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ABSTRACT

The Structure of Carbon Dioxide Adsorbed
on a Sodium Chloride(001) Surface

Mohammad-Ali Saberi

Two sets of parameters and potential energy surfaces for a single
CO2 molecule adsorbed on the (001) face of a uniform semi-infinite
crystal of NaCl were developed and tested using the Steepest Descent
method. When the CO2 molecule attains the absolute minimum of the
potential energy it was found, for both parameter sets, to lie parallel to the
surface at height z= 2.5 A above the connection line of two adjacent Nat
ions (along the <110> direction) at 1.994 A from Na+ (C to Nat); i.e. the
carbon atom 1s directly above the midpoint between two sodium ions. The
values of the potential energy were found to be Ep;,= -7.643 kcal/mol and
Emin=-8.000 kcal/mol for parameters set I and set II respectively. Saddle
points in the potential energy surfaces were found to exist above the
connection line between Na* and CI- (the <100> direction). The position
of this point correspond to a lateral sodium to carbon distance of 0.92 A
and a carbon height of z=2.95 A above the surface for parameter set 1.
At this position the molecule is tilted by an angle of 35° from surface (55°
from the surface normal). The potential energy at this point was found to
be Egq = -5.723 kcal/mol which yielded an estimated diffusion barrier
energy of Egir= 1.918 kcal/mol. The parameter set Il was examined the

similar results was obtained.

(ii1)



The single molecule surface potential which was developed was
then used within the Metropolis Monte Carlo method to examine
monolayer, bilayer and trilayer configurations of CO; on an NaCl(001)
surface. In particular, the average potential energy, position, and
orientation of the molecules were calculated. The results show that the
monolayer and multilayer systems have a stable p(2x1) structure
(herringbone-like pattern) with two CO, molecules in each unit cell
related via a glide plane. For a monolayer the average potential energy at
90 K was found to be -8.021 kcal/mol which is consistent with the
experimental heat of adsorption of -8.5140.31 kcal/mol. The molecules
were found to sit in the saddle point sites at an angle of 60° from the

surface normal.

In the bilayer system, both layers adopted a stable p(2x1)
structure (both in a herringbone-like pattern) with the second layer offset
from the first layer. Once again the molecules were tilted by 60°. The
trilayer system was found to be unstable and showed evidence of the
emergence of a c(2x2) structure at the expense of the less compact p(2x1)

structure. Four layer and five layer systems were similarly found to be

unstable,

(iv)
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1. INTRODUCTION

The determination of adsorbate structure and heats of adsorption
are important aspects of surface science. The theoretical interpretation is
important for understanding processes such as the collision of molecules
with surfaces, the adsorption-desorption of physisorbed species, and the
mobility of adlayers or films (1], The physisorption of small molecules on
alkali halide single crystal surfaces is of interest from both the
experimental and theoretical point of view. Because not much is known
about the symmetry and structure of adsorbates on insulator surfaces.
Also solid carbon dioxide and alkali halides such as NaCl, LiF have a cubic
unit cell with similar lattice constants and thus form convenient systems
for the study of gas-solid phase transition, epitaxial growth and the

structure of the monolayer and multilayers.

The interactions between adsorbate and substrate are electrostatic
and van der Waals in nature, and largely consist of two-body type
interactions. Since these interactions are better understood than the
interactions in analogous metal systems, the alkali halides are ideal
substrates for studying the structure and dynamics of the adsorbate and
their phase transitions. The principal means of studying these systems is
through the use of neutral beams like helium atoms and infrared radiation.
These methods give good results because there is no surface charging
problem as in Low Energy Electron Diffraction (LEED). The structure
and dynamics of CO2 on NaCl(001) surface have been studied during the
last few decades using Fourier Transform Infrared Spectroscopy (FTIR),

|



Helium Atom Scattering (HAS) and other methods.

The CO2/NaCl(001) system is ideal for surface science
studies because the admolecules are only slightly perturbed by the presence
of the surface. This is due to the physisorptive nature of the adsorbate-
substrate interaction and the fact that the substrate and adsorbate have
similar crystallographic structures with lattice constants which differ by
only 1.26% ( dCO,=5.575 A and dNaCl= 5.646 A). As a result, the
substrate can act as a template on which ordered adlayers can nucleate and
subsequently grow epitaxially. This system is therefore amenable to
examination, by theoretical and experimental means, of a number of issues
of both academic and technological interest. Among these are:

1) Thermodynamics of adsorption.
2) 2-D phase transitions (2D-gas to 2D-solid).
3) Adlayer nucleation and growth modes.

4) Molecular interaction potentials.

Information obtained from the examination of these topics is
important for understanding more complex systems and processes such as:
I) Heterogeneous catalysis.
2) Photodissociation and photoinduced reactions at surfaces.
3) Adsorption of gases on granular substrates (e.g. graphite, zeolites).
4) Interfacial structures and properties.

5) Organic and biomolecules at surfaces e.g. SAMs and biosensors.



For the CO2/NaCI(001) system, we decided to calculate the
binding energy, position of the adsorption site, and the orientation of a

single CO; molecule as well as the structure and stability of a monolayer

and multilayers on the NaCl(001) surface.

1.1 Historical background

The infrared spectrum of carbon dioxide on a sodium chloride
film was first reported by Kozirovski and Folman(2l. Based on coverage
behaviour of the bending doublet they reported that there is only one kind
of adsorption site, and that carbon dioxide has a non-perpendicular
orientation with respect to the surfacel2l. The heat of adsorption of an
isolated molecule has been experimentally measured by Hayakawa to be

6.07 kcal/mol and estimated from calculations to be 5.42 kcal/moll3].

The monolayer structure of carbon dioxide on sodium chloride
surface has been studied by Ewing's group using infrared spectroscopy.
They mentioned that there are two tilted molecules per unit cell, arranged
in herringbone fashion and tilted by an angle of 68° from the surface
normall4]. Schaich's group did calculations(5! for the asymmetric stretch of
adsorbed monolayer carbon dioxide on sodium chloride surface for s- and
p-polarized radiation and obtained agreement with Ewing's experimental

results.



Heidberg's group did Fourier Transform Infrared Spectroscopy
(FTIR) using different isotopes of carbon dioxide on sodium chloride
surface. They studied 2D gas-solid transition by changing the pressure of
CO, and they found the structure of adsorbed monolayer CO; on
NaCl(001) surface. They reported that there are two molecules in each
unit cell arranged in herringbone fashion related via a glide plane. The
angle between the projection of molecular axes is 80°+5° and the angle
between each molecular axis and the surface normal is 56°+5°. They
found that monolayer CO; has a p(2X 1) structure. They also did
calculations of the surface potential of a single CO, molecule on sodium
chloride surface and found an absoiute potential minimum with Vpi,=-
16.85 kJ/mol=-4.03 kcal/mol which roughly is half of the measured value
qQs=32.4%1.1 kI/mol=7.741+0.26 kcal/moll7). The CO, molecule was found
to lie above the center of the connection line between two adjacent Na+
ions with the molecular axis parallel to the surface. A second minimum
with Vpip=-15.56 kJ/mol=-3.72 kcal/mol was found above the connection
line between Na* and Cl- ions with CO2 molecule tilted by 41.2° from the

surface normall6-93.

Scoles' group used low-energy helium diffraction to study COz
overlayers physisorbed on NaCl(001). They reported a (22X 242)

R45° structure for monolayer and multilayer systems and p(2X1)

structure for submonolayer systeml(10.!1], Toennies' group studied the

structure and dynamics of CO2 on NaCl(001) by helium atom scattering,
they reported a p(2X 1) structure for the monolayer system and a ¢(2X 2)

structure for multilayer systems!!12).



In order to determine which of these experimental findings' is
correct our laboratory did energy minimization of a single CO2 molecule
on NaCl(001) surface and Monte Carlo simulations of monolayer and

multilayer structures. These results are described in this thesis.

1.2 Adsorption

There are two types of adsorption phenomena: chemical
adsorption and physical adsorption. Chemical adsorption (chemisorption)
occurs with electron transfer between adsorbate and substrate to form a
chemical bond. The adsorbed molecules are held to the surface by
covalent forces of the same general type as those occurring between bound
atoms in molecules. The heat evolved per mole for this type of adsorption
is usually comparable to that evolved in chemical bonding, namely 100 to
500 k3. The adsorption of oxygen, sulfur dioxide and carbon monoxide

on some metals are of the chemical adsorption type.

In physical adsorption, the forces are of a physical nature;
namely, of the electrostatic and van der Waals type. As a results, the
adsorption bond is relatively weak. The heat evolved when a mole of gas
becomes physisorbed is typically less than 50 kJ and often less than 20 kJ.
This type of adsorption plays only a minor role in catalysis, except for
certain special types of reactions involving free atoms or radicals. The
adsorption of carbon dioxide, carbon monoxide and hydrogen molecule on
alkali halide surface are examples of physisorption(!3).

5



In order to obtain the adsorption potential energy of carbon
dioxide on a sodium chloride surface, molecule-surface and molecule-
molecule interactions must be considered. Fortunately these interactions
can be regarded as the sum of two body interactions. The total adsorption
potential of a central molecule on the surface is the sum of the molecule -

surface interaction and the molecule - molecule interaction.

1.2.1. Adsorption energy

The adsorption energy is the energy required to carry a gas
molecule with energy equal to H ¢ into the most favorable adsorption site

with the surface binding energy E, at T=0 K. The adsorption energy g,

(isosteric heat of adsorption) can be expressed as below(14,15,16]

H, = ;"k T+PV= (”+2)kBT (1.2.1)
hco
H =E, (1.2.2)

gu=H-H, = (n+2)k T-E,- th( (1.2.3)

where H ¢ 18 the enthalpy of the 3-D gas phase, 1 is the enthalpy of the 2-
D gas phase on the surface and # is the number of degrees of freedom of
the molecule k is the Boltzmann constant, T is the absolute temperature,
(0, 1s the frequency for the Oith degree of freedom (vibration or

libration on the surface). For CO, molecules in both the 3-D gas phase
6



and 2-D gas phase on the surface, 7= 5 (3 translations + 2 rotations for 3-
D and 3 vibrations with respect to the surface + 2 librations for 2-D),
assuming the internal vibrational modes of the molecule are ignored.

In high temperature limit, i.e thcz; <<l so that
2kBT
coth (2k T h(ﬂa » eéquation (1.2.3) becomes.
B
2
g.= ("3 32 k5T ~ Ey— nk, T (1.2.4)
or,
-2

Is=—Eo— (—-—n 5 ) kT (1.2.5)
If n=15 then equation (1.2.5) will be as below.

=—E,—3k,T
Qg =—Ly— B (1.2.6)

2

Using equation (1.2.6) and the experimental value of the
isosteric heat of adsorption at 90 K (32.4 +1.1 kJ/mol)7}, the isosteric heat
of adsorption at 0 K was estimated to be 33.5+1.1 kJ/mol=8+0.26

kcal/mol.



1.3. Molecule - molecule interaction

The interaction of two molecules, separated by distance r, may be
expressed in terms of the interaction potential energy U(r). The
interaction potential energy is the sum of electrostatic (coulombic),
repulsion (Pauli exclusion) and dispersion interactions and orientation
dependent terms. These interactions are considered to be of the two body
type so that the total potential is the sum of all two body interactions.
Since this interaction is short-ranged it is convenient to arrange that the
potential energy U take zero value at infinite distance. In general,
intermolecular energies and forces depend on the relative orientation of
the two interacting molecules and their separation. But for spherically
symmetric molecules they depend only on the separation r. The
intermolecular potential U(r) is equal to the work done to bring the two
molecules together to distance r from infinite separation. The

intermolecular force F(r) and energy U(r) are given byll71;

F(r)=- dgir) (1.3.1)
UG = f " F()dr (13.2)

The general form of an intermolecular potential for two interacting inert
gas atoms is shown in Figure 1.3.1. The principal features of the potential
function is characterized by a small number of parameters. These

parameters are:



G, the collision diameter, the separation at which U(r) = 0;
I'm, the separation at which the energy has the minimum value of —€.

If ris greater than 1y (r > ryy ) then the intermolecular force is attractive;
F(r) has a negative value. If r is smaller than Im (r < ry, ) then the
intermolecular force is repulsive; F(r) has a positive value. In the region
O < r1 < 1y the intermolecular force is repulsive, but the energy is
negative. Potentials of this form have been used to describe molecular
interactions in low density gases where collisions between molecules are
rare and the molecules spend little time in close contact with each other.
In the condensed phase such a simple potential has little chance of
accurately describing the molecular interactions; the molecules are always
in intimate contact with nearby molecules and are keenly sensitive to the

structure and relative orientation of their neighbours.

To obtain a more accurate representation of the intermolecular
potential energy of polyatomic molecules like CO, CO,, NO,,...etc. it is
convenient to assume that the molecule-molecule interactions can be
expressed as the sum of atom-atom interactions. As a result, attention
must be made to the potential function and parameters which characterize

the various atom-atom interactions.
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FIGURE 1.3.1. THE INTERMOLECULAR POTENTIAL
ENERGY FUNCTION OF TWO INTERACTING INERT GAS
ATOMS (i.e. He,Ne...) (From ref.[17]).

10



1.4. Molecule-surface (gas-solid) interaction

A discrete model that is frequently used for molecule-surface
interactions considers the surface to consist of a rigid planar array of
atoms, ions or molecules having the same characteristics (spacing,
symmetry, composition) as the bulk solid. As mentioned previously,
pairwise additivity is assumed so that the interaction energy between a
single adsorbed molecule and the surface may be evaluated by summing
over all the interactions between the constituent atoms of the admolecule

and the ions of the solid substrate, i.e.
Uf(r) = ;Ugs(r ~R) = ;Ugs(r,.) (1.4.1)

whereR; is the lattice vector of solid, U gs(T';) is the interaction energy

between the gas-phase molecule and the ith ion in the solid separated by a
distance r; (Figure. 1.4.1)I17], As suggested by Figurel 4.1, the surface

potential can be expressed in terms of a Fourier series as shown

below![18.19,20],

Uxy.2) = 23Uy m(@) cos(Z) cos(27y) (14.2)

where z is the perpendicular distance of the gas molecule from the surface
and n,m=10,1,2, .... defines an infinite series. Usually equation 1.4.2 is

truncated at the # + m = 2 level.
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FIGURE 1.4.1 COORDINATES FOR GAS-SURFACE
INTERACTION POTENTIAL (From ref.[17]).
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2. POTENTIAL FUNCTIONS

The form of the potential functions used in this work are similar
to those used by Polanyi's groupl!8.191. The potential energy functions of a
carbon dioxide molecule adsorbed on a sodium chloride surface is
considered to be the pairwise sum of electrostatic, repulsion and dispersion
(van der Waals) interactions. This assumption allows the potential

interaction to be expressed in terms of two body interactions.

The electrostatic energy of the molecule-surface interactions may
be calculated if we know the charge distribution of the molecule and the
form of the electrostatic potential and electric field at the solid surface.
The electric field E(r) at the (001) face of a NaCl ionic crystal (face
centered-cubic) may be obtained from the electrostatic potential ®(r) as

followsl[18.19.21],
Er) =- Vo) o

exp (- 2

1+exp (—+2m)

where a is the lattice constant of the NaCl crystal and e is the magnitude

2
&) = A;f [ ] [cos(zgm)ﬁ) + COS (—g-}i)] (2.2)

of the electronic charge on an individual ion. The coordinate system of
the position vector r=( x,y,z) has its origin on the surface at an Na+ site.
The z axis is perpendicular to the surface plane, while the x and y axes are
in the surface plane pointing toward adjacent Nat sites along the
<110> and <110> directions of the NaCl unit cell.

13



The charge distribution of the CO, molecule may be represented
by a partial negative charge on each of the O atoms and a compensating
partial positive charge on the C atom which represents the charge transfer
between atoms when the molecule is formed. In addition, point dipoles
are assigned to each of the oxygen atoms (pointing in opposite directions)

to represent the polar nature of the C=0 bond. The partial charges are

coupled with the electrostatic potential ®(r) while the point dipoles are
coupled with the electric field K(r) at the NaCl surface (see Equation 2.3
below). The point dipoles p; = [1in are positioned along the unit vector u
= (ry - rp)/Iry - ral, which points along the CO, molecular axis from the O-
atom at rp to the C-atom at r|. The orientations and values for the point
dipoles and point charges (2 dipole 3 point charge model) reproduce the
experimental value of quadrupole moment and estimated value of the
hexadecapole moment. A three point charge model reproduces the
quadrupole moment and would have been computationally advantageous to
use, but such a model cannot reproduce the higher order moments. This
situation has been encountered in work on the HBr/LiF(001) system where
such a model does not yield an adsorbate orientation consistent with the
infrared (IR) experimental results(!8.22], Instead, the two point dipole -
three point charge model described above has been used. For this model
the electrostatic interaction energy of a single CO, molecule on NaCl(001)

surface is written as below:

Vi) =30 B0+ 3 q0tr) = 3 - By + 3, 006

(2.3)
14



where the [l; are point dipoles and the q; are point charges (the

calculations of these values are presented later on).

The repulsion and dispersion interactions, between the NaCl
crystal and an adsorbed CO; molecule are quantum mechanical in origin.
They are treated as being pairwise additive, and the potential is written in
terms of two body interactions between each constituent atom of the
adsorbed molecule and the individual ions of the substrate. For an atom
and an ion separated by a distance r the repulsion (Pauli exclusion) and
dispersion (van der Waals) interactions potential is assumed to be

described by the Tang-Tonnies potentiall23},

V(J’) =A exp(—ar) _.; [jén (i‘) gﬂ

=3 r2n (2-4)

where the Born-Mayer parameters O. (decay constant) and A characterize’

the range and strength of the potential respectively, and

5. () =1- éio [ (?C?’]exp (—or) (2.5)

is a phenomenological damping function which is characterized by the
decay consiant of the repulsion term. The C,, coefficients define the
dispersion series of which the first three terms were retained in the
surface potential and only the first term in the molecule-molecule (CO,-

CQO;) potential.
15



The total potential due to the repulsion and dispersion interactions
is obtained by summing all distinct pairs of adsorbate and substrate sites.
By adding coulombic interactions to equation (2.4), the following equation

(2.6) was obtained and subsequently used in our calculations,

44
(}‘)—A eXp( (XU ru) f6 (rzj) f ( r]) 8 - ﬁO ( lj) I..J
(2.6)
q4; . : : :
where + —— is the coulombic part, g; is the partial charge of atom

ij
(1), g ; 1s the partial charge of atom (j) or the charge of ion {j), and Yy 18

the distance of atom (i) to atom/ion (j). The coefficients C¥ Cg and
C }'jo are dispersicn constants denoting the strength of the mutually induced
dipole-dipole, dipole-quadrupole and quadrupole-quadrupole plus dipole-

octopole interactions respectively.

An alternative formulation of the repulsion term is:
Vidr) =( B+B; )exp[( AfA; - rz_])/ ( B+B; )] (2.7)

where A; , A; are repulsion radii, and B; , B ; are softness parameters.

If A;, A; , B, and B, are in angstroms, then the energy is in units of

kcal/mol. The repulsion term of formula (2.6) and formula (2.7) are

connected via the equations below:
16



i B+ B (2.8)
Aij =( Bi+Bj )expl( Ai+Aj ) / ( B;'+Bj )] 2.9

In other words, if the A; , A, , B, and B; are known for the C-C and
0-O 1nteractions, then the values of the Born-Mayer parameters, Ol; and

A, may be calculated.
To calculate the values of the Born-Mayer parameters Ol; and

A for two interacting nonidentical atoms, Gilbert(24.25] and Smith(26]

proposed a set of combining rules. These combining rules, which can be
used to calculate the repulsion parameters for the interaction of the
various atom-ion pairs (C-Nat, C-Cl-, O-Na+ and O-CI-) required for the

CO,-Na(l surface potential, are shown below:

20,0
a,j=m (2.10)
Ay=[(o,+0a;)/ (20,00 )](Ai:‘a'ii)c(Ajj Oy )d (2.11)
with
c=0; /(o + o) (2.12)
d=o,; /(o + o) (2.13)

17



where O;andA; are the parameters for the like atom (C-C, 0-0)

interactions, while Ol; and A ;; are the parameters for the like ion (Na*-

Nat, Cl--Cl-} interactions.

The values for the ion-ion repulsion parameters are available in
the literature but suitable parameters for the atom-atom (C-C and 0-O)
repulsion parameters were not available. In order to obtain these latter
parameters it was necessary to employ the computer program WMIN (A
computer program to model molecules and crystals in terms of potential
energy functions)27l.  WMIN is capable of manipulating static and
dynamic models of crystals or isolated molecules and able to calculate
their energies using interatomic potential functions of the type shown in
equation (2.6). This program can be used for a wide variety of materials
ranging from lonic crystals to large organic molecules. In our case the
energy of a crystal of CO; was minimized through the variation of the
repulsion parameters (radii and softness parameters) and the partitioning
of the dispersion interactions; the values of the A; and B; which minimize
the energy are the values subsequently used in our calculations of the
repulsion parameters. Of course in order to evaluate the potential energy
the parameters for the electrostatic and dispersion interactions needed to

be specified.

18



2.1. Electrostatic model of CQO,

Carbon dioxide, which has two symmetric polar bonds, does not
have a permanent dipole moment or octopole moment but does have
permanent quadrupole and hexadecapole moments. A 3 charge model of
the molecule will have partial charges on the C atom (2q) and each of the
O atoms (-q). The partial charges for the 3 charge model were calculated

using the value of the molecular quadrupole moment and the following

equation:
© =-2¢gr} (2.14)

where © is the quadrupole moment which has an experimental value of
-4.3 D-Al28] and ¥y is the length of the C=0 bond which has the value of

1.163 A9 in the gas phase. Using equation 2.14, the partial charge on the
O was calculated to be g, = -1.590 D-A-1 = -0.3310 e- (electron charge)
so that the charge on the C atom was g-=+3.180 D-A-1 =+0.6620 e-

(electron charge) ( see Figure 2.1).

An alternative model of the charge distribution of the CO,
molecule is to assign partial charges to the three atomic sites as well as
point dipoles [L to each of the O atoms (3 charge-2 dipole model). The
dipoles represent the polarity of the C=O bonds. In this model the
quadrupole and hexadecapole moments can be expressed in terms of the
partial charges and point dipoles through the following equations.

19



3
O = ; g;ri+ 2{; Wr,=—2qri+ 4ur, (2.15)

3
A=, rf+4i WP =—2grg + 8ury = Or2 + 4ur (2.16)

i=1] =1

where A is the molecular hexadecapole moment, which has a value of

-1.6795 D-A3 as calculated by Murthy, O'Shea and McDonald(39] from a

wave function due to Stone and Alderton(3!].

Using the values of the molecular quadrupole and hexadecapole

moments mentioned above the values of the partial charges and point

dipoles were calculated. Solving equations (2.15) and (2.16) for L and

q for the 3 charge-2 dipole model yields L =0.7645 D =0.1592 electron
A qo = -2.7201 D-A-1 =-0.5663 electron charge and g -=+5.4402 D-A-1

=+1.1326 electron charge. In order to use the program WMIN the
electrostatic model must be expressed in terms of point charges only. To
mimic the point dipole moments each dipole was replaced by a pair of
point charges thus yielding a "7 charge model". Specifically, charges of
~1.5920 electrons were placed between the C atom and each of the O
atoms at distance +1.113 A from the C atom and balancing charges of
+1.5920 electrons were placed on the other side of each of the O atoms at
distances of +1.213 A from the C atom ( using equation 2.17 it was
arranged that these positive and negative charges be separated by [=0.1 A
as shown in Figure 2.1). This 7 charge model was subsequently used in
WMIN to calculate repulsion and softness parameters,
20



as well as the ratio of the van der Waals coefficient PL¢C/PLsO (Cq =
PLX PLg) for the 3 charge-2 dipole model.

H=gXxI (2.17)

After testing the parameters of each model, it was found that the
parameters of the 3 charge-2 dipole electrostatic model gave better results

than those of the 3 charge model.
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A-THREE - CHARGE MODEL

4] C 0
-q +2q -q
-03310 e +0.6620 e -03310 e

B- SEVEN - CHARGE MODEL

R 1163 Ao >Cmmrmnmen 1.163A---—--- >
O C O
+0 -q -0 +2q -5 -q
+1.5920 ¢ -1.5920 e +1.1326 ¢ -0.5663 e

FIGURE 2.1: POINT CHARGE MODELS
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2.2. Repulsion parameters

In equation (2.6), the van der Waals and Coulomb terms are
known. Using these terms, repulsion parameters (repulsion radii A; , A i

and softness parameters B, , B ;) and the distribution of the dispersion

interactions between the carbon and oxygen sites have been calculated by
WMIN (a more complete discussion of the dispersion interactions is found
in section 2.3 that follows). For the 3 charge-2 dipole electrostatic model
two parameter sets were calculated. In both cases repulsion and softness
parameters were allowed to vary, but in the first case the crystal binding

energy was allowed to vary (set I) while in the second case this energy was

fixed (set II). The results are shown in Table 2.1.

Repulsion parameters for the CO, - NaCl surface potentials were
subsequently calculated using the combining rules mentioned previously.
Both parameter sets I and II were used in the steepest descent method to
further refine the CO- - NaCl surface potentials. The resulting Born-
Mayer repulsion parameters are summarized in Table 2.2. It should be
noted that the parameters A (C-Na+, ezc.) were subsequently multiplied by
a factor which brought the heat of adsorption into closer agreement with
the experimental value. In the Metropolis Monte Carlo simulations
parameter set I was used for the surface potential while parameter set II

was developed as an alternative set.
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TABLE 2.1: REPULSION PARAMETERS FOR C0,-CO;
INTERACTION ( CALCULATED FROM WMIN).

Parameter nonfixed lattice energy fixed lattice energy
(final E=-5.582 kcal/mol) (E=-6.836 kcal/mol)
set 1 set II
ArC(radius)A 1.612 1.618
ArO(radius)A 1.550 1.553
BrC(softness)A 0.1429 0.1014
BrO(softness)A 0.1240 0.0956
PL¢C * 21.77 20.95
PLgO * 15.01 15.83

*) (2PLgO + PLgC)2 = Cg (CO2)
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TABLE 2.2: REPULSION PARAMETERS FOR CO:-NaCl
SURFACE POTENTIAL.

Parameters set I set 11
a(C-Nat) A 4,381 5.355
a(C-Cl) A 2910 3.310
a(O-Nat) A 4.775 5.524
a(0-Cl) A 3.079 3.374
A(C-Na*) kcal/mol * 6.817% 10 9.522X 10°
A(C-CI") kcal/mol * 2.053% 10* 8.350 10
A(O-Na+) keal/mol * 14.43% 10* 10.45 X 10°
A(O-CI") keal/mol * 3.030% 104 8.366X 10*

* These parameters must be multiplied by a correction factors to obtain
heats of adsorption consistent with experiment. For set I the factor is 1.22

while for set II the factor is 1.19,
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2.3. Dispersion parameters

The dispersion coefficients C§, C¢ and CY for unlike

atoms/ions may be estimated in a number of ways. The most common way

to calculate the dispersion coefficient Cg is through the use of the

London[3?] formula as derived by Tang and Toennies(33]. In this work the

Cg were calculated using equation (2.18), the C§ were estimated in the

same manner as Tang and Toennies, and equation (2.19) was used to

estimate the C7}.

i _3 B\ Bimini ,

: —2><[ 0+ ] (2.18)
i 49 _rCs

Cl():: m X ["C_(S"‘] (219)

In the above formulas the [3f] and BJI are dipole polarizabilities, while the
N, and M} are the ionization energies (as interpreted by London(32]) of
atom (i) and atom (j). The polarizabilities have been calculated by
Stonef34l using the CADPAC program(33). This program can carry out
Coupled Perturbed Hartree-Fock calculations for any perturbation whose

matrix elements can be provided.

On the other hand, Cg, and the ratios of Cg/Cg and C10/Cg for like

molecules (CO2-CO;) have been calculated by Mulder, Thomas and
Meath[361, The parameter 7], have been calculated using equation 2.20
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which is obtained from 2.18 when 1= (i.e. for like atoms) as below!33.
The calculated values of 1, are listed in Table 2.3,

Cs
By (2.20)
1

nr"_'%x

From these sets of parameters dispersion constants Cq, Cg, and
C1o, as well as the Cy/Cg and C10/Cé ratios were estimated for the (CO»-
Nat*) and (CO,-CI") surface potentials using equations 2.18, 2.19 and 2.20.
The results are listed in Table 2.4. Although the Cg/C¢ (CO,-Cl-) ratio
seems to be over estimated when compared with the ratio for like pairs i.e.
one would expect the ratio of the CQ,-Cl- (44.28 a.u.) pair to be between
the values of the like pairs CO,-CO, (40.9 a.u.) and CI--Cl- (33.88 a.u.),

the results are generally acceptable.

An alternative scheme was also used to calculate the ratios of the
dispersion constants and subsequently the values of the constants
themselves. In this scheme the ratios of the unlike species were calculated

as the average of the two like pairs of atoms/ions. The results are listed in
table 2.5.
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TABLE 2.3: PARAMETERS USED TO CALCULATE Cg(CO>=
Na+’Cl').

parameters B, (au.) Ce(an) | M,(auw) Cg/Ce(a.u.)

CO,-CO; | 17.562 192a 0.8302 40.92
Nat+- Nat+ |1.002¢ 1.588¢ 2.109 8.14b
Ci-- CI- 21.153¢ 180.3¢ 0.5373 33.88b

aReference [36].
bCalculated from reference [37].
CReference [38].
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TABLE 2.4: ESTIMATED VALUES OF Ce, Cg, Cio AND
THEIR RATIOSFOR (CO,-Na+t: C1) INTERACTIONS.

parameters | Cg (a.u.) Cg(a.u.) Ciofaun.) |Cg/Cq (au.) | Co/Cesa.u.)
CO,-Nat 15.72 423.6 11410.0 26.94 725.9
CO,-CI- 181.7 8048.0 376000.0 [44.28 1961.0

TABLE 2.5: CALCULATED PARAMETERS OF Ce, Cs, Cro

(CO2-Na+: C1-) INTERACTIONS
USING AVERAGE OF LIKE PAIRS.

AND THEIR RATIOS FOR

parameters | Cg (a.u.) Cg(a.u.) Cio(an.) |Cg/Cg (a.u.) | C1o/Ce(a.u.)
CQO;y-Nat 15.72 385.5 11590.0 24.52 736.5
CO,-Cl- 181.7 6799.0 311600.0 37.41 1714.0

29




At this stage the dispersion interactions are expressed in terms of
molecule-ion pairs. However, the potential requires that parameters for
atom-ion interactions be specified. The atom-ion dispersion parameters
are obtained from the molecule-ion dispersion parameters through scaling
arguments based on atomic polarizabilities. How to breakdown a
molecular pelarizability into constituent atomic polarizabilities is not an

exact procedure. Estimates of the atom-ion polarizabilities can be made
through the examination of the van der Waals coefficients PL,C ,PL,O

and PL,CO, which are formally proportional to the atomic and
molecular polarizabilities viz. PLgCo< ., PLOo B, and
PL,CO, o< BC02 . It is worth noting that:

Ceo = (PLCO,) = (PL,C + 2PL,0)’

As a result, PL¢C and PL4O can vary while maintaining a constant

co,

value for the dispersion coefficient CGC %% within the WMIN program.

In other words, the polarizabilites of C and Q are allowed to vary, but the
Be By
B co, B CO,

are listed in Table 2.6. By using the obtained PL;C and PL,O from

total polarizability of CO, does not vary. The ratios of

WMIN and the equations below, the dispersion constant Cg for C-Na+ C-

Cl, O-Nat and O-C}" pairs were calculated for parameter sets I and IL.

Be PL.C
Beo, PLLC+2PLO

30
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Beco, PL¢C+2PLO (2.22)
G = BBC; (223
CEer = CEoCr o BBC; 224
G = G BBCZZ (2.25)
G =G x o (2.26)

B CO,

The dispersion constants Cg and C,q for the C-Na+: C-Cl-, O-Na+
and O-CI- pairs were derived for parameter sets I and ™. It was assumed
that the Cg/Cg and C1o/Cg ratios for each of the atom-ion pairs is the same
as the corresponding ratio for the molecule-ion pairs, e.g. Cs/Cg(C-Na+) =
Cs/Ce(O-Nat) = Cg/Cs(CO,-Na+) as listed in tables 2.4-5. By multiplying
the values of C¢ for the individual atom-ion pairs (table 2.6) by the
appropriate ratio (Cg/Cg or C;9/Cs) from tables 2.4-5 the values of the
dispersion constants Cg and C;o were obtained. The obtained dispersion

constants Cg, Cg and Cyg are presented in table 2.7.
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TABLE 2.6: RATIOS OF ATOMIC POLARIZABILITY OF
CO; MOLECULE.

Ratio Set ] Set 11
Be 0.4202 0.3981
BC02
Bo 0.2899 0.3009
B o,
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TABLE 2.7: CALCULATED DISPERSION CONSTANTS
FOR ATOM-ION INTERACTIONS.

Parameters set | set 11
Cg(C-Na+) A6 - kcal/mol 0.9103X10? 0.8624%107?
Ce(C-Cl) A6 - keal/mol 10.52x107 0.968x10?
Ce6(0-Na+) A6 - keal/mol 0.6279%10? 0.6518x102
C6(O-Cl-) AS6 - keal/mol 7.259%10° 7.535%10?
Cg(C-Na+) A8 - keal/mol 6.868x10° 5.922%10?
Cg(C-Cl) A8 . kcal/mol 13.05%x10° 10.44x10°
Cg(O-Na+) A8 - kcal/mol 4.737%10? 4.475%10?
Cg(0O-CI-) A8 . kcal/mol 8.000x10° 7.893x10°
C10(C-Na+) Al0 . keal/mol|  5.180X10° 4.980x10°
C10(C-Cl) Al0.kcal/mol |  16.18x10° 13.40x10*
C10(0-Na+) A10 . kcal/mol| ~ 3.573x10° 3.764x10°
C10(0-Cl-) Al0.kcal/mol|  11.16x10° 10.13x10*
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3. COMPUTATIONAL SIMULATION STUDY

Simulations of mono and multilayers of CO,/NaCl(001) were
performed using Metropolis Monte Carlo method. These simulations
require realistic interaction potentials ( both C0O2-CO; and CC,-NaCl)
whose characteristic parameters have been optimized. The CQO,-NaCl
surface potentials as characterized by parameter set I and set II, were
examined and optimized using the steepest descent method for energy
minimization. Equation (2.6) was used in both methods. The temperature
dependent total energy U(T) of CO,on NaCl(001) can be written as

below.
U(T) = Uy(T) + Ux(T) (3.1)

where Up(T) 1s the potential energy and U(T) is the kinetic energy of CO,
on NaCl(001) at temperature T.

The steepest descent method calculates the potential energy Ej at
zero degiee Kelvin for a single molecule. This method was used to
calculate the absolute potential minimum and saddle point of a single CO,
molecule on NaCl(001) surface as well as the position and orientation of
the CO; molecule at both sites. This method was also used to investigate

whether there are any other local minimum in the system.
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The Metropolis Monte Carlo method calculates Up(T) = Vo +

5kpAT/2 for N molecules, where Vj is the potential energy at zero degree
Kelvin for N molecules. If N=1 then Vo=Egp. Thi: method was used to
calculate the position and orientation of monolayers and multilayers CO»
molecules on the NaCl(001) surface. Calculations were done at finite
temperature at (1 K - 90 K) for monolayer, bilayer and three-layer
systems. Also, some preliminary calculations were done for four and five

layer systems, but were stopped because the results showed that these

systems are not stable.

In the simulations, the potential energy, ¢ the angle between

projection of molecular axis of CO; and x direction ( <110> direction of

NaCl unit cell is x direction in our model), and 0 the angle between

molecular axis of CO, and surface normal were calculated see Figure 3.1.
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Z (surface normal)

Phi .

FIGURE 3.1. DEFINITION OF ORIENTATION ANGLE.
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3.1. STEEPEST DESCENT (ENERGY MINIMIZATION OF A
SINGLE CO2/NaCl1(001))

In this method the position of every atom in the molecule is
calculated at zero degree temperature (T = 0 K). This is done by
calculating the energy and forces fx, fy and f2 on each atom in the X, y
and z disections. If fx, fy and fz are equal to zero or are close to zero the
program stops and the positions are kept. If one or all of these forces are
not equal to zero then the forces in each direction are multiplied by an
adjustable constant O/ and then added to the old position to obtain the new
positions (new coordinates of each atom). Once again the energy and
forces are calculated on each atom. This process is continued until the
forces on each atom in the x, y and z directions become zers or close 1o

zero. The process is shown in Figure 3.1.1.

The two groups of parameters mentioned in Table 2.1 were
examined in this way. In the case of parameter set I, the repulsion
parameters (Arep) of the atom-ion pairs were multiplied with a factor 1.22
in order to match the experimental value of the isosteric heat of adsorption
of the 2D-gas at 90 K (32.4 + 1.1 kJ/mol= 7.74 + 0.26 kcal/mol)i71,
Surface potential calculations were done and are plotted in Figures 3.1.2-
3.1.10. In the case of parameters set II, the experimental value of the
isosteric heat of adsorption of 2D-gas at 0 K, was estimated by adding the
thermal factor 3kgT/2 to the isosteric heat of adsorption at 90 K (32.4 +
1.12 kJ/mol = 8.01 kcal/mol) in keeping with equation (2.6). This
correction gives better estimate of the energy because the steepest descent
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method calculates only at 0 K and does not include temperature dependent
potential and kinetic energy contributions. To fit the calculated value to
the estimated experimental value of the isosteric heat of adsorption, the
repulsion parameters of the atom-ion pairs were multiplied by a factor
1.19. The resulting surface potentials are shown in Figures 3.1.11-3.1.19.
In all cases, the constant 00 was kept at 0.00001 and the forces on the
carbon in the x and y directions were set to zero; i.e. the lateral position of
the carbon atom was fixed. All forces on the oxygen atoms were kept.
The carbon dioxide molecule was moved along the x axis from Nat to
adjacent Na* (along the <110> direction of a NaCl unit cell) and the
resulting potential energy, angle and height of the molecule were
determined. For both parameter sets the results show that a carbon
dioxide molecule above the Na+ ion sits perpendicular to the surface, and
when moved along the x axis the angle decreases from 90° with respect to
the surface. When the molecule sits overtop of the center of the
connection line of two adjacent Na* ions, it lies parallel to the surface
(absolute potential minimum). From this point the angle decreases to
negative values until the CO; molecule sits perpendicular to the surface
once again over the next Nat* site; i.e. from one Na+* to the next Na+ the
CO; molecule flips over. In another study, the carbon dioxide molecule
was moved from Na* to Cl- along the <100> direction of the NaCl unit
cell. The results show that at the potential energy minimum along this
direction (saddle point), the molecule sits over the connection line between
Nat and CI- with tilted angle 35° from surface (55° from the surface
normal) for parameter set I and 32° from surface (58° from the surface
normal) for parameter set II.
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Also molecule was moved from saddle point to absolute

potential minimum, the results show no other local minimum exist (Figures
3.1.8 to 3.1.10) and (Figures 3.1.17 to 3.1.19). The results show that the

parameter set II have slightly higher accuracy than parameter set 1.
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OR CLOSETO ZERO re=ri+of .
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FIGURE 3.1.1. FLOW CHART OF THE STEEPEST DESCENT
METHOD.
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3.1.1. RESULTS AND DISCUSSION OF ENERGY
MINIMIZATION.

The potential energy surfaces of a single CO, molecule for
parameter sets I and I were examined using the steepest descent method.
The absolute potential minimum of parameter sets 1 and Il was
determined, and in both cases it was found that the CO; molecule sits
parallel to the surface above the center of the connection line of two
adjacent Na* ions (the <110> direction as shown in Figure 3.1.2) i.e. the
lateral distance of the C atom is 1.994 A from each of the Na* jons. The

results of these calculations are listed in Table 3.1.1 and are discussed

below.

Parameter set I yielded a binding energy, Enin = -7.643 kcal/mol,
which agreed with the 90 K isosteric heat of adsorption (32.4 + 1.1
kl/mol= 7.74£0.26 kcal/mol) as shown in Figure 3.1.2. The potential
minimum occurs when the molecule lies flat (see Figure 3.1.3) and the C
atom sits at a height of z= 2.5 A above the surface (see Figure 3.1.4). A
saddle point in the potential energy surface Egq = -5.723 kcal/mol (see
Figure 3.1.5) was found atove connection line between the Na+ and Cl-
ions (the <100> direction). While in this position as shown in Figure
3.1.6 the molecular axis is tilted by 35° from surface (55° from the
surface normal) and the C atom sits at a lateral distance of 0.92 A from
the Na* and at a height of z=2.95 A (see Figure 3.1.7). The difference in
energy between the minimum and saddle point energies is Eg;ir= 1.918
kcal/mol and provides an estimate of the surface diffusion barrier,
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The region of the potential energy surface around the saddle point
was explored using a restricted version of the emergy minimization
program (the lateral coordinates were fixed while the height z and the
orientation of the molecule were allowed to vary). The results of these
studies are shown in Figs. 3.1.8 -3.1.10 and confirm the hyperbolic nature
of the potential energy surface in the saddle point region. This finding is
in contrast to Heidberg's theoretical work(®) in which they found that a
stable local minimum exists in this region. It should also be noted that
Heidberg's calculated 2D-gas heat of adsorption is almost half of the
experimental value whereas the calculation presented here almost matches

the experimental value,

The orientation of the CO; molecule at the absolute potential
minimum is in agreement with the 2D-gas phase while the orientation at
the saddle point (Theta=35° from surface) is very similar to that observed
in the monolayer structure (Theta=34°+5° from surface)l?). The
coordinates for these points are very similar to those calculated by
Heidberg er all?l. The heat of adsorption of the absolute potential
minimum is in good agreement with the experimental value of Heidberg[?),
although the diffusion barrier energy calculated in this work is higher, by

a factor 2.2, than the estimated experimental value of Heidberg(9].

For parameter set II there are only minor changes compared
with the set I. The absolute potential minimum was again found along the
<110> axis midway between two neighbouring sodium ions and at a height
of z=2.5 A above the surface. The binding energy at this site was found to
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be Emin = -8.000 kcal/mol which matches the 0 K isosteric heat of
adsorption (32.4 + 1.12 kJ/mol = 8.0] kcal/mol). Once again the saddle
point was found to be along the <100> direction, ie. the C atom sat at
height z = 3 A above the connection line of Na* and Cl- and at a lateral
distance of .94 A from the Na* with the molecule tilted by 32° from
surface (58° from the surface normal) (Figures 3.1.11-3.1.19). The
potential energy at this site was Egy = -5.924 kcal/mol, yielding a diffusion
barrier energy of Egir= 2.075 kcal/mol. The only significant change is

the 5% increase in the depth of the surface potential at the absolute

potential minimum.

The results for both parameter sets are in good agreement with
the experimental results, and thus provide good descriptions for the
admolecule-surface interactions for the CO,/NaCl(001) system. These
parameters were subsequently used in the Monte Carlo simulations of
monolayer and multilayer films of CO,/NaCl(001) reported in the next

section.
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TABLE 3.1.1: ENERGY, HEIGHT AND ANGLE OF CO, AT
SURFACE POTENTIAL MINIMUM AND SADDLE POINT.

parameters

Set |

Set 11

Position of CO»

absolute

potential min.

saddle point

site

absolute

potential min.

saddle point

site

Energy (kcal/mol) | -7.643 -5.723 -8.000 -5.924
Height from 2.50 2.95 2.50 2.00
surface (A)
Angle from surfacej 0.0 35.0 0.0 32.0
(Deg.)
Angle from surface| 90.0 55.0 90.0 58.0

normal (Deg.)
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3.2. METROPOLIS MONTE CARLO SIMULATION

Why has the Metropolis Monte Carlo method been used instead of
the Molecular Dynamics method in these simulation? Molecular Dynamics
1s a deterministic methed used to solve the classical equations of motion
for a system of N molecules interacting via an intermolecular potential.
The key idea in Molecular Dynamics is motion which describes how
position, velocities and orientations change with time. In general, the
molecular position, velocities, and other dynamical information are given
at time { and then calculated, to a sufficient degree of accuracy, at a later
time  + 8t. In effect, "Molecular Dynamics constitutes a motion picture
that follows molecules as they dart to and fro, twisting, turning, colliding
with one another, and perhaps colliding with their container"139.401, It is
best at describing detailed motion and dynamically correlated quantities
and structures. The temperature is difficult to control in Molecular
Dynamics because the kinetic energy involved fluctuates. The simulation
must be propagated through a large number of time steps in order to

obtain good results.

In contrast, Monte Carlo is a statistical method and collects
statistics for quantities such as (¢, 0). It is easy to control the
temperature in Monte Carlo and obtain results quickly. Monte Carlo uses
a random number in its calculations, works with a large number of
particles and generates many more different configurations than can be
generated from the Molecular Dynamics method.
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In this method, the position and orientation of the CO7 molecules
on the surface of NaCl(001) were varied while the number of molecules,
as well as the volume and temperature of the system were kept constant
(canonical ensemble Q(N,V,T)). In Monte Carlo simulations, the general
idea is as follows. The old energy is calculated, then a randomly chosen
molecule temporarily moves to a new position by choosing a random
rotation ( changing @ or 0 ) or translation (changing x, y or z). The new
energy (Enew) and the energy difference AE = Epew - Eqiq is calculated.
If AE is zero or negative the move is accepted. If AE is positive, then the

AE dependent acceptance probability P(8E) = exp (-;C—AYE_) (where: k, is
B

Boltzman constant and T is the absolute temperature) is calculated and
compared with a random number é which is generated by the computer.

If E', is smaller or equal to P(a£) then the move is accepted. If & 18
larger than P(AE) then the move is rejected (see Figures 3.2.1 and 3.2.2).

After all of the molecules are chosen one cycle is finished.
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FIGURE 3.2.1. FLOW CHART AND SUMMARY OF MONTE
CARLO SIMULATION.
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FIGURE 3.2.2: ACCEPTANCE CRITERIA FOR "UPHILL"
MOVES IN A MONTE CARLO SIMULATION (From ref. [39]).
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3.2.1. RESULTS AND DISCUSSION OF MONTE CARLO
SIMULATION

The Metropolis Monte Carlo method (canonical ensemble) was
used to examine the structure and cohesive energy of monolzyer and
multilayer films of CO,/NaCl(001). This investigation was also concerned
with the stability of the overlayer structures as well as the temperature
dependence of the adlayer energies and molecular orientations. The
computationally accessible quantities examined were the potential energy

and individual molecular orientations with respect to the surface.

The monolayer, bilayer and trilayer systems of CQ,/NaCI(0N 1"
were examined at the following temperatures 1 K, 5 K, 55 K and 90 K.
The lowest temperatures (1 K and 5 K) were examined to obtain
information on ideal structures. The higher temperatures correspond tb
the experimental conditions under which this system was examined by
various research groups. For monolayer and multilayer systems the
Monte Carlo simulations showed that the CO, molecules sit above the
connection line between Nat and Cl- (along the <100> and <010>
directions) and form a herringbone-like pattern. Specifically, the CO,
adlayers have a p(2x1) structure with two CO, molecules in each unit cell

related via a glide plane.

67



3.2.1.1. Monolayer system

For the monolayer system the temperature dependent average
potential energy per CO, molecule was computed and found to almost
match the values calculated from the equation E;x+5kgAT/2 (Table 3.2.1),
where Ejk is the potential energy at 1 K. As may be seen in the high
temperature limit of equation 1.2.2 there is a thermal correction factor of
kgT/2 to the potential energy for each harmonic oscillator degree of
freedom of the molecule at the surface. For the case of a rigid linear
triatomic molecule localized at an adsorption site there are five degrees of
freedom: three frustrated translations (vibrations) and two frustrated
rotations (libraons).  Hence the potential energy is given by
E x+5kpaT/2. The computed value of the potential energy at 1 K was
found to be -8.46 kcal/mol which is in good agreement with the 0 K
isosteric heat of adsorption (-8.77£ 0.31 kcal/mol) estimated from the 90
K experimental value (-8.51% 0.31 kcal/mol) of Heidberg!”! using equation
1.2.6.

The Monte Carlo simulations were started from a p(2x1)
monolayer structure (N=100) and were run for at least 50,000 cycles.
Although the molecules acquired a thermal distribution for their positions
and orientations there was no change in the overall structure, indicating
that the p(2x1) monolayer structure is stable. Snapshots of the final
configuration of the monolayer at various temperatures are shown in
Figures 3.2.3-3.2.5. At 1 K the monolayer structure (Figure. 3.2.3) is
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very ordered (the structure of 5 K is almost the same and hence is not

shown) with thermal disorder increasing with temperature (Figures. 3.2.4

PR e Y

3.2.5) as one would expect.

The "crystallographic” structure of the CO, monolayer is shown
diagrammatically in Figure 3.2.3. The p(1x1) structure is that of the real
space surface lattice of NaCl(001) where each of the vertices of the square
sits overtop of a sodium ion site. This defines the surface mesh which all
other adlayer structures are referred to. The (V2x\2) structure shown
corresponds to the (001) face of the standard unit cell of bulk NaCl. It
should be noted that by virtue of the almost identical lattice constants of
solid NaCl (5.65A) and CO; (5.57A) this pattern coincides with the (001)
face of a bulk crystal of CO,. However, the orientation of the CO,
molecules in the bulk phase is not the same as in the monolayer (see Figure
3.2.21). Instead, the appropriate unit cell for the monolayer is the p(2x1)
structure as shown. This is the simplest unit cell consistent with the
experimental results(7. 12). Tt is interesting to note that the monolayer can
also be described by the (2V2x2V2) structure shown, however, it has a
* larger unit cell and contains no new information. Scoles et ai.l!01 have
reported the observation of a true (2\/2><2\/2)R45° structure using Low
Energy Helium Atom Diffraction, although Toennies et al.l!2] claim that
this observation is instead a simple superposition of the monolayer and

multilayer patterns, i.e. the p(2x1) and c(2x2) patterns respectively.
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The orientation of the molecules on the surface can be best

discussed in terms of their azimuthal angle ¢ and polar angle 6. The

temperature dependence of these angular distributions is shown in Figures
3.2.6 and 3.2.7 respectively. The maxima of the ¢ distribution were
found at -43° and 43° for all temperatures, and hence the angle between
the projected molecular axes of two neighbouring molecules is 86° which

is in good agreement with experimental value of 80°t 5°, At low

temperatures the peak of the @ probability is sharp and broadens with
increasing temperature (Figure 3.2.6). The maximum in the 6 probability
was found to be 60° (with respect to the surface normal) for all
temperatures, again in good agreement with the experimental value of
56°+ 5°. The peak of the 6 distribution is also sharp at low temperatures
and broadens as the temperature increases (Figure 3.2.7). Higher
temperatures (150K) were also examined but no significant shift in the

distribution maxima were seen.
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TABLE 3.2.1: ENERGY OF THE p(2x1) STRUCTURE OF A
MONOLAYER OF CO2 ON NaCl(001).

<B>/CO2 1K 5K 55K 90 K
kcal/mol
CO2-CO2(V)*  |-1.745 -1.742 -1.678 -1.639
CO2-CO2(e))*™™ |-0.908 -0.9077 -0.8803 -0.8588
CO2-NaCl(V)* |-1.377 -1.385 -1.393 -1.396
CO2-NaCl(el)** | -4.426 -4.405 -4.241 -4.127
Total Energy |[-8.457 -8.440 -8.193 -8.021
Eix+5kpaT/2  |-8.457 -8.437 -8.189 -8.015

*) Repulsion and dispersion

**)Electrostatic
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3.2.1.2. Bilayer system

A Monte Carlo simulation of a bilayer system was also run. An
assembly of 200 CO; molecules was started from a p(2x1) bilayer
structure and were run for at least 50,000 cycles. The temperature
dependent average potential energy per CO; molecule was computed and
again almost matched the potential energies calculated from the equation
E k+5kpAT/2 as may be seen in Table 3.2.2. Although the molecules
acquired a thermal distribution for their positions and orientations, there
was no change in the overall structure indicating that the p(2x1) bilayer
structure is stable. Snapshots of the final configuration of the bilayer at

various temperatures are shown in Figures 3.2.8 - 3.2.13.

The orientation of the molecules was also determined. For the

first layer the maxima of the @ probability was found at about -44° and
44° (Figure 3.2.14) and the maximum of the 0 probability was found at
about 60° (Figure 3.2.15). For the second layer the maxima of the ¢
probability switched directions and was found at about -138° and 138°
(Figure 3.2.16) while the maximum of the 0 probability remained at 60°
(Figure 3.2.17). The maxima of the angular probahility distributions
showed no temperature dependence, although the peak widths broaden as
the temperature increased. The CO,-CO, interaction anergy for the
bilayer is -4.049 kcal/mol which is less than 2/3 of the cohesive energy of
a bulk CO; crystal (-6.8356 kcal/mol); a lesser value is expected because
the bilayer structure differs from the c(2x2) structure of bulk COa.
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TABLE 3.2.2: EKNERGY OF THE p(2x1) STRUCTURE OF A

BILAYER OF CO2 ON NaCl(001).

<E>/CO> 1K 5K 55K 90 K
kcal/mol
CO2-COx(V)* [-2.865 -2.854 -2.734 -2.657
CO2-COz (el)™™ | -1.184 -1.183 -1.137 -1.094
CO2-NaCI(V)* |.0.8162 -0.8163 -0.8146 -0.8126
CO2-NaCl(el)**|-2.251 -2.241 -2.163 -2.109
Total Energy |[-7.116 -7.095 -6.850 -6.673
Eix+5kpAT/2  |-7.116 -7.097 -6.848 -6.674

*) Repulsion and dispersion

**)Electrostatic
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FIGURE 3.2.11: THE p(2x1) STRUCTURE OF THE SECOND
LAYER OF A BILAYER SYSTEM OF CO2/NaCl(001)
AT T=55K.
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FIGURE 3.2.13: THE p(2x1) STRUCTURE OF THE SECOND
LAYER OF A BILAYER SYSTEM OF CO2/NaCl(001)
AT T=90K.
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3.2.1.2. Trilayer system

The trilayer system was also examined using the same methods.
Again the simulations (300 molecules) were started from a p(2x1) trilayer
structure and were run at least 50,000 cycles. The results show that
trilayer system is not stable and that CO, molecules in the second and third
layers become disordered (Figure 3.2.18-3.2.20). In particular, at 55 K
some molecules from the third layer collapse into the second layer as may
be seen in Figure 3.2.18. The total number of CO, molecules in the
second layer is 106 rather than 100 with the number of molecules in the
third layer (Figure 3.2.19) decreasing to 94. The additional molecules in
the second layer do not sit at the same height as other molecules but rather
have partially penetrated into that layer; they primarily occupy the
interstitial space between the second and third layers. At 90 K the layers
do not collapse but the molecules begin to reorient into a different phase
within the layers. A snapshot of the final configuration of the top layer of
the trilayer system at 90 K is shown in Figure 3.2.20. The encircled
region shows evidence of reordering into a ¢(2x2) structure. It seems that
the addition of a third layer destabilizes the bilayer system causing it to try
and adopt the more condensed ¢(2x2) structure similar to that of the bulk
solid phase (Figure 3.2.21).
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TABLE 3.2.3: ENERGY OF THE p(2x1) STRUCTURE OF A
TRILAYER OF CO2 ON NaCl(001).

<E>/CO27 1K 5K 55K 90 K

kcal/mol
CO2-CO(V)*  |-3.307 -3.306 -3.151 -3.053
C02-COz ()™ |-1.333 -1.331 -1.234 -1.181
CO2-NaCI(V)* |-0.5452 -0.5473 -0.5445 -0.5430
CO2-NaCl(el)** | -1.485 -1.477 -1.440 -1.407
Total Energy |-6.671 -6.663 -6.370 -6.184
E\g+5kpAT/2  [-6.671 -6.651 -6.403 -6.229

*) Repulsion and dispersion

**)Electrostatic
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FIGURE 3.2.18: THE p(2x1) STRUCTURE OF THE
SECOND LAYER OF A TRILAYER SYSTEM OF
CO2/NaCl(001) AT T=55K.
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4. SUMMARY AND CONCLUSION

The Steepest Descent method for energy minimization and
Metropolis Monte Carlo method were employed in our simulations. The
Steepest Descent method was used to calculate the potential energy surface
for a single CO, molecule on NaCl(001) surface and the angle between
molecular axis and surface. Adjustments to the parameters which
characterize the surface potential were made in order to obtain agreement
with the experimental heats of adsorption. Two sets of parameters (I and
IT) were developed and reflected different estimates of the van der Waals
interaction (CO,-CO,) and the heat of adsorption of the CO,/NaCl system.
For a single CO2 molecule on NaCl(001) surface we investigated the
energy minima on the surface by calculating the potential energy using
parameters set I and II. The parameter set I was eventually used to
construct the surface potential which was used in the Monte Carlo

simulations.

The following can be concluded from these studies.

i) The absolute potential minimum was found above the center of
connection line between two adjacent Na+ at <110> direction with the
molecule sitting parallel to the surface. For parameter sets I and II the
minimum value of the energy was found to be Ep;,= -7.643 kcal/mol
and Ep;n= -8.000 kcal/mol respectively.

ii) Saddle points in the potential energy surfaces were found above the
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connection line between Na+ and Cl- along the <100> direction. For
parameter set it was found that the molecule tilted by 55° from the
surface normal and had a binding energy of Egg = -5.723 kcal/mol.
Parameter set II yielded similar results; the molecule tilted by 58° from
surface normal and had a binding energy of Egg = -5.924 kcal/mol.
Although the location of the saddle point is similar to that of the second
minimum obtained by Heidberg's groupld), our calculated diffusion

barrier energy is higher than the estimated experimen:ai value,

On the whole, this method works well and gives results which
match experiment. This method provides detailed calculations of the
various contributions to the interaction energy between an adsorbed
molecule and an alkali halide surface and thus provides a means for
developing and refining the parameters which characterize the gas-solid
interaction. This holds out the possibility that an even better set of
parameters might be found, tested, and used in the future; indeed, this
program could be used to develop a parameter set which yields a diffusion
barrier in better agreement with the experimental estimate. In the
meantime one could test parameter set II which has yet to be used in the

Monte Carlo program.

The Metropolis Monte Carlo method was used to calculate the

average potential energy, azimuthal angle @, and polar angle O for

monolayer and multilayer systems at a number of temperatures.

The following can be concluded from these studies.
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i) The monolayer system has a stable p(2x1) structure and forms a
herringbone-like pattern. There are two CO, molecules in each unit
cell which are related via a glide plane. The average potential energy is
temperature dependent and was found to obey the equation:
Ek+5kpAT/2, where the value of the potential energy at 1 K was

calculated to be Ejx=-8.457 kcal/mol. The molecules were found to tilt

with respect to the surface normal by 6 =60°. These results are in good

agreement with experiment.

i1} The bilayer system also has a stable p(2x1) herringbone-like structure
with the direction of the pattern reversing in the second layer. The
average potential energy is temperature dependent was found again to
obey the equation E;g+5kpAT/2 with Ejx = -7.116 kcal/mol. The CO,-
CO:; interaction energy for the bilayer is -4.049 kcal/mol which is less
than 2/3 of the cohesive energy of a bulk CO, crystal (-6.8356
kcal/mol); a lesser value is expected because the bilayer structure differs

from the ¢(2X2) structure of bulk CQ,. The molecules in both layers

were found to tilt by an angle of 8 = 60° from surface normal.

ili) The trilayer system does not have a stable p(2x1) structure for all
layers; the first layer maintained an ordered p(2x1) structure but the
overlayers showed a significant amount of disorder. The third layer
began to collapse into the second layer down and there was evidence of
the formation of the more condensed ¢(2x2) structure. Four, five and
higher layer systems were tested and were found to be unstable.
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Tke Monte Carlo method gave a good description of the
structure and interaction energies of monolayer and multilayers of CO,.
The potential energy functions used yielded results which were in good
agreement with experiment. However, there is still room for
improvement of the surface potential parameters. In particular, a refined

surface potential which betier mimics the surface diffusion barrier energy

should be developed.
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