample under high vacuum at 473 K for 20 h. Subse-
quently, the zeolite sample was loaded with water by
freezing it from a fixed volume of the vacuum system.
When preparing the samples with D2O–alkane mix-
tures, upon loading with D2O the samples were addi-
tionally loaded with alkane by freezing it from another
fixed volume of the vacuum system. Upon loading, the
NMR tube was sealed and separated from the vacuum
system. The total amounts adsorbed corresponded to
24 mg g−1 of water in the alkane-free sample and to
28 mg g−1 of D2O in the samples with the D2O–alkane
mixtures. These are exactly the concentrations consid-
ered in the MD simulations. The amounts of ethane,
propane andn-butane adsorbed in the samples with
the D2O–alkane mixtures as well as in the samples
loaded only with alkane were 42, 61 and 81 mg g−1,
respectively.

3.2. Results of the pulsed field gradient nuclear
magnetic resonance measurements

Fig. 4 shows examples of the attenuation of
the NMR signal

(
Ψ (g,∆) ≡ (M(g,∆)

M(0,∆)

))
of water

molecules in the sample of silicalite-1 at 298 and
393 K. The attenuation curves were recorded using

Fig. 4. 1H PFG NMR spin echo attenuation curves for water in
the sample of silicalite-1 recorded by using the stimulated echo
PFG NMR sequence at 298 K (∆ = 2 ms) and by using the Hahn
echo PFG MR sequence at 393 K (∆ = 0.8 ms). The lines show
the fit curves used to calculate the diffusion coefficients.

the stimulated echo and the Hahn echo PFG NMR se-
quences. For both sequences the spin echo attenuation
can be written as[21]:

Ψ (g,∆) = exp
( − γ 2Dδ2g2(∆ − 1

3δ
))
, (15)

where γ and D denote the gyromagnetic ratio and
the diffusion coefficient. In derivingEq. (15) it was
assumed, that the diffusion can be described by a
normal Gaussian propagator, given inEq. (3), which
represents the probability density for the diffusing
molecules to be displaced over a distance|r − r0| dur-
ing a time intervalt. It was shown in[27] that for
sufficiently small PFG NMR attenuations measured
in powder samples,Eq. (15) is a good approxima-
tion even for anisotropic diffusion like diffusion in
silicalite-1.

This diffusivity can be obtained from the initial
slope of the ln(Ψ ) versus g2 representation using
Eq. (15). For sufficiently large PFG NMR attenua-
tions diffusion anisotropy leads to deviations from
the linear dependence of ln(Ψ ) on g2 as predicted by
Eq. (15).

It is seen inFig. 4 that the attenuation curve mea-
sured at 298 K shows a pronounced non-linear behav-
ior. At the same time, the curve measured at 393 K
exhibits only minor deviations from a linear behavior
except for the very rapid decay in the initial part of
the curve. The deviations of the attenuation curves
in Fig. 4 from straight lines can be attributed to the
diffusion anisotropy of water molecules in silicalite-1
and/or to the existence of the distribution of the dif-
fusivities of water molecules in silicalite-1 samples.
Note that the root mean square displacements of water
molecules were always sufficiently small in compari-
son to the size of the crystals so that the effect of dif-
fusion restriction of water molecules in the crystals by
the outer surface of the crystals was negligible. Hence,
it is unlikely that the diffusion restriction is the reason
of the deviations of the measured attenuation curves
from the linear dependencies predicted byEq. (15).
An existence of a distribution of the diffusivities of
the water molecules in the silicalite-1 samples, on the
other hand, is feasible. It can be assumed that a part of
the water molecules in the sample forms monolayers
on the external surfaces of the zeolite crystals or even
exists in the form of the liquid. The difference between
the diffusion coefficient of this type of water and that
of water molecules residing in silicalite-1 crystals can
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lead to the non-linear attenuation curves at 298 K.
The diffusivity obtained from the initial slope of the
attenuation curve measured at 298 K (Fig. 4) is equal
to 1.7 × 10 m2 s−1. This diffusivity can be attributed
to the characteristic, mean diffusivity of all the types
of water in the sample. A heating of the sample up to
393 K will reduce or completely eliminate the liquid
phase and the monolayers of water in the sample. At
this temperature the water molecules can be expected
either to be primarily in the gas phase of the NMR
sample or to reside in silicalite-1 crystals. This is in
agreement with the experimental observation of the
very fast initial signal decay followed by the almost
linear signal decay at 393 K (Fig. 4). The fast initial
decay can be attributed primarily to the water in the gas
phase while the slower portion of the attenuation curve
can be assigned to the water in silicalite-1 crystals.
The diffusion coefficient of water obtained from the
slower portion of the attenuation curve (Fig. 4) using
Eq. (15)is equal to 1.5 × 10−9 m2 s−1. This diffusiv-
ity is significantly lower than the diffusivity of water
in the liquid phase even at 373 K (8.7 × 10−9 m2 s−1

from [28]). Hence, the diffusivity measured at 393 K
may definitely not be assigned to the diffusion coeffi-
cient of water in a liquid or a quasi-liquid phase. We
tentatively assign this diffusivity to the diffusion of
water in silicalite-1 crystals. The small deviations of
the slower part of the attenuation curve from a straight
line (Fig. 4, at 393 K) may be attributed primarily to
the diffusion anisotropy in silicalite-1 crystals.

The study of the diffusion of one component in
zeolite under the influence of other diffusants was
recently a point of interest for both theoreticians
and experimentalists[26,29–31]. It was generally
observed that the diffusivity of one component kept
at a constant loading decreases as the loading level
of another, usually less mobile component increases.
Here, we report the preliminary results of the PFG
NMR diffusion measurements of ethane, propane and
n-butane in samples of silicalite-1 with and without
pre-adsorbed D2O. The loadings of alkanes in both
types of the samples were kept at the same level. In
all cases the initial part of the PFG NMR attenuation
curves (−1.0 < ln(Ψ ) < 0.0) of alkane diffusion
in silicalite-1 shows the linear behavior as predicted
by Eq. (15). The diffusion coefficients of the alkanes
in the samples with and without water are presented
in Table 2. The diffusivities were obtained from the

Table 2
The diffusion coefficientsD of ethane, propane andn-butane ob-
tained from the PFG NMR measurements at 298 K in the samples
of silicalite-1 with and without pre-adsorbed D2O

Alkane D without pre-adsorbed
D2O (m2 s−1)

D with pre-adsorbed
D2O (m2 s−1)

Ethane 1.3× 10−9 4.0 × 10−10

Propane 4.4× 10−10 2.2 × 10−10

n-Butane 1.9× 10−10 1.4 × 10−10

initial slope of the attenuation curves. Diffusion stud-
ies of small alkanes in water-free MFI-type zeolites by
the PFG NMR technique are reported in[29,32–34].
The comparison of the present data obtained for the
water-free samples with those previously reported
shows general agreement between the absolute values
of the diffusion coefficients. The data presented in
Table 2show that the diffusivities of all three alkanes
are lower in the samples with pre-adsorbed water than
in the water-free samples. It can be seen inTable 2that
for smaller, more mobile alkanes the influence of wa-
ter on the self-diffusion of alkane molecules is larger.
This observation is in qualitative agreement with the
results previously reported for other two-component
systems[26,29–31]. The data presented inTable 2
provide, in our opinion, evidence that under our ex-
perimental conditions significant loadings of water
molecules in silicalite-1 crystals are achieved.

4. Comparison and conclusions

MD simulations carried out at 298 and 393 K at a
concentration of two water molecules per intersection
using an ab initio fitted potential model that has been
obtained from ab initio calculations do not show clus-
ter formation of water in silicalite-1. So, diffusion co-
efficients that agree with experimental values could be
expected.

The PFG NMR results reported in this paper in-
dicate that under our experimental conditions not
only extra-crystalline but also intra-crystalline water
is present in the silicalite-1 samples. This conclusion
is supported by the observation of the influence of
pre-adsorbed water on the intra-crystalline diffusivi-
ties of alkane molecules in silicalite-1 as well as by
the comparison of the measured diffusivity of water in
silicalite-1 sample at 393 K with that of liquid water.
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Although our PFG NMR results are preliminary in
nature they allow us to estimate the intra-crystalline
diffusivity of water at 393 K. This value differs by
less than one order of magnitude from the results of
MD simulations at the same temperature. In view of
the fact that for other zeolitic adsorbate–adsorbent
systems like, e.g. longer alkanes in MFT, there are
still orders-of-magnitude differences between exper-
imental results and MD simulations (see e.g.[35]),
this first comparative study of MD simulation and
measurement of water diffusion in zeolites appears to
yield reasonable agreement.
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Abstract

The silicalite-1/water potential function has been developed using quantum chemical calculations at the Hartree–

Fock level using the 6-31G� basis sets. The silicalite-1 crystal structure is represented by three fragments, in which the

chemical compositions are O10Si10H20; O30Si22H44 and O35Si29H58. Ab initio calculations have been performed for 1032

fragment–water configurations where water coordinates are generated inside the fragments. The intermolecular sili-

calite-1/water potentials developed from those data points have been used in the molecular dynamics simulations. The

obtained diffusion coefficients at 298 K of 3:3� 10�9 m2 s�1 and at 393 K of 6:7� 10�9 m2 s�1 are in agreement with

those of the PFG-NMR measurements. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The interaction of water with zeolites is a sub-
ject of great scientific and technological interest, as
water plays strong and essential roles for both
absorption and catalytic properties of zeolites [1–
3]. As coadsorbents, the presence of water has a
large impact on the arrangement of the cations in
the zeolite. Among non-cationic zeolites, interest is
focused on silicalite-1, which due to its selectivity
has been widely used in the separation of mixtures

between light hydrocarbons and water or dipole
solvents [4–7]. Several attempts have been made to
study the absorption and diffusion of hydrocar-
bons in silicalite-1 by means of both theoretical,
[8–10] and experimental [11–14] investigations.
However, very little information is available on the
water/silicalite-1 interaction because one believes
that water is not able to enter and diffuse in a
hydrophobic zeolite such as silicalite-1.

Recently, we have investigated this issue inten-
sively using quantum chemical calculations and
found that water can enter the silicalite-1 channel
[15]. An activation energy of approximately 1.9
kcal mol�1 is required to diffuse through the linked
domain to or from the intersection channel. In
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addition, preliminary results by K€aarger et al. [16]
using PFG-NMR measurements indicate that dif-
fusion of water in silicalite-1 takes place even at
room temperature.

As it is known that simulation results depend
strongly on the quality of the potential function
used, one of the best choices is to develop such a
function by parameterizing directly from the data
yielded from quantum mechanical calculations.
However, in practice it is not possible, especially
for large molecular systems, to generate such data
even with a small basis set, because of the unrea-
sonable computation time that would be required.
Several attempts have been made with substantial
success by Catlow et al. [17,18] and Sauer et al.
[19–21]. The potential parameters were derived
from the results of ab initio calculations. The
molecular models, which represent typical struc-
tural elements of zeolites, consist of SiO4 and
protonated AlO4 tetrahedra connected to chain
rings and cages.

In this study, an alternative choice in deriving
potential function parameters is proposed. Nu-
merous silicalite-1/water energy points have been
generated using quantum chemical calculations at
the Hartree–Fock (HF) level. Molecular dynamics
simulations have been performed using the newly
developed ab initio potential and diffusion coeffi-
cients for water molecules in the silicalite-1 have
been investigated.

2. Calculation details

2.1. Development of the intermolecular pair poten-
tial

To develop intermolecular potential functions
representing the interaction between two mole-
cules in all configurations, numerous coordina-
tions of the second molecule around the first one
have to be generated. The interaction energies of
all configurations have to be calculated and the
obtained data points must then be fitted to an
analytical form.

Due to the size of the silicalite-1 lattice, in which
a crystallographic cell [22] consists of 96 Si and 192
O atoms (Figs. 1a and e), it is not possible to take

into account the whole lattice in the quantum
chemical calculations. Therefore, the silicalite-1
crystal structure was represented by three frag-
ments (Figs. 1b–d), taken from different parts of
the lattice, which contain different chemical com-
positions and structures. They were, for simplicity,
named single, intersection and double rings. Their
chemical compositions, after filling up the re-
maining valence orbitals of the silicon atoms with
hydrogen atoms, are O10Si10H20; O30Si22H44 and
O35Si29H58, respectively. More details of the clas-
sification have been given elsewhere [15]. Numer-
ous configurations of the water molecule have
been generated inside the three fragments consid-
ered. Ab initio [23] calculations at the HF level
with the extended 6-31G� basis sets have been
performed for all water/silicalite-1 configurations.

Fig. 1. Schematic representations of the (a) silicalite-1 crystal

structure, (b) linked domain, (c) straight and sinusoidal chan-

nels, (d) intersection channel and (e) chemical structure of the

silicalite-1 lattice.
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Experimental geometries of water [24] and silica-
lite-1 [22] have been used and kept constant
throughout. All calculations are performed using
the G98 program [25].

More than 1000 ab initio data points were fitted
to an analytical function of the form

DEðw; sÞ ¼
X3

i

X288
j

Aab
ij

r6ij

(
þ
Bab
ij

r12iij
þ
Cab

ij

r3ij
þ qiqj

rij

)
;

ð1Þ

where 3 and 288 denote the numbers of atoms in a
water molecule (w) and the silicalite-1 (s) unit cell,
respectively. The constants Aij; Bij and Cij are
fitting constants and rij is the distance between
atom i of water and atom j of silicalite-1. Also, qi
and qj are the atomic net charges of atoms i and j
in atomic units, as obtained from the population
analysis of the isolated molecules in the quantum
chemical calculations. Superscripts a and b on the
fitting parameters have been used to classify atoms
of equal atomic number but different environ-
mental conditions, for example, oxygen and sili-
con atoms of silicalite-1 in the different channels.
The third polynomial term ðCij=r3ijÞ was added in
order to obtain better numerical fitting. The sili-
calite-1/water fitting parameters were summarized
in Table 1.

Concerning an assignment of a negative or
positive value to the fitting parameters, it is gen-
erally not possible in all cases to control A=r6 to be
negative and B=r12 to be positive, in order to rep-

resent attractive and repulsive interactions of the
pair, respectively. A fit in which the A=r6 terms
were separately forced to the van der Waals in-
teraction and the B=r12 terms to the real repulsion
have led to worse agreement with the quantum
mechanical results. In these cases, physical mean-
ing of the atomic-based pair potentials, 864 pairs
running over i¼ 1–3 and j¼ 1–288 for Eq. (1), is
not achieved. However, physical meaning, as well
as quality, of the molecular-based water/silicalite-1
function is its ability in representing ab initio data.
An advantage of this approach is that it is a one-
to-one correspondence between the predicted (by
the potential function) and the observed (by the ab
initio calculation) interaction energies. Analo-
gously, as well as for better numerical fitting, the
third polynomial term ðCij=r3ijÞ was added and not
considered separately. Some examples are those in
Refs. [26–28].

2.2. Molecular dynamics simulations

The silicalite-1 crystal structure used in this
study is characterized by two types of channels
whose symmetry group is Pnma. The crystallo-
graphic cell [22] contains 288 atoms ðSi96O192Þ,
with lattice parameters a¼ 20.07 �AA, b¼ 19.92 �AA
and c¼ 13.42 �AA. Simulations have been carried out
at 298 and 393 K with the time step of 0.5 fs for the
system consisting of two silicalite-1 unit cells. The
box contains two water molecules per intersection
of the silicalite-1 that means totally 16 in the MD

Table 1

Final optimization parameters for atom i of water interacting with atom j in each channel of the silicalite-1 lattice

i j qi qj A B C

(�AA
6
kcal mol�1) (�AA

12
kcal mol�1) (�AA

3
kcal mol�1)

O Sisd )0.87 1.57 ) 9043.97 1161167.97 1418.92

O Sist )0.87 1.67 ) 4159.83 989963.68 617.02

O Osd )0.87 )0.78 1371.19 )21045.58 )351.61
O Ost )0.87 )0.84 ) 110.79 51208.44 )110.82

H Sisd 0.43 1.57 3724.97 )4314.90 )792.37
H Sist 0.43 1.67 2077.13 )8925.29 )415.82
H Osd 0.43 )0.78 )406.18 689.37 222.32

H Ost 0.43 )0.87 34.87 32.84 102.59

Subscripts sd and st denote sinusoidal (zig-zag) and straight channels, respectively. Energies in kcal mol�1, distances (rij) in �AA and

atomic net charges (q) in atomic units.

312 C. Bussai et al. / Chemical Physics Letters 354 (2002) 310–315



box. Periodic boundary conditions have been ap-
plied. The potential proposed by Bopp et al. [29]
was employed to describe water–water interactions
while the newly developed potential shown in Eq.
(1), with the optimal parameters summarized in
Table 1, was used to represent the silicalite-1/water
interactions. According to [30,31] the use of Ewald
summations can be avoided in systems with total
charge zero if shifted force potentials are applied
instead. The evaluation part each run corresponds
to trajectory length of 10 ns after 0.5 ps thermal-
ization.

3. Results and discussion

3.1. Quality of the silicalite-1/water potential

With the analytical potential shown in Eq. (1),
the lattice–water interactions in the straight
channel have been calculated and plotted in Fig. 2.
Here, the oxygen atom of the water molecule
moves from one surface to the opposite surface
along the vector r (see Fig. 1e), its dipole moment
points parallel to vector r and its molecular plane
is parallel to the window of the lattice. The ab

initio interaction energies at the same lattice–water
configurations have been calculated and given also
for comparison. Good agreement between the two
curves in Fig. 2 clearly illustrates the reliability and
quality of the fit. This conclusion was, again,
confirmed by the plot shown in the inset of this
figure, where all 1050 ab initio and fitted energies
have been compared.

Some comments could be made concerning the
quality of the ab initio interaction energies given in
this study. Discrepancies and reliabilities of the
data points due to the size of the fragments, the
calculated methods and the basis sets used as well
as an error due to the unbalance of the basis set,
basis set superposition error, have been intensively
examined and discussed in a previous paper
[15].

3.2. Characteristics of the silicalite-1/water poten-
tial

To visualize characteristics of the silicalite-1/
water potential function, the interaction energies
for different orientations of the water molecule in
the straight channel have been computed accord-
ing to Eq. (1). The changes of the energies as a
function of the distances along r were plotted in
Fig. 3.

Curves 1 and 4 in Fig. 3 show the minima at
L < 0, and the interaction energies for L > 0 in-
crease more slowly than those for L < 0. This oc-
currence can be clearly understood as water

Fig. 2. Silicalite-1/water interaction energies ðDEÞ obtained

from the ab initio calculations ðDESCFÞ with the extended 6-

31G� basis sets and from the potential function ðDEFITÞ ac-

cording to Eq. (1), where the oxygen atom of the water mole-

cule lies along the vector r (see Fig. 1e), its dipole moment is

parallel to r and its molecular plane is parallel to the window of

the lattice. All ab initio and fitted data points are also compared

in the inset.

-1

Fig. 3. Silicalite-1/water interaction energies ðDE, kcal mol�1Þ
obtained from the potential function according to Eq. (1) for

different orientations of a water molecule, where its oxygen

atom lies along r (see Fig. 1e) in the straight channel.
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molecules in these configurations (at the right of
this figure) approach the surface at L > 0 by
pointing hydrogen atoms toward the oxygen at-
oms of the lattice, i.e., attractive Coulomb inter-
actions between the hydrogen atoms of water and
the oxygen atoms of the surface compensate the
water–surface repulsion. This leads to a slow in-
crease of the interaction energy and hence an
asymmetry of the lattice–water potential. The
difference between the shapes of the two curves
indicates how sensitive the obtained function is.
That means it is able to classify the two orienta-
tions of the water molecule which differ only by
rotating the molecule by 90� around its dipole
vector. The situation is very similar for curves 2
and 5, in which the minima take place at L > 0 and
the interaction energies for L < 0 increase faster
than those for L > 0. For curves 3 and 6, the
shapes are much more symmetric than the other
curves. The reason is that the water molecule in
these configurations approaches the lattice, both
for L > 0 and L < 0, by pointing its dipole vector
parallel to the surface. Curve 6 is broader than
curve 3 because in curve 3 water moves toward the
surface in configurations for which distances from
the surface to the two hydrogen atoms are identi-
cal. For curve 6, at the same position of water as in
curve 3, one hydrogen atom is closer to the surface
than the other (see legend of Fig. 3). This fact
confirms the ab initio interaction energies reported
in [15].

As can be seen from Eq. (1) and Table 1, dif-
ferent fitting data sets have been used to represent
the interaction between the lattice and a water
molecule lying in the sinusoidal (zig-zag) or in the
straight channel. To visualize this effect, the in-
teraction energies have been calculated separately
for a water molecule in the two channels. In this
example, the water molecule was in the same
configurations as those of Fig. 2. The results are
displayed in Fig. 4. The sensitivity of the silicalite-
1/water potential to different environments has
been clearly monitored, in addition to that due to
water orientation as shown in Fig. 3. The differ-
ence between the interactions in the straight and
the zig-zag channels is consistent with the energy
data analyzed intensively in our previous work
[12].

3.3. Diffusion coefficients

To justify the quality of the model in repre-
senting a real system, MD simulations have been
performed at 298 and 393 K for a loading of two
water molecules per intersection of the silicalite-1.
The diffusion coefficients have been calculated ac-
cording to the method described in [32] from dif-
ferent moments of the particle displacements. The
results obtained at 298 and 393 K are 3:3� 10�9

and 6:7� 10�9 m2 s�1, respectively. These values
are in satisfactory agreement with those from
PFG-NMR measurements [16] at the same loading
and temperature.
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Initio based interactions
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The silicalite-1/water potential function has been developed using quantum chemical
calculations at the Hartree-Fock level using the 6-31G* basis sets. The   silicalite-1
crystal structure is represented by three fragments, in which the chemical compositions
are O10Si10H20, O30Si22H44 and O35Si29H58. Ab initio calculations have been performed
for 1,032 fragment-water configurations where water coordinates are generated inside
the fragments. The intermolecular silicalite-1/water potentials developed from those
data points have been used in the molecular dynamics simulations. The obtained
diffusion coefficients at 298 K of 3.3x10-9 m2.s-1 and at 393 K of 6.7x10-9 m2.s-1 are in
agreement with those of the PFG-NMR measurements.

1. INTRODUCTION

Zeolites are microporous crystalline
solids with well-defined structures.
Generally they contain silicon, aluminium
and oxygen in their framework and cations,
water and/or other molecules within their
pores. Due to their unique porous
properties, major uses are in petrochemical
cracking, ion exchange (water softening
and purification), and in the separation and
removal of gases and solvents [1]. To
study these, several experiment tools have
been achievable on one hand, on the other
hand, theoretical tools, e. g. Molecular
Dynamics simulations, become more
feasible [2]. Such theoretical methods
require knowledge of the interaction
potentials. A crucial method to obtain such
potentials is the use of ab initio
calculations. Several function modification
attempts and great success have been made
by Sauer et al., with e. g., the QMPot
method [3].   

In this study, an alternative choice in
deriving potential function parameters is
proposed. Numerous silicalite-1/water

energy points have been generated using
quantum chemical calculations at the
Hartree-Fock (HF) level using the 6-31G*
basis sets. Molecular dynamics simulations
have been performed using the newly
developed ab initio potential and diffusion
coefficients for water molecules in the
silicalite-1 have been investigated.

(a)
(b)

(c)

Figure 1. Schematic representations of the 
(a) linked domain, (b) straight and sinusoidal 
channels, (c) intersection.
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2. CALCULATION DETAIL

2.1. Development of the intermolecular
pair potential

To develop intermolecular potential
functions representing the interaction
between two molecules in all
configurations, numerous coordinations of
the second molecule around the first one
have to be generated. The interaction
energies of all configurations have to be
calculated and the obtained data points
must then be fitted to an analytical form.

Due to the size of the silicalite-1
lattice, in which a crystallographic cell [4]
consists of 96 Si and 192 O atoms, it is
rather difficult to take into account the
whole lattice in the quantum chemical
calculations. Therefore, the silicalite-1
crystal structure was represented by three
fragments (Figures 1a-1c), for simplicity,
named single, intersection and double rings
with their chemical compositions
O10Si10H20, O30Si22H44 and O35Si29H58,
respectively. More details of the
classification have been given elsewhere
[5]. Ab initio calculations at the HF level
with the extended 6-31G* basis sets have
been performed for all water
configurations generated inside those
silicalite-1 fragments. Experimental
geometries of water [6] and silicalite-1 [4]
have been used and kept constant
throughout. All calculations are performed
using the G98 program [7].

More than 1,000 ab initio data
points were fitted to an analytical function
of the form [8]:

∑∑












+++=
3 288

3

ab

12

ab

6

ab

sw,∆
i j ijijijij

ij

r
qq

r
C

r
B

r
A

E jiij

i

ij)( ,       (1)

where 3 and 288 denote the numbers of
atoms in a water molecule (w) and the
silicalite-1 (s) unit cell, respectively. The
constants Aij, Bij and Cij are fitting
constants and rij is the distance between
atom i of water and atom j of silicalite-1.
Also, qi and qj are the atomic net charges
of atoms i and j in atomic units, as
obtained from the population analysis of
the isolated molecules in the quantum
chemical calculations. Superscripts a and b
on the fitting parameters have been used to
classify atoms of equal atomic number but
different environmental conditions, for
example, oxygen and silicon atoms of
silicalite-1 in the different channels. The
third polynomial term (Cij/r3

ij) was added
in order to obtain better numerical fitting.
The silicalite-1/water fitting parameters
were summarized in Table 1. Concerning
an assignment of a negative or positive
value to the fitting parameters, physical
meaning of the atomic-based pair
potentials is not achieved. Instead, it is a
one-to-one correspondence between the
predicted (by the potential function) and
the observed (by the ab initio calculation)
interaction energies. An advantage of this
approach is that it is a one-to-one
correspondence between the predicted and
the calculated interaction energies.
Analogously, as well as for better
numerical fitting, the third polynomial
term (Cij/r3

ij) was added and not considered
separately. Some examples are those in
references [9-11].
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Table 1
Optimization parameters for atom i of water interacting with atom j in each channel of the
silicalite-1 lattice. Subscripts sd and st denote sinusoidal (zig-zag) and straight channels,
respectively. 

i j qi qj A
(Å

6
kcal.mol

-1
)

B
(Å

12
kcal.mol

-1
)

C
(Å

3
kcal.mol

-1
)

O
O
O
O

Sisd
Sist
Osd
Ost

-0.87
-0.87
-0.87
-0.87

1.57
1.67
-0.78
-0.84

- 9043.97
- 4159.83
1371.19
- 110.79

1161167.97
989963.68
-21045.58
51208.44

1418.92
617.02
-351.61
-110.82

i j qi qj A
(Å

6
kcal.mol-1)

B
(Å

12
kcal.mol-1)

C
(Å

3
kcal.mol-1)

H
H
H
H

Sisd
Sist
Osd
Ost

0.43
0.43
0.43
0.43

1.57
1.67
-0.78
-0.87

3724.97
2077.13
-406.18
34.87

-4314.90
-8925.29
689.37
32.84

-792.37
-415.82
222.32
102.59

2.2. Molecular Dynamics Simulations

The crystallographic cell [4] of
Silicalite-1 contains 288 atoms (Si96O192),
with lattice parameters a = 20.07 Å, b =
19.92 Å and c = 13.42 Å. Simulations have
been carried out at 298 K and 393 K with
the time step of 0.5 fs for the system
consisting of 2 silicalite-1 unit cells. The
box contains 2 water molecules per
intersection of the silicalite-1. Periodic
boundary conditions have been applied.
The potential proposed by Bopp, Jancso
and Heinzinger [12] was employed to
describe water-water interactions while the
newly developed potential shown in eq.
(1), with the optimal parameters
summarized in Table 1, was used to
represent the silicalite-1/water interactions.
According to [13.14] the use of Ewald
summations can be avoided in systems
with total charge zero if shifted force
potentials are applied instead. The
equations of motion are solved by means
of the Velocity-Verlet algorithm. The
evaluation part of each run corresponds to
trajectory length of 10 ns after 0.5 ps
thermalization during which the total

energy is adjusted to a value that leads to
the wished average kinetic energy.
Therefore, the evaluation part can be done
in the microcanonical ensemble without
perturbing the trajectories.
3. RESULT AND DISCUSSION

3.1. Quality of the Silicalite-1/Water Potential

Figure 2. Silicalite-water interaction energies
(∆E) obtained from the ab initio calculations
(∆ESCF) with the extended 6-31G* basis sets
and from the potential function (∆EFIT) All ab
initio and fitted data points were also
compared in the insert.
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With the analytical potential shown
in eq. (1), the lattice-water interactions in
the straight channel have been calculated
and plotted in Figure 2. Here, the oxygen
atom of the water molecule moves from
one perpendicular surface to the opposite
side along the vector r (see Figure 2), its
dipole moment points parallel to vector r
and its molecular plane is parallel to the
window of the lattice. The ab initio
interaction energies at the same lattice-
water configurations have been calculated
and given also for comparison. Good
agreement between the two curves clearly
illustrates the reliability and quality of the
fit. This conclusion was, again, confirmed
by the plot shown in the insert of this
Figure, where all 1,050 ab initio and fitted
energies have been compared.

Some comments could be made
concerning the quality of the ab initio
interaction energies given in this study.
Discrepancies and reliabilities of the data
points due to the size of the fragments, the
calculated methods and the basis sets used
as well as an error due to the unbalance of
the basis set, basis set superposition error,
have been intensively examined and
discussed in some previous papers [5,8].

3.2. Characteristics of the Silicalite-
1/Water Potential

To visualize characteristics of the silicalite-
1/water potential function, the interaction
energies for different orientations of the
water molecule in the straight channel have
been computed according to eq. (1). The
changes of the energies as a function of the
distances along r were plotted in Figure 3.

Curves 1 and 2 in Figure 3 show 
the minima at L < 0, and the interaction 
energies for L > 0 increase more slowly 
than those for L < 0. This occurrence can 
be clearly understood as water molecules 
in these configurations (at the right of this 
Figure) approach the surface at L > 0 by 
pointing hydrogen atoms toward the 

oxygen atoms of the lattice, i.e., attractive 
Coulomb interactions between the 
hydrogen atoms of water and the oxygen 
atoms of the surface compensate the water-
surface repulsion. This leads to a slow 
increase of the interaction energy and 
hence an asymmetry of the lattice-water 
potential. The difference between the 
shapes of the two curves indicates how 
sensitive the obtained function is. That 
means it is able to classify the two 
orientations of the water molecule which 
differ only by rotating the molecule by 90o

around its dipole vector. The situation is 
very similar for curves 2 and 5, in which 
the minima take place at L > 0 and the 
interaction energies for L < 0 increase 
faster than those for L > 0. For curves 3 
and 6, the shapes are much more 
symmetric than the other curves. The 
reason is that the water molecule in these 
configurations approaches the lattice, both 
for L > 0 and L < 0, by pointing its dipole 
vector parallel to the surface. Curve 6 is 
broader than curve 3 because in curve 3 
water moves toward the surface in 
configurations for which distances from 
the surface to the                two hydrogen 

Figure 3. Silicalite-water interaction energies
(∆E) obtained from the potential function
according to eq. (1) for different orientations
of a water molecule
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atoms are identical. For curve 6, at the 
same position of water as in curve 3, one 
hydrogen atom is closer to the surface than 
the other (see legend of Figure 3). This fact 
confirms the ab initio interaction energies 
reported [5].
 The sensitivity of the silicalite-
1/water potential to different environments
has been clearly monitored, in addition to
that due to water orientation as shown in
Figure 3. The difference between the
interactions in the straight and the zig-zag
channels is consistant with the energy data
analyzed intensively in our previous work
[5,8].

3.3. Diffusion coefficients

The self-diffusion coefficients are
calculated from the particle displacements.
In [15-17] the process of self-diffusion was
quite generally related to the moments of
the propagator. The propagator ( ),t,P 0rr
represents the probability density to find a
particle at position r at time t when it was
at r0 at time t = 0. The nth moment of the
propagator is defined by the relation [15]

( ) , ,t,P 00
n

0
n rrrrrrr d∫ −=−  (2)

( ),t,P 0rr  is the solution of the diffusion
equation for the initial concentration
( ) ( )0δ0 rrr −==,tC . In the case of

isotropic diffusion and of a homogeneous
system the propagator results to be

( ) ( ) ( ) .
Dt

Dt,t,P










 −−

=
−

4
exp4π

2
02

3
0

rrrr   (3)

Although zeolites are not
homogeneous the propagator can be
represented in this way if the
displacements exceed the size of the
inhomogeneities [16]. Then ( ),t,P 0rr

depends only on the difference 
0rr − . For

shorter times this is not true. As the
transition time to the Gaussian behavior
and the final D values were the quantities of
main interest in the present paper an
averaging over 0r  has been carried out.
The resulting propagator depends only
upon 

0rr −  for all times. But, it attains the
shape shown in eq. (3) (or its equivalents
for the different components of the
diffusion tensor in the anisotropic case, see
below) only for sufficiently long times.
The first four moments can be calculated
from eqs. (2) and (3) in the case of
isotropic diffusion [15] and of the
anisotropic system, the corresponding
equations for each direction, corresponding
to the x-, y- and z-axes [18].  In this case,
the diffusivity D is one third of the trace of
the diffusion tensor:

( ).3
1

zyx DDDD ++=  (4)

The good agreement (within the
range of fluctuations) of the final D values
calculated for 298 K using different
moments indicates that the diffusion time
used in the evaluation procedure exceeds
the correlation time. The self-diffusion
coefficients calculated in this way at 298
and 393 K are summarized in Table 2.

It can be seen from these results that the
largest component of the diffusion tensor is
Dy. The Dy values are about two times
larger than Dx at both temperatures and
about seven times larger than Dz at 298 K
and even larger at 393 K.  This is
consistent with the physical structure of the
silicalite-1 crystal, which consists of
zigzag channels lying in the xz-plane and
the straight channels lying parallel to the y-
axis. This causes the significant difference
of the elementary diffusion rates in
d i f f e r e n t c d i r e c t i o n s .  
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Table 2
The self-diffusion coefficients calculated in this way at 298 and 393 K are summarized.

MD SimulationTemp

(K) Dx  (m2s-1) Dy (m2s-1) Dz (m2s-1) D(m2s-1)

298 2.6×10-9 6.5×10-9 7.9×10-10 3.3×10-9

393 5.7×10-9 1.3×10-8 1.4×10-9 6.7×10-9

Considering the diffusion through
silicalite-1 as a random walk of
independent steps between the channel
intersections, the main elements of the
diffusion tensor may be shown to be
correlated by the relation  [19]

,
y

2

x

2

z

2

D
b

D
a

D
c

+=                        (5)

where a, b, and c are the unit cell lengths.
Eq. (5) implies that the correlation time of
propagation is shorter than the mean time it
takes a molecule to travel from intersection
to intersection. Possible deviations from
this case, i.e. correlated motion between
the channel intersections, may be
accounted for by introducing a parameter
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=
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D
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22
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The case β = 1, obviously represents the
above considered case of completely
random steps.  β  > 1 indicates preferential
continuation of the diffusion path along
one and the same channel, while β < 1
stands for molecular propagation with
interchanges between the two channel
types more probable than at random. The
values of β calculated in this study are
equal to 1.04 at 298 K and to 1.25 at 393

K.  In agreement with the behavior found
for alkanes, e.g. [20], where β = 1.2 and
1.3, a tendency is observed that the xenon
molecules and the methane molecules,
respectively, in silicalite-1 prefer to remain
in the same type rather than to change into
a segment of the other channel type at a
channel intersection.

3.4. Radial distribution function
The oxygen-oxygen radial

distribution functions g for the water
molecules at the two temperatures have
been calculated and displayed in Fig. 4. In
inhomogeneous systems, g(r1,r2) depends
upon r1 also and is not simply g(r) with
r=|r1-r2|. But, as a first approximation, we
have done the evaluation of g(r) like in a
homogeneous isotropic system. This is
equivalent to an averaging over the sites r1
taking as a weight function the relative
number of events when the r1 are found
during the MD run. Note, that due to the
asymmetry of the silicalite-1 lattice the
function g(r), defined in this way, does not
converge to 1.0 for distances of the order
of 10 Å. g(r)=1 would correspond to a
homogeneous distribution in space that can
be observed in systems with a structure on
molecular level only at a length scale that
is larger than the size of the
inhomogenities i.e. the channel structure in
the present case. The radial density
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distributions show a first maximum at 3.5
Å followed by a pronounced shoulder
centered at 4.4 Å. In order to see the
number of neighbors the integral n(r) of g
(r) is also displayed in Fig. 4. It can be
seen that e.g. within a distance of 7 Å
around a given water molecule there are in
average only two other water molecules.
Although, the first minimum is not well-
defined, it can be concluded that the
simulations did not show any clustering of
water molecules in the silicalite-1 channels
for the examined temperatures and
concentrations of guest molecules.

4. CONCLUSION
To justify the quality of the model

in representing a real system, MD
simulations have been performed at 298 K
and 393 K for a loading of 2 water
molecules per intersection of the silicalite-
1. The diffusion coefficients have been
calculated according to the method
described in [21] from different moments
of the particle displacements. The results
obtained at 298 K and 393 K are 3.3x10-9

and 6.7x10-9 m2.s-1, respectively. These
values are in satisfactory agreement with
those from PFG-NMR measurements [22]
at the same loading and temperature.
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The complex topic of water in zeolites is viewed from completely different points:  
On the one hand, quantum chemical calculations at the Hatree-Fock and MP2 levels 
have been performed to investigate water-silicalite interaction as well as the energy 
barrier and water orientations during diffusion into and in the silicalite. The 
silicalite-water pair potential has been developed using 1.000 ab initio data points. 
The results indicate how water molecules move and turn during movement through 
the center of the silicalite pore. The energy barriers for water molecules to enter the 
pore and to diffuse from one channel to the other channel have been examined. It 
was found that water molecules enter and leave the pores preferably by pointing its 
dipole vector towards the center of the cavity. Calculations have been performed 
using extended 6-31G and 6-31G* basis sets with BSSE (basis set superposition 
error) corrections. On the other hand we present molecular dynamics simulations 
with a well established empirical water model [1] in the natural zeolite chabazit. 
Both the water molecule and the zeolite lattice are modelled flexible. The diffusion 
and the configuration of the water molecules inside the zeolite are examined. 

 
 
 
 

1. Introduction 
 

 As water plays a strong and 
essential role as well for absorption as for 
catalytic properties of zeolites [2,3], the 
water-zeolite interaction is of great 
interest. Water molecules facilitate the 
exchange of the charge-compensating 
cations, essential for the industrial 
catalysts. In addition, all naturally zeolites 
are hydrated. The only available data on 
the water-silicalite interactions are 
experimental measurements by Flanigen et 
al. [4] and Vigne-Maeder et al. [5] which 
reported the initial isostatic heat of 
adsorption of 6 kcal/mol and the mean heat 
of adsorption of the first four water 
molecules of 9.6 kcal/mol, respectively. 
Vigne-Maeder et al. has also reported that 
an average water-silicalite interaction at 

300 K is -12.5 kcal/mol and the 
approximated energy barrier for diffusion 
through the intersection between the 
straight and the zig-zag channels of the 
silicalite is 8 kcal/mol.  The aim of this 
study is to use  
 

quantum chemical calculations at the 
Hartree-Fock(HF) and MP2 levels to 
determine the water-silicalite  interactions 
in order to understand water orientation, 
preferable binding sites and energy barriers 
during the movement into and in the 
silicalite pores. In addition, 1,000 ab initio 
data points have been fitted to an analytical 
form. The obtained pair potential was, 
then, used in molecular dynamics 
simulation. The natural zeolite chabazit is 
of special interest for the research about 



Studies in Surface Science Catalysis 2001; 135, 2263-2269. 
13th International Zeolite Conference 

 

diffusion because of its anisotropic 
structure. The diffusion of water in 
chabazit was measured by Bär and Kärger 
[6] and they found an anisotropie of the 
diffusion, which does not fit to the crystal 

structure of chabazit. For this part of the 
study a well established empirical water 
model \cite{bjh83} is used. Vibrations are 
taken into account as well for the lattice as 
for the water molecule. 

2. Computational details 
 

2.1 Quantumchemical calculations 
 

Ab initio calculations at the HF and 
the MP2 levels have been performed for 
the water-silicalite system using extended 
6-31G and 6-31G* basis sets [7,8]. 
Experimental geometries of water [9] and 
silicalite [10] have been used and kept 
constant throughout the calculations. An 
error due to the unbalance of the basis set, 
BSSE, has been also examined and taken 
into consideration. All calculations are 
performed using the G98 program [11]. 
The silicalite crystal structure was 
represented by three fragments (Figures 
1b-1d), called single, double and 

intersection rings. The sinusoidal channels 
and the main part of the straight channels 
of the crystal (Figure 1a), in which their 
inner surfaces are almost identical, were 
represented by the double 10-oxygen 
membered ring (Figure 1d). This fragment 
(mentioned later, for simplicity, as double 
ring) consists of 30 O and 22 Si atoms. The 
bigger fragment (35 O and 29 Si atoms) 
contains parts of the sinusoidal and the 
straight channel. It is used to represent the 
intersection and named intersection ring 
(Figure 1c). Note that, the remaining 
valence orbitals of the silicon atoms of 
both fragments are filled up by hydrogen 
atoms. To investigate the energy barrier via 
the diffusion from the intersection to the 

Figure 1. Schematic representations of the (a) silicalite crystal structure, (b) linked 
domain, (c) straight and sinusoidal channels and (d) intersection more details see text. 
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straight or to the sinusoidal channels, the 
water-silicalite interaction in the linked 
domain has been also calculated. The 
selected fragment is the 10-oxygen 
membered ring (Figure 1b). 
 

Numerous configurations of water 
molecules have been generated inside the 
three fragments shown in Figure 1. To 
search for the optimal binding site, 
interactions between water and silicalite 
for each fragment have been calculated 
outside and inside the windows. 
 

2.2 MD-simulations 
 

The molecular dynamics 
simulations use the BJH-model [1], a 
flexible valence force water model. The 
zeolite chosen for this work is chabazite, a 
natural zeolite, which is especially 
interesting for diffusion because of its 
anisotropic structure. The calculations are 
done with flexible framework. The 
interaction potentials are taken from the 
literature: For the lattice vibrations, the 
model of Suffritti and Demontis [12] is 
used. The missing interactions are taken 
from Probst et al. [13].  
 

As a starting point for the zeolite lattice, 
data from the X-ray diffraction study of 
Smith and Rinaldi [14] is used. Before 
starting the simulation, the lattice is 
relaxed with respect to the model for lattice 
vibrations which is used. 
 

Due to the very fast intramolecular 
vibrations of the water molecules, a very 
short time step, ∆t = 0.25 fs had to be used. 
The simulation run was 2000000 steps 
long, simulating 0.5 ns. The MD-box is 
orthogonal, with x=26.4 Å, y=22.683 Å 
and z=30.2 Å, containing 6 rhombic unit 
cells with 39 water molecules. In the 
preceding thermalization period, the 
temperature is controlled to produce a well 
defined physical starting situation at T=300 

K. During the evaluation period of the run, 
no additional thermalisation takes place.  
 

The program is written in Fortran90 and 
the simulations were carried out on HP 
J5600.  
 

3. Results and discussion 
 

3.1 Optimal Method and Optimal 
Diffusion Path 
 

The calculated results indicate 
clearly that the correlation (MP2) method 
and the BSSE correction do not play an 
essential role in predicting the geometry of 
the system. However, in order to increase 
the reliability of the interaction energies, 
all data points reported in this study are the 
results of the HF calculations with BSSE 
corrections. In addition, the effect of the 
small framework fragment on the 
interaction energy dominates at long 
distances (outside the channel) and is 
negligible in the region around the optimal 
distances (inside the channel). It is 
interesting to note here, therefore, that 
diffusion of water molecule through center 
of the window of the silicalite is a kind of 
rolling movement. The molecule must 
move and turn in order to find the optimal 
route. In addition, water enters and leaves 
the pores by pointing its dipole vector 
towards the center of the cavity. 
 

Another energetically favourable pathway 
for a water molecule to move in the 
silicalite channel, is a kind of site hopping. 
It can attach to a specific binding site on 
the window first. Then it enters the pore, 
finds the next binding site and moves from 
one to the next site along the inner wall of 
the channel. Ab initio data show that 
 

• the first binding site for a water 
molecule before entering the silicalite 
channel is to coordinate to the oxygen 
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Figure 2. Changes of the water-silicalite interaction energy via the diffusion in the 
silicalite channels. 
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atom of the linked domain to form a 
single hydrogen bond outside the pore 

 

• it makes no significant difference for a 
water molecule to enter the pore along 
the inner wall of the sinusoidal or 
straight channels, or the intersection, 
and 

 

• moving of water molecule along the 
inner wall of the channels is less 
preferable than that through center of 
the pore. 

 
 
 

3.2 Energy Barrier to Enter and to 
Cross the Channels 
 

To investigate the energy barriers 
for water molecules to enter the silicalite 
channels, the most stable water-silicalite 
interaction energies inside and outside the 
pores have been examined and compared. 
The energy data indicates clearly, that 
water molecules must bind to the oxygen 
membered ring on the window first, to 

enter the pore of the silicalite via the linked 
domain (represented by the single ring).  
The situation is different for the 
intersections. I.e., no difference has been 
found for water molecules between moving 
along the central line or starting binding to 
the window before entering into the 
silicalite via this channel. The energy 
difference between the two processes lies 
within the thermal fluctuations at room 
temperature. Similar investigation has been 
used to examine the energy barriers for 
water molecules to move from one channel 
to the other inside the silicalite. With the 
most stable interaction energy for 
encapsulation of a water molecule in the 
three channels, the diffusion process was 
schematically drawn in Figure 2.  The 
barrier is placed at the linked domain 
which is represented by the single ring 
(Figures 1a and 1b). The amount of energy 
required to move from the straight or the 
sinusoidal channel to the intersection and 
back is 1.72 and 2.93 kcal/mol which is 
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equivalent to the mean kinetic energy at 
temperature of about 800 K and 1440 K, 
respectively. These values are much 
smaller than that of 8 kcal/mol yielded 
from the development of the water-
silicalite potential map using the empirical 
method [5]. 
 
3.3 Ab initio Silicalite-Water Pair 
Potential 
  

To develop the silicalite-water pair 
potential, based on ab-initio SCF 
calculations, the experimental geometry of 
silicalite and the water molecules was 
treated as rigid throughout the calculations. 
The water molecule was placed at 
numerous positions inside the fragments. 
The obtained 1,000 SCF data points were 
fitted to an analytical function 
of the form: 
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where 3 and 288 denote the numbers of 
atoms of water (W) and the silicalite (S) 
lattice, respectively. Aij, Bij and Cij are 
fitting constants and rij is the distance 
between an atom i of water and an atom j 
of silicalite, qi and qj are the atomic net 
charges of the atoms i and j in atomic 
units, obtained from the population 
analysis of the isolated molecules. 
Superscripts a and b on the fitting 
parameters have been used to classify 
atoms of equal atomic number but different 
environment conditions, for example 
oxygen and silicon atoms of silicaite in the 
different channels. The third polynomial 
term Cij/r8

ij was added in order to obtain 
better numerical fitting. The silicalite-
water fitting parameters were summarized 
in Table 1. 

 

Table 1 Final optimization parameters for the ith atoms of water interacting with the jth 
atoms in different channels (subscripts sd andt st demote sinusoidal and straigth channels, 
respectively) of the silicalite lattice (energy in Kcal.mol-1, distance (rij)  in Å and atomic net 
chagres (q) in atomic unit). 
 

i j   qi qj A(Å6 kcal./mol) B (Å12 kcal/mol) C (Å8 kcal/mol)
O 
O 
O 
O 

Sisd 
Sist 
Osd 
Ost 

-0.86629 
-0.86629 
-0.86629 
-0.86629 

1.56986 
1.67270 

-0.78493 
-0.83653 

-18023.70045
6035.98387
7592.37634

-1605.57745

-2548026.49363 
117801.34659 
275412.63747 
-26996.92676 

241557.06465
-21871.06318
-50145.22438

8135.57650
 

i j  qi qj A(Å6 kcal./mol) B (Å12 kcal/mol) C (Å8 kcal/mol)
H 
H 
H 
H 

Sisd 
Sist 
Osd 
Ost 

0.43314 
0.43314 
0.43314 
0.43314 

1.56986 
1.67270 

-0.78493 
-0.83653 

-7525.63685
-8362.88299
503.177431
2074.08323

-192955.39323 
-100800.83750 

-282.15505 
5641.19273 

2074.08326
34694.38682

-396.99593
-5018.41068 

 
 
3.4 MD-Simulations 
 

The MD simulations which have 
been performed so far, turned out to be too 
short to determine the diffusion coefficient              

with a good reliability. For the elements of 
the diffusion tensor, this is valied even 
more. Up to now the diffusion coefficient 
can be only approximated D ≈ 3*10-11 m2/s 
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with an error of up to 100 %. Therefore 
longer simulations will be performed to 

improve the reliability of the results and to 
analyse the anisotropy of the diffusion.  

 

The structures of the radial distribution 
functions (rdf's) give some insight in the 
coordination of the guest molecules in the 
zeolite framework. The rdf O(H2O)-Ca 
shows only one peak, indicating, that there 

is only one hydration shell around the Ca-
Ion. This can be seen in den H-Ca-rdf as 
well. The rdf of the water atoms with the 
framework oxygen show some more peaks, 
but those are probably caused by the next 

Figure 3. Radial distribution of the water atoms with the lattice oxygen and the calcium in 
arbitrary units over the distance in Å. 

Figure 4. Radial distribution of the water atoms with each others in arbitrary units over 
the distance in Å. 
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oxygen atoms in the framework and by a 
second  hydration shell. The fact, that the 
Ca-water rdfs show only one peak, means, 
that the water molecules are at this low 
loading in the middle of the two Ca-Ions in 
each cavity. 
 

 For the water-water rdfs the peaks can be 
easily identified for a coordination of just 
two atoms. Only the O-O-rdf shows a 
slight second peak, indicating a higher 
order of coordination. 
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Abstract: Series of molecular dynamics simulations have been performed in order to 

examine changes of structural and dynamical properties of water molecules in 

silicalite-1 as a function of temperature and loading. The ab initio fitted         

silicalite-1/water potential which is newly developed 6 and the BJH flexible 

water/water potential 37 have been employed. The water loading was varied from 1 to 

8 water molecules per intersection, equivalent to 8 to 64 molecules per simulation 

cube. The simulations have been carried out at 298 and 393 K. The results show that 

the water structure inside the silicalite-1 cages changes dramatically as a function of 

loading. We found that the probability of water molecules to reside in the straight 

channel is always higher than that to find them in the sinusoidal channels. The 

formation of water clusters has been detected for high loading. The observed clusters 

are found to display pure water like-structure. We name it “low density cluster” due to 

the following reasons: (i) The cluster consists of 5 water molecules (4 in the first 

hydration shell of the central one) which is consistent with that of pure water; (ii) 

Molecules in the cluster are not coordinated together via hydrogen bond. The radius 

of the first hydration shell of 3.35 Å is 0.5 Å longer than that of pure water; (iii) 

Molecules in the cluster are less flexible than those of pure water. In terms of 

dynamical properties, for low loadings a preferential diffusion path is observed along 

center of the channel tube. The water molecules were detected to diffuse closer to the 

surface when the concentration is higher than 6 molecules per intersection. The 

diffusion coefficient of water decreases when the concentration increases. The D 

values for all concentrations at 393 K are higher than those of 298 K. The temperature 

dependence almost disappears at a loading of 8 water molecules per intersection. In 

addition, the anisotropic diffusion is less pronounced for water in silicalite-1 in 

comparison to that of non-polar molecules. 
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1. Introduction 

 The dynamical behavior of molecules in zeolites and other microporous solids 

have become attractive subjects for both fundamental investigations and applied 

researches. The regular structure and numerous technical applications as catalysts, 

ion exchangers, adsorbents and host materials for advanced technologies have made 

zeolites to a particularly important candidate of research.1,2,3 Water molecules in 

zeolites, even at small amount, can significantly influence properties of zeolite-like 

materials during some technological processes and water can also have an effect to 

the adsorption of other molecules.4 Understanding of such phenomena cannot be 

obtained purely by experimental techniques due to the complex interplay between 

many physical and chemical processes taking place in the zeolites.5 As a 

complementary technique in obtaining insight into the microscopic details, many MD 

studies on the interaction of water to various zeolites have been performed.4-17  

To our best knowledge, most of the molecular dynamics simulations for water 

in zeolites have been reported by Demontis et al.,18-20 and Leherte et al.21-26 In the 

late 1990s, the sodium ions in hydrated zeolite A have been examined for the ranges 

of hydrations.27-29 The self-diffusion coefficient at full hydration obtained from this 

simulation is 3 times higher than that obtained from experiments.27 More recently, 

conformation of the triple helix of water in VPI-5, aluminophosphate-type material 

formation has been investigated by Fois et al.10 through Car Perrinello molecular 

dynamics simulations. It was found that the helice lies close to the channel walls and 

avoids the channel center. Empirical potential functions including electronic-field-

dependent terms have been developed and applied by Cicu et al.13 to simulate 

classically water in natrolite. It was found that the electric-field-dependent terms in 

the intramolecular potential of water can improve the results in comparison to 

experimental one. Termath et al.30 have performed ab initio molecular dynamics 

simulations (AIMD) for H2O and H3O+ in HSAPO-34 and detected water cluster, 

H3O+(H2O)2, i.e., an acid-base reaction in HSAPO-34 requires at least three water 

molecules per two nearby acidic sites. More recently, the AIMD simulations of 

water-HSAPO-34, that have been studied by Jeanvoine et al.31 in order to elucidate 

the water behavior to Bronsted acidic sites, stated the demand on a water dimer for 

the occurrence of proton transfer in the cage, hence the basicity of a hydrogen-

bonded water dimer is required. However, such AIMD simulation is indeed still 
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computer time expensive. This requires the restriction on few 100 atoms system, and 

the typical run length of some picoseconds.   

For the de-aluminated zeolite silicalite-1, the only available data is in terms of 

heat of adsorption. Vigné-Maeder and Auroux32 had drawn the potential map in 

which the average energy is expressed as a sum of electrostatic, polarization, 

dispersion, and repulsion interactions between the atom pairs. The calculations yield 

heat of adsorption for water in silicalite-1 at 300 K of -12.5 kcal.mol-1. Recently, 

Turov et al.33-36 have measured water adsorption in silicalite-1 by H1 NMR and 

thermogravitric methods and observed a high chemical shift. This corresponds to the 

formation of more than three hydrogen bonds of the attributed water in the pores.  

As a matter of fact, all previous classical simulations11-13,15-29 of water in 

zeolites use the intermolecular potentials based on empirical force-field 

parameterizations. Some doubts arise when the potentials were used to represent the 

interaction between water and zeolites in which hydrogen bonding is very important 

as this is better represented by ab initio derived potentials. Such potentials are 

therefore used in the present paper. In addition, the water-water interaction is 

represented by an existing potential,37 which is almost developed using ab initio data. 

It is known that unbalance of the pair potentials, water-zeolite and water-water, can 

easily lead to artificial results. To avoid this discrepancy, a fully ab initio fitted 

potential for water/silicalite-1 has been developed for the first time using fairly large 

fragments of 10T 20T, and 27T of silicalite-1, where T refers to silicon of corner 

sharing TO4 tetrahedra in zeolite crystalline.7 The function has been applied to study 

the diffusion coefficients of water in silicalite-1 which are in satisfactory agreement 

with those observed using PFG NMR measurements.5 

 In this paper, we present dynamical and structural properties of water 

molecules inside the siliceous ZSM-5 at various loadings with the aim of achieving 

their microscopic understanding. The ab initio fitted water/silicalite-1 model6 based 

on quantum chemical methods have been employed.  
 

2. Computational and Calculation Details 

2.1. Structure of Silicalite-1 

The silicalite-1 crystal structure used in the present investigation is 

characterized by a 3-dimensional channel system, whose symmetry group is Pnma. Its 
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framework structure incorporates two different channel systems, each defined by 10-

oxygen-membered ring. A straight channel with an elliptical cross section of about 

5.2-5.7 Å is parallel to the crystallographic axis b, and sinusoidal channels with 

almost circular cross section of 5.4 Å run along the crystallographic axis a (Figure 1). 

The resulting intersections are stretched out to cavities up to 9 Å of diameter. The 

crystallographic cell38 contains 288 atoms (Si96O192), with lattice parameters a = 20.07 

Å, b = 19.92 Å and c = 13.42 Å. 
 

2.2. Potential Functions 

The potential proposed by Bopp, Jancso and Heinzinger37 was employed to 

describe water-water interactions. These functions are originally developed from the 

central force model by Lemberg and Stillinger.39,40   

The silicalite-1/water pair potential was comprehensively developed by 

fitting almost 1,000 ab initio data points at the Hartree Fock 6-31G* level to the 

following functional form,6,7 
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where 3 and 288 denote the numbers of atoms in a water molecule (w) and the 

silicalite-1 (s) unit cell, respectively. The constants Aij, Bij and Cij are fitting 

constants and rij is the distance between atom i of water and atom j of silicalite-1. 

Also, qi and qj are the atomic net charges of atoms i and j in atomic units, as obtained 

from the population analysis41 of the isolated molecules in the quantum chemical 

calculations. Superscripts a and b on the fitting parameters have been used to classify 

atoms of equal atomic number but different environmental conditions, for example, 

oxygen and silicon atoms of silicalite-1 in the different channels. The third 

polynomial term (Cij/r3
ij) was added in order to obtain better numerical fitting. More 

detailed investigations as well as the silicalite-1/water fitting parameters are given 

elsewhere.7 

2.3. Molecular Dynamics Simulations 

The equations of motion were integrated using the Verlet algorithm42 with 

time step of 0.5 fs at 298 and 393 K. Simulations43,44 have been performed for 
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systems containing 1 - 8 water molecules per intersection, equivalent to 8 – 64 

molecules per simulation cube, which contains 2 silicalite-1 unit cells. The NVT 

ensemble was employed after an aging of 0.5 ps where the velocities of the particles 

were rescaled to thermalize the system. Periodic boundary conditions were applied. 

The pair interactions were computed in the minimum image convention with a 

spherical cutoff of 10 Å. The length of each trajectory was 10 ns. The fluctuations of 

the total energy of the system were less than 0.005%. According to the long-range 

interactions, which are columbic forces, the shifted force strategy has been employed. 

Hence, Ewald summations can be avoided in this study in which the total charge of 

the system is zero.45,46,12 
 

3. Results and Discussions  

3.1. Structural Properties 

3.1.1. Silicalite-Water Radial Distribution Function (RDF) 

(1)  Averaged RDF for All Channels 

In order to investigate structural data of water molecules via diffusion 

in zeolite silicalite-1 at various loadings (n1d), the radial distribution functions (RDFs) 

from surface oxygen atom (OS) to oxygen (OW) and hydrogen (HW) atoms of water 

have been evaluated and plotted in Figure 2. The change of the water behavior has 

been exhibited by the OS- OW RDFs in which the transition takes place between the 

loadings of 6 and 7 water molecules per intersection. 

The OS-OW RDFs for n1d ≤ 6 display first broad maxima around 4.2 Å, 

followed by a pronounced shoulder at around 5.8 Å and second broad peaks centered 

at 8.4 Å (Figure 2a). Due to the cylinder-like structure with the diameter of 8.2 Å 

(Figure 1) of silicalite-1 channels, water molecules lied under the first maximum and 

the established shoulder of the OS-OW RDFs can be assigned to molecules moving 

along the center of the tube. The distances from OW to OS of the nearest 10-oxygen 

membered-ring and their adjacent rings are between 4 to 6 Å. This is in good 

agreement with that predicted by ab initio calculations which state that central line is 

the optimal path for water molecule to travel along the silicalite-1 channels.7  

A transition takes place for the nld> 6, in which the first broad OS-OW 

peak splits into two sharp peaks centered at 3.45 Å and 5.25 Å. This feature indicates 

dramatic changes of the water behavior in silicalite-1 channels. With concentrations 
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higher than 6 water molecules per intersection, the water molecules are forced by their 

repulsion to stay out of the central line region. This information cannot be obtained 

from ab initio calculations because only the interaction of a pair or only a few 

molecules can be taken into consideration. It is interesting to note here, therefore, that 

these two peaks are contributed from the same set of water because the sum of OS-OW 

distances for OW centered at 3.45 Å far from OS on one side and 5.25 Å from the 

opposite side of the 10-oxygen membered ring are, somehow, equivalent to the 

diameter of 8.2 Å of the tube.  

Some comments could be made concerning an appearance of the OS-

OW peak at 3.45 Å for n1d> 6. The sharp, pronounced and discrete characters of the 

peaks are usually due to the tight binding between the two molecules. This is surely 

not true for the water/silicalite-1 system in which the interaction energies derived 

from ab initio calculations or the ab initio fitted potential for any configurations 

where the OS-OW distance = 3.45 Å of about -4.0 kcal.mol-1 is almost equal to that at 

the optimal configuration of the water dimer of -5.6 kcal.mol-1, i.e., the water-water 

binding is superior to the surface-water one. Therefore, the formation of this peak can 

be assigned to a cluster formation of water molecules. Repulsion among molecules in 

the cluster in a limited space inside the silicalite-1 channels, leads not only to a shift 

of water positions out of the central line but also to a lower flexibility of their 

positions. As a consequence of the cluster formation and the repulsion of the water 

molecule in a limited space, the OS-OW RDF starts to be detected at shorter distance, 

when the concentration increases. The investigation and the discussion on the cluster 

formation are given in more details in the next section of water-water radial 

distribution functions. 

 Considering the OS-HW RDFs in Figure 2b, the plots for all loadings 

show corresponding RDFs with established shoulders around 3.2 Å, and first maxima 

around 5.2 Å. As a function of the water loading, the following conclusions can be 

made (i) An appearance of the first pronounced OS-HW shoulder at shorter distance 

than that of the OS-OW first peak implies that water molecules point their hydrogen 

atoms toward the inner surface of silicalite-1.; (ii) With the distances to the first peak 

of the OS-OW RDFs of 3.4 Å and the OS-HW shoulder of distances of both peaks 

mentioned earlier, it can be concluded that hydrogen bonding between water 

molecules and the inner surface of silicalite-1 cannot be formed. (iii) Broaden of these 

peaks and their shoulders indicate a flexibility of water molecules in terms of both 
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their positions and orientations. This finding confirms the ab initio results which 

suggest changes of water orientations via the diffusion in the silicalite-1 channels;7  

(iv) The same reasons as that of the OS-OW RDFs, the OS-HW RDF for low loadings  

start to be detected after those of high loadings. This is also true for the distance to the 

first shoulder of the OS-HW RDFs while their first peaks appear at the same position. 
 

  (2)  Separated RDF for Each Channel 

To understand more details of the water behavior in different channels, 

the OS-OW and OS-HW RDFs for each channel have been evaluated. The results are 

given as examples in Figures 3a and 3b for nld = 1 and 8, respectively. Here, the 

notation Os representing oxygen atoms of the silicalite-1 surface were replaced by OIt, 

OSt and OSd for the intersection, straight and sinusoidal oxygens, respectively. An 

average OS-OW and Os-Hw RDFs for both loadings are also given for comparison. The 

following conclusions can be extracted from the plots. 

 In terms of peak height, which give information on the probability of 

finding water molecules residence in the investigated channel, the detected order is 

intersection > straight > sinusoidal. This conclusion is valid for the RDFs from 

silicalite-1 surface to both oxygen and hydrogen atoms of water and both nld = 1 and 

8. Note that, the averaged OS-OW and OS-Hw RDFs are not able to compare with those 

of the separated channels because the number density, ρ ( ρ  = n/V where n is number 

of water molecules moving in each channel and V denotes the volume of the 

simulation cube), for each channel is not known. Therefore, the separated RDFs are 

not possible to be properly normalized and the total number of water molecules in the 

simulation cube, N, was used instead. In other words, the y-axis for the separated 

RDFs is in arbitrary unit. However, the peak position doesn’t depend on the number 

density. What we learn from these facts is that the height of the OSt-OW RDFs is 

similar to those of the OIt-OW for nld = 1 (Figure 3a) and of OSd-OW for nld = 8   

(Figure 3b). At low loadings, the probabilities to detect water molecules in the 

intersection and the straight channels are considerably higher than that in the 

sinusoidal one, i.e., the diffusion along the straight channel is superior. The trajectory 

density plot for nld = 1 shown in Figure 4 confirms this statement. In contrary, no 

significant difference has been found for nld = 8 in the diffusion of water molecules 

along straight and sinusoidal channels.  
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Considering the RDFs in Figure 3 in terms of the peak positions and 

their shapes, all plots for separated RDFs are almost identical to those of averaged 

ones (for both concentrations and RDF to both oxygen and hydrogen atoms of water). 

The only separated RDF, the shape of which differs from the others, is the OSd-OW 

one. In addition to the first peak at 4.2 Å of the averaged OS-OW RDF, the separated 

OSd-OW RDF shows also a second peak at 5.6 Å. An appearance of this peak can be 

assigned to a contribution from the water molecules lying in the other channels. As it 

can be seen from the trajectory density plot (Figure 4), high density regions in the 

intersection and sinusoidal channels lay within a spherical shell with a radius of 5.3 Å 

with respect to the oxygen atoms of the sinusoidal channel. On the other hand, the 

contributions to the OIt-OW and OSt-OW RDFs are not visible because the water 

density in the sinusoidal channel is significantly lower than those in the other 

channels (Figure 3a).  
 

3.1.2. Water-Water Radial Distribution Functions 

In order to get insights how water molecules formulate inside the channels, the 

RDFs from oxygen atom (OW) to oxygen (OW) and to hydrogen (HW) atoms of water 

at 8 loadings have been calculated and illustrated in Figures 5a and 5b respectively. 

The OW-OW RDF for pure water has been also given for comparison. Characteristics 

of the pronounced peaks of the RDFs are summarized in Table 2.      

(1)  The Oxygen-Oxygen Radial Distribution Function 

Significant differences in the water structure can be observed, in 

comparison between that of pure water and water in the silicalite-1 cage. The OW-OW 

RDF for pure water shows a typical first peak at 2.80 Å, a second peak at 4.50 Å and 

a first shell coordination number (n) of 4.5 water molecules.47 

 Inside the cage, the OW-OW RDF changes dramatically as a function of 

loading. With the concentration of 8 water molecules per intersection, the plot shows 

a first sharp peak at 3.35 Å, a clear minimum at 5.25 Å and n = 3.9 water molecules. 

The distances to the first maxima (RM1) and the first minima (rm1) increase steadily if 

the concentration decreases. In addition, peak splitting starts to be detected at nld = 4 

and separates at nld = 1. This indicates the changes of water structure in the cage of 

silicalite-1. An appearance of the first sharp peak for high loading is assigned to the 

formation of water clusters in the cage of silicalite-1 (details in the next paragraph) 
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while the splitted peak for low loading, especially for nld = 1, at 4.5 Å is interpreted as 

the water molecules lying separately in different channels. 

In terms of first shell coordination numbers, a linear relation with the 

water concentrations has been detected and plotted in Figure 6. The coordination 

number of 3.9 for the loading of 8 water molecules per intersection is close to that of 

4.5 for pure water.47  

Some comments could be made concerning the OW-OW RDFs of pure 

water and of the high concentration of water in the silicalite-1 cage, especially for nld 

= 8, in which the shapes of the RDFs are totally similar and their first shell 

coordination numbers are about the same. It is known that bulk water forms a 

hydrogen bond network with the O-O distance, indicated by the first peak of the OW-

OW RDF, of 2.80 Å. Therefore, it is evident from the OW-OW RDF of water molecules 

in the cage of silicalite-1, at least for nld = 8, that clusters are formed. Characteristics 

of the cluster can be figured out from the RDFs and summarized as the following: (i) 

Water molecules in the cluster in the cage of silicalite-1 don’t bind together via 

hydrogen bond because the O-O distance of 3.35 Å (RM1 of the OW-OW RDF for nld = 

8) which is about 0.5 Å longer than the typical hydrogen bond distance in bulk water, 

doesn’t fit to the geometrical and the energetic criteria48-50 of the hydrogen bond 

formation; (ii) The height of the OW-OW RDF indicates that the water clusters in the 

cage of silicalite-1 are less flexible than that of pure water. This observation can be 

understood in terms of their interactions with water molecules in the second solvation 

shell and with the silicalite-1 wall. Due to the limited space in the channel, the second 

solvation shell of water doesn’t allow to be formed (the second peak at about 6.5 Å of 

the OW-OW RDF shown in Figure 5a for other loadings is due, surely, to   the water 

molecules lying in different channels). This fact leads to a destruction of the hydrogen 

bond networks and, hence, a lower stability of the water clusters in the cage of 

silicaite-1 in comparison to those of pure water. Destructive contributions can be 

compensated by the interaction with the silicalite-1 wall in which the first shell 

molecules can be weakly held in place by the water/silicalite-1 potential. A 

conclusion is that, in spite of interactions among water molecules in the cluster, its 

stability which leads consequently to the sharp and pronounced OW-OW first peak at 

3.35 Å, can be described in terms of destructive and constructive contributions from 

the second solvation shell and the silicalite-1 wall, respectively.; (iii) Based on the 

detailed description given in (ii), the size of the “low density water clusters”, in terms 



 11

of spherical radius, rsphere, (equivalent to RM1 of the OW-OW RDF), is expected to 

depend strongly on ∆r, the difference between the radius of the pure water cluster and  

of the silicalite-1 channels, i.e., rsphere increases as a function of ∆r. In contrary, “high 

density water clusters” (RM1 of the OW-OW RDF > 2.80 Å) would be also possible to 

be formed for the high loading of water molecules in small-channel zeolite.  

(2)  Oxygen-Hydrogen Radial Distribution Function 

 Additional characteristics of the low density cluster of water molecules 

in the silicalite-1 cage can be extracted from the OW-HW RDFs, shown in Figure 5b. 

In good agreement with those of OW-OW RDF, the plots for high loadings show a 

pronounced shoulder centered at about 2.8 Å. This shoulder is less pronounced when 

the concentration decreases and disappears for nld = 1. An appearance of the clear 

shoulder at shorter distances than that of the first OW-HW main peak implies that 

H2O….H-OH is superior. This hydrogen-bond like configuration confirms the 

formation of low density clusters of water. Note, as already mentioned, that, the 

distances to the established shoulder of about 2.8 Å and to the first main peak of the 

OW-HW RDFs ranging from 3.75 Å to 4.05 Å for nld = 1-8, are surely not fit to any 

criteria of hydrogen bond formation,48-50 i.e., it is too far to form hydrogen bond. 

 
 

3.2. Dynamical Properties 

3.2.1. Self-diffusion Coefficients 

The self-diffusion coefficients are calculated from the particle 

displacements. The process of self-diffusion was quite generally related to the 

moments of the propagator.51-53 The propagator ( ),t,P 0rr  represents the probability 

density to find a particle at position r at time t if it was at r0 at time t = 0. The nth 

moment of the propagator is defined by the relation52 

 

( ) rdrr,rrrr 000
n  ,tPn

∫ −=− .           (2) 

 

Here, ( ),t,P 0rr  is the solution of the diffusion equation for the initial concentration 

( ) ( )0δ0 rrr −==,tC . The elements of the diffusion tensor, corresponding to the x-, y- 
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and z-axes, are calculated. The overall diffusivity D is assumed to be one third of the 

trace of the diffusion tensor.  

 The self-diffusion coefficients of the water molecules as a function of 

the loading, varying from 1 to 8 water molecules per intersection, at 298 and 323 K 

are shown in Figure 7. Experimental values by PFG NMR measurements at the 

loading of 2 are also given for comparison. It can be seen that the simulation values 

overestimate the experimentally observed self-diffusivities of water by PFG NMR by 

approximately a factor of 2 at 298 K and of 4 at 393 K. Possibly experimental 

explanations for these discrepancies are discussed in terms of the contributions of 

extra-crystalline and intra-crystalline water to the measured signals by PFG NMR.5 

Note that the model employed in this study yields practically a one-to-one 

correspondence between the predicted (by the potential function) and the observed 

(by the ab initio calculation) interaction energies. 

 Changes of the water self-diffusion coefficients as a function of the 

loading can be seen from the plot (Figure 7). Similar to other small guest molecules 

such as, CH4, CF4, He, Ne, Ar, Xe and SF6 in silicalite-1,54 the diffusion of water 

decreases if the concentration increases. As expected, the diffusivities for all 

concentrations at 393 K are higher than those of 298 K. The temperature dependence 

is stronger at low concentrations, i.e., the difference of the diffusion coefficients 

obtained from the two temperatures is almost disappeared at the loading of 8 water 

molecules per interaction. 
 

3.2.2. Anisotropic Diffusion 

 It has been observed experimentally and theoretically that the diffusion 

of alkanes and light gases in silicalite-1 is anisotropic.54-58 To visualize this effect, a 

formula for the relation between the components of the diffusivity tensor (D) 

proposed by Kärger58 has been applied, 
 

,
y

2

x

2

z

2

D
b

D
a

D
c

+=          (3) 

 

where a, b and c are the unit cell lengths. The deviation from Eqn. (3) can be 

accounted by introducing a parameter, 56,57,60 
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b

D
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D
c
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22
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,         (4) 

 

where, β  = 1 denotes random processing, e.g., a water molecule passing an 

intersection continues the diffusion path independent of how it gets to the intersection. 

A hint on preferentially continuative diffusion path either along in one or the same 

channel type is when β  > 1. Vice versa, a higher diffusivity in z-direction, that is 

only possible by changes between straight and sinusoidal channels, occurs if β  < 1. 

The interchange between the two channel types is more probable in this case. 

 Figure 8 visualizes the computed β  as a function of the loading at the 

two temperatures. As expected, the sβ  for almost all concentrations and temperatures 

are higher than 1, indicating preferential continuation-diffusivity of the water 

molecule in the same silicalite-1 channels. This is in good agreement with 

examinations for xenon and alkane molecules in silicalite-1 in which β  = 1.2 and 1.3 

have been detected.56 However, as the changes of the sβ  as functions of loading and 

temperature observed in the present paper are within the fluctuation limit, relations 

between these variables cannot be concluded.  

 The fact, that the continuation-diffusivity preferred by non-polar 

molecules in comparison to polar molecules in silicalite-1, can be due to the reason 

that the diffusion of a polar molecule is stronger influenced by its interaction with the 

silicalite-1 inner surface. Polar molecules are expected to approach closer to the 

channel wall than non-polar ones. Therefore, when a polar molecule gets into an 

intersection from a channel of type A, it expects to take the closest pore - which 

belongs to the channel of type B (while pores to the same type of channel are almost 

on the opposite side of the intersection) for discontinuation diffusion. This leads 

directly to decrease probability of taking the same channel type for the polar 

molecule, i.e., β  for polar molecules is lower than that of non-polar molecules. 
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Figure Captions 

Figure 1. Schematic representation of silicalite-1 channels.    

Figure 2. Radial distribution functions, g(r), from oxygen atoms of silicalite-1 surface 

to (a) oxygen and (b) hydrogen atoms of water molecule at various loadings (nld = 1 – 

8). 

Figure 3. Radial distribution functions, g(r), from the oxygen atoms in the 

intersection (OIt), straight (OSt), and sinusoidal (OSd) channels of silicalite-1 to oxygen 

(OW, filled symbols) and hydrogen (HW, unfilled symbols) atoms of water molecule 

for the loadings of (a) 1 and (b) 8 water molecules per intersection. 

Figure 4. Projection on the xy plane of the 10 ns trajectory of a water molecule 

traveling along silicalite-1 channels at nld = 1 and 298 K where its enlargement has 

been given in the insert.  

Figure 5. Oxygen-oxygen (a) and oxygen-hydrogen (b) radial distribution functions 

(RDF), g(r) for water molecules in silicalite-1 at nld = 1 – 8 (Oxygen-oxygen RDF for 

bulk water taken from Ref. 47 has been also given).  

Figure 6. First shell coordination number, n, as a function of loadings, nld (* stands 

for that of bulk water taken from Ref. 47). 

Figure 7. Self-diffusion coefficients (D) as a function of loadings (nld) at 298 and 393 

K. 

Figure 8. Changes of  β (detailed in Eqn. (4)) as a function of loadings (nld) at 298 

and 393 K. 
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Table Captions  

Table 1. Optimal fitting parameters for atom i of water interacting with atom j in each 

channel of the silicalite-1 lattice; Subscripts sd and st denote sinusoidal (zig-zag) and 

straight channels, respectively; Energies in kcal.mol-1, distances (rij) in Å and atomic 

net charges (q) in atomic units. 

 

 

i j qi 

 

qj 
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(Å
6
kcal.mol

-1
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12

kcal.mol
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Table 2. Characteristics of the radial distribution functions for water loadings (n1d) of 

1 to 8 molecules per intersection in silicalite-1 where RM1 and rm1 are the distances in 

Å for the first maxima and minima of RDFs, respectively, and n is the average 

coordination number integrated up to rm1.   
 

n1d RDF 

OWOW 1 2 3 4 5 6 7 8 
Bulka 

RM1 3.65, 

4.3
b
 

3.55, 

4.3
b
 

3.45, 

4.2
b
 

3.45, 

4.2
b
 

3.35 3.35 3.35 3.35 2.80 

rm1 8.05 6.45 5.95 5.85 5.65 5.45 5.35 5.25 3.2 

n 0.1 0.7 1.2 1.9 2.5 2.9 3.4 3.9 4.5 

n1d RDF 

OWHW 1 2 3 4 5 6 7 8 
Bulka 

RM1 4.05 4.05 3.95 3.95 3.85 3.85 3.75 3.75 1.85 

rm1 8.45
c
 9.05

c
 8.95

c
 8.75

c
 8.55

c
 5.65 5.45 5.35 2.4 

n 1.3 5.7 9.6 11.9 15.8 7.5 8.3 9.2 4.4 
 

aThe values taken from Ref. 47. bThe RDFs show broad splitting peak. cThe 

RDFs show flat minima. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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