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ABSTRACT

CORRELATED WAVE FUNCTION CALCULATIONS OF THE CHEMI SORPTION OF WATER ON A
CLEAN Ti (0001) SURFACE

by

Atef Khazbak 

Advisor: Professor C.R. Fischer

The Hartree-Fock-Roothaan Self-Consistent-Field (SCF) Method

supplemented by configuration interaction (Cl) was used to study

the interaction and dissociation of a water molecule on a Titanium

surface. The calculations were made tractable by using a Ti core

potential and by a unitary localization transformation to define

a local surface region of localized lattice plus adsorbate orbitals

for the Cl calculations. Three Ti clusters were considered Ti^i

Ti^ and T^g- T*16 dissociated ^ 0  (OH + H) was found to be bound

on the three clusters with binding energy ranging from 25 K cal/mol

to 36 K cal/mol. The 3 d electrons were shown to play a limited

role in bonding and to create an activation barrier for molecular

H^O as it approaches the surface. The completely dissociated H^O

(0 + 2H) was found to be unbound indicating that atomic oxygen

derived from H„0 does not exist on the surface,z
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CHAPTER I 

INTRODUCTION

I.I Chemisorption and Physical Adsorption

When a gas molecule approaches the surface of a solid, it might 

interact in two different ways. The weaker interaction (Van der Waals), 

is due to the correlation of the movement of electrons; it is a physical 

adsorption and does not involve sharing of electrons between the adsorb- 

ate and the surface. The stronger interaction or chemisorption, which 

involves sharing of electrons, usually occurs at a smaller distance 

from the surface.

Since gas molecules move freely in three dimensions and since 

adsorbed molecules are, at best, restricted to two dimensional motion, 

the adsorption process is accompanied by a decrease in entropy AS. 

Further, the change in free energy AG must be negative for adsorption 

to take place. Use of the equation

AH = AG + TAS (1.1)

shows that AH, the heat of adsorption, is bound to be negative. The
conclusion is that all adsorption processes are exothermic.

There are certain differences in the properties of the two kinds 

of adsorption, which can be used as criteria for deciding the ad­

sorption type.

(i) The best single criterion is the magnitude of heat of adsorption. 

Chemical bonds are normally stronger than physical forces of 

attraction, and the heat of chemisorption should therefore be 

higher. Heats of chemisorption vary widely between 15 and 200
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K cal/mole, whereas heats of physical adsorption are all in the 

range 2 - 15 K cal/mole.

(ii) Chemisorption, being a chemical reaction, may require an appreciable 

activation energy. In this case it will only proceed at a reason­

able rate above a certain minimum temperature. Physical adsorption 

on the other hand requires no activation energy. It should there­

fore be exceedingly rapid at any temperature.

(iii) Chemisorption possesses a certain specificity which physical 

adsorption does not. This is partly because it depends upon the 

adsorbent being clean, partly because not all surfaces, even when 

clean, are active in chemisorption. Physical adsorption on the 

other hand takes place on all surfaces under the correct con­

ditions of temperature and pressure.

(iv) The chemical saturation of a surface is usually satisfied by chem­

isorption of a single layer. With physical adsorption no such

limitation applies.

A chemisorptive bond does not differ in principle from ordinary 

chemical bonds, and is due to the same electrostatic forces which oper­

ate in atoms and molecules. The only special feature of the chemi­

sorptive bond is that it can, depending on the circumstances, be com­

posed of highly delocalized molecular orbitals, a situation which is 

seldom encountered in ordinary chemical bonds.
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1.2 Localized and Non-Localized Adsorption

A surface may be represented diagrammatically as a plane, 

the potential energy of which fluctuates from point to point. When 

these fluctuations are appreciable the troughs represent adsorption 

sites, and adsorption is therefore said to be localized. If, however, 

the fluctuations are so small as effectively to vanish, there are no 

adsorption sites, and adsorption is said to be non-localized.

Chemisorption is always localized, and in localized adsorption 

two extreme conditions may be distinguished. If the energy fluctu­

ation is the same between any pair of sites and all sites have the 

same energy, the surface is said to be uniform or homogeneous. If the 

fluctuation is irregular and the sites have different energies, the 

surface is said to be non-uniform or heterogeneous. Examples of the 

two types of surface are shown in Fig.1,1. Since homogeneous and heter­

ogeneous surfaces have very different properties in adsorption and 

catalysis, it is important to know to which of these classes a given 

surface belongs.

In non-localized adsorption there is no energy barrier opposing 

movement of a particle from point to point on the surface, while in 

localized adsorption there is a barrier. Therefore, with non-localized 

layers, the kinetic thermal energy of the adsorbed particles is suf­

ficient to ensure that they will be mobile and move over the surface, 

but localized layers may be mobile or immobile, according as the 

thermal energy is greater or less than the energy barrier between sites. 

With localized adsorption, mobility reduces to a series of migrations 

from site to site each requiring an activation energy. On a uniform 

surface, this energy will be the same for each migration, but on a
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non-uniform surface it will be different.
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1.3 Cluster Chemisorption

1.3.1 Background

In the past several years, considerable emphasis has been placed 

on the study of solid surfaces and on the interaction of adsorbates with 

such surfaces. This interest has arisen for a number of reasons. The 

most important of these are: surface problems are of considerable scien­

tific and technical interest in and of themselves; the sensitivity of 

experimental procedures, and the power of theoretical techniques com­

bined with the increased availability of high-speed digital computers 

have finally made possible surface science studies to a wide variety of 

investigators. An example of a problem of considerable scientific as 

well as technological interest concerns the influence of surface defects 

on chemisorption. The other paramount reason for the interest in surface 

science has been brought about by the "energy crisis". Considerable 

interest has been focused on the use of more efficient catalysts for 

coal gasification, or fuel cells for example, or producing better con­

verters for solar generation of electricity. The net result of all 

this has been an enormous effort in understanding the various prop­

erties of solids.

1.3.2 Choice of the Problem

The cluster by virtue of its finite physical size is from the 

outset clearly unsuited to describe any physical phenomenon for which 

the spatial extent of that phenomenon is greater than the physical 

extent of the cluster in any significant way. On this basis, a study 

of phenomenona involving say, electrical conductivity or the energy 

bands of a metal would require a cluster so large as to be impractical
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from the computational standpoint. Such long-range phenomena are 

better studied using the techniques of energy band theory. On the 

other hand, phenomena which have a physical extent smaller than the 

spatial extent of the cluster may be ideal subjects for a cluster 

simulation.

Chemisorption and the formation of chemical bonds is amenable 

to study by cluster techniques for several reasons. These include 

the fact that chemical bonds are normally regarded as being of short 

range in character (typically of order one intemuclear separation) 

and therefore a cluster large than the bond length is easily studied. 

In many real world cases the adsorbate during chemisorption is not 

deposited in a uniform ordered layer on a surface and hence long-range 

order in the plane of the surface is absent. Traditional solid state 

techniques using translational periodicity are of little use, and 

here a cluster model is useful and efficient. Therefore for those 

problems in which long range order does not occur naturally, cluster 

models are preferable.
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1.4 Chemisorption on d-Band Metals

There is more experimental data on the surface of transition 

metals than on any other class of solid surfaces. The reasons pri­

marily are that their surfaces are relatively easy to clean and they 

are very important technologically. With the recent advent of angular 

photoemission, experiment is well ahead of theory in studies of the 

surface electronic structure of these metals.

The electronic structure of d-band metals is a field apart from

that of the simple metals. They are more complex and of course more

interesting than the simple metals; if their electronic structure is 

complicated, that of their surfaces is more so, and their chemisorptive 

properties far more so still.

These difficulties arise from the unique character of the 

d-electrons themselves, whose intermediate nature is not shared by any 

other entity in the whole periodic table. In general electrons in 

solids may be easily divided into core electrons and valence or bonding 

electrons. The core electrons are tightly bound to their nuclei and 

are little affected by the presence of other atoms in the solid. They 

are so well localized near the nucleus that they essentially do not 

overlap the electrons of other atoms and do not notice their presence.

In most calculations they are easily and routinely ignored, or orthog- 

onalized out of the problem or frozen.

The valence electrons behave just the opposite. They overlap

so strongly from one atom to another as to lose any real identification

with any specific atom. As a consequence, it becomes a good description 

to treat them as free-running plane waves traversing the whole system.
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This desirable situation deteriorates in the case of d-electrons. 

Their wave functions have maxima well inside the atom and decay rapidly 

further out; what is more, the changes in the central region of the atom 

on putting the atom into a solid are perceptible but small. Clearly 

this is rather core-electron-like behavior. However the tail of the 

d-electron wave functions extend a long way out; the tails on neighboring 

atoms overlap considerably and are modified on going from isolated atom 

to solid. This is valence electron behavior.

This intermediate behavior complicates matters and what is even 

worse is that most d-band metals are characterized by a partially filled 

d shells; the extent of that filling changes between atom and solid, and 

requires some kind of self consistent calculation to get the correct 

occupancy. For the surface case, further charge rearrangement is expected, 

making self-consistency even more important. And finally chemisorption, 

the subject of this thesis, introduces the severest problem in allowing 

charge transfer between substrate and adsorbate.

A considerable number of calculations of chemisorption of gas 

molecules at transition metal surfaces has been carried out in the past

few years. For example Bagus and Seel calculated properties of chemi-
1 2 sorption of Co on Cu , and Goddard and co-workers considered Co on Ni .

3Fischer, Burke and Whitten have studied the chemisorption of Co on Ti.

In the present work we are considering the chemisorption of a water 

molecule on Ti (0001) surface using the Hartree-Fock Roothaan SCF-CI 

Method.
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1.5 Methods of Obtaining a Solution

Methods used for cluster studies fall into two basic types, 

empirical methods and nonempirical methods. Within each method there 

is a plenty of subdivisions. The empirical methods, which are some­

times refered to as semiempirical methods, make use of the experimental

data, and are at their best qualitative. Depending on the parametrization,

they can give interesting results. However, due to the simplicity of

the models, studies involving excited states, unpaired electrons and

correlation effects are not possible. Examples of these methods are
4 5the Extended Huckel Model (EHT) and the Xa Method . Within the category

of nonempirical methods, also often termed ab initio or first principle

method, one can further subdivide into two general categories, vari-

ationally determined models, such as Hartree-Fock, and local density

models which have a conceptual basis in the Hohenberg-Kohn Theorem^.
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1.6 Ab Initio Molecular Orbital Studies

An ab initio self-consistent field MO method is defined in this 

work as an approximate Hartree-Fock treatment in which all of the inter­

actions are treated explicitly and calculated rigorously.

1.6.1 Outline of the Theory

An ab initio molecular orbital calculations usually consists

of three steps. The first step is the computation of overlap, kinetic,

nuclear attraction and electron repulsion integrals. In the second 

step these integrals are used to construct the Fock matrix which is 

diagonalized to obtain the SCF wave functions. The third step, the 

inclusion of electron correlation effects, is usually carried out by 

configuration. interaction calculations.

Since the number of Fock matrix elements increases as the 

square of the number of electrons, each of these steps becomes unman­

ageable in a chemisorption study involving a lattice with more than 

about twenty to thirty atoms. One of the techniques used is to assume 

that a limited number of orbitals actively participate in bonding with 

an adsorbed species. Then one can exclude the remaining lattice or­

bitals from an explicit variational calculation.

The excluded orbitals are the core orbitals of the metal atoms

which are not likely to be important in mixing with valence orbitals.

A well known approximation is to replace the field of the core orbitals 

by a local pseudopotential. The second class of invariant orbitals is 

singled out after doing an exchange maximization localization in the 

immediate vicinity of the adsorption site. These orbitals shows a 

minimum exchange interactions with the adsorption site and are frozen 

in the core of the final Cl step. This procedure reduces the number

-11-



of molecular orbitals appearing explicitly in the transformation 

and also limits the configuration interaction space.

1.6.2 SCF-CI Method

The SCF-CI method starts with the usual Restricted Hartree- 
7 8Fock-Roothan SCF ’ formulation to describe the transition metal 

cluster plus adsorbate. Since the size of the Fock matrix depends 

on the number of the variationally determined orbitals, the atomic core 

orbitals of the transition metal are not varied, but their interaction 

with the valence orbitals are accounted for accurately. That is, the 

atomic core electrons of the metal are assumed to be localized, but 

give rise to coulomb and exchange potentials which are accurately 

evaluated along with contributions due to core-valence orbital over­

lap. This is usually handled by constructing a pseudopotential for
9the valence electrons. Following Whitten and Pakkanen , the valence 

basis functions of a given atom are rigorously orthogonalized to the 

core orbitals of the atom using a simple auxiliary basis. The Gram- 

Schmidt orthogonalization method is applied to introduce the core 

orbitals into the valence space. For the adsorbate, all the orbitals 

are treated as valence orbitals and are involved in the entire SCF 

calculation.

-12-



1.6.3 Localization on the Active Chemisorption Site

Consider a system described by a single determinant wave 

function, for the N valence electrons

¥ - A(*1, *2, ... *N) (1.2)

A is the usual anti-symmetrizing operator.

There are and Ng spin orbitals Suppose this system

is to interact with a second system (X^l, where (x^} are the atomic

orbitals of the designated chemisorption site. The set {$R} is now

transformed by applying a unitary transformation to obtain a new set

{$' } . For the new set to interact strongly with the atomic orbitals K
of the designated chemisorption site, the sum of the exchange integrals 

is maximized.
M 1

y -  Z [ ^ ( 1 )  * ' ( 1 ) |  ^— | v < 2) $ ' ( 2 ) ]  > o ( 1 . 3 )  
k - 1  12

where <J>' ■ Z c.<P.
i 1 1

and M is the number of the atomic valence orbitals of the chemisorption 

site. This leads to an eigenvalue problem with solutions, ordered in 

eigenvalues Y-. > y -  > . . .  yi — i.  — N

h. S  " ? cu *i

yP P

v*p + 1 p + 1

YN = ^ CiN$i

-13-

(1.4)



The total wave function

V = A(«>TL, *'2, ... <t>'N) (1.5)

is identical to the initial wave function of equation 1.2. After some

member y in the eigenvalue spectrum, the orbitals 4>' Ilt ... <f'P P+i "

exhibit negligible exchange interaction with the orbitals (X„) •K
The new functions ($* , <J>* ... ) represents localized molecular1 I  p

orbitals on the designated atoms, bonds between these atoms, and bonds 

linking the designated atoms with the remainder of the lattice. It 

does not follow that all orbitals i < p, will be localized only

over one or two atoms, and tails into the lattice which are in part 

a consequence of orthogonality will occur.

Similarly, it is also of interest to carry out a localization 

transformation within the virtual space since the resulting localized 

orbitals are those orbitals primarily needed for configuration inter­

action refinement of the local region.

It should be noted that it is the existence of a dual orbital 

space, one associated with designated atoms, and one associated with 

the lattice wave function, that distinguishes the present localization 

scheme from Ruedenberg exchange maximization method"^. Since the set

{X„l is invariant, the present localization calculation is not iterative.K
The occupied transformed orbitals which have

small amplitudes in the local region are referred to as interior orbitals,

and are used as the core orbitals in the final Cl step, while those

defining the local region are the localized occupied orbitals *'2*

... and the localized virtual orbitals 4)l,,» ••• - Thep 1 2 q
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local region Is thus best defined as a p-electron subspace localized 

around a designated surface site; it can not be equated to the set 

of atoms used to generate the localization, nor to any particular 

set of atoms near the site of interest.

In summary, the objective of this localization scheme is to 

define an interior part of the lattice electron distribution which 

can be taken as invariant during the course of interaction with the 

adsorbate and to introduce the important delocalization characteristics 

of an extended lattice into the concept of a local region near the 

surface.
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1.6.4 Configuration Interaction Treatment of the Adsorbate-Surface 

Interactions

It is evident that a proper account of electron correlation 

is required to achieve an accurate description of the following phenom­

ena: the energetics of interaction, the vibrational frequency of the 

incoming molecule, bond breaking and formation processes, and the 

electronic response of the lattice to the incoming adsorbate. The 

most elementary purpose of configuration interaction is to allow var­

iable ionic and covalent character, and to ensure proper dissociation 

limits and description of weak bonds. The existence of closely spaced 

single particle states in a cluster of metal atoms leads to a large 

number of electronic states near the ground state. Thus, the ground 

state can be highly degenerate, and the only satisfactory way to pro­

ceed is to allow nearly degenerate electronic configurations to enter 

by allowing a direct mixing of configurations.

The N electron wave function for a given electronic state ^  

is formulated as a linear combination of configurations

\ ' £ V *  <I-«

where configurations are constructed from orthonormal molecular orbitals 

obtained by promoting electrons from ground state SCF orbitals. A set 

of doubly occupied orbitals with low lying ground state orbital ener­

gies, called the fixed core is chosen to be common to each of the 

ground’ and excited configurations. Wave functions and energies are 

generated by a multistep procedure. The initial wave functions 

for the M electronic states of interest are expressed as linear com-
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binations of the configurations which are expected to be impor­

tant contributors to at least one of the M states,

3 - 1 .  2 . -  M (I-?)

2Additional configurations, }, are then generated analytically by

performing single or double promotions from the initial set of config­

urations subject to

\ < \ 2 \ H I H 2k  -> --------- > 6

| < # k 2 l H  I ®k2 >~<'v] l H  i > l < 1 * 8 ^

-2 -3for at least one j = 1, 2, . .. M, where <5 = 10 - 10 a.u.,

and H is the fixed nuclei electrostatic Hamiltonian

H = i [ + ^  r i1

2The new set of configurations {<5̂ } is combined with the inital set 

, and improved Cl wave functions,

2 .
¥ = Z E » j = 1, 2, ... Mj i=l k k

and energies Ej are calculated by diagonalization of the Hamiltonian 

matrix.

The lowest energy Cl wave functions are defined as the parent

set 'Fj and the entire process is repeated one or more times using the
-4 -5improved Cl wave functions, with 6 = 10 - 10 a.u. typically, until

convergence is achieved for the states of interest. At each step of 

the procedure, the set of configurations is augmented to contain all
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configurations necessary to assure that the total wave function is
2an eigen function of S . An approximate, successive diagonalization 

method described in reference 11 is used for the diagonalization of 

the large matrices that occur in the final steps of the Cl process.
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CHAPTER II

THERMODYNAMICS AND EXPERIMENTAL TECHNIQUES

11.1 Thermodynamic s

II.1.1 Introduction

A gas atom or molecule feels an attractive potential upon ap­

proaching surfaces of different kinds. The strength of this potential 

determines the nature of the interaction between the gas and the sur­

face atoms. The strength of the interaction can be expressed in terms 

of experimentally measurable parameters in several ways. An important 

parameter, which describes the interaction is the heat of adsorption 

AH. It is the average binding energy per mole between the interacting 

gas atoms and surface atoms and is related to the depth of the potential 

energy well.

For AH >> RT, where RT is the average thermal energy associated

with one mole of gas atoms, the atoms undergo strong interaction with

the surface which results in partial or total energy transfer and

adsorption. For AH~ RT the adsorption probability is small. However,

if this condition is obtained by raising the surface temperature to

produce high thermal energy to match the large interaction energy,

strong interaction and complete energy transfer can still take place.

This is indicated by the dissociation of gas molecules on hot metal

surfaces. If the condition AH =RT is obtained on account of the shallow 
well depth of the interaction potential, there will be no appreciable

energy transfer and weak interaction will take place.
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The temperature range of study distinguishes experimentally 

weak physical adsorption from strong adsorption. Adsorption studies for 

weakly interacting systems have to be carried out at low temperature.

For chemisorption, large surface concentrations of the adsorbed gas can 

be secured even at temperature higher thatn 300°K, because of the large 

attractive interaction potential between the surface and gas atoms.

Once the gas atom is adsorbed, the ratio of the well depth of 

the interaction potential AH and the thermal energy of the gas atoms 

at the surface, AH/RT, also determines the residence time of the gas 

atom on the surface. Measurement of the residence time can also give 

one an estimate of the type of interaction that takes place between the 

gas and the surface. Weak interactions implies smaller residence time.

II.1.2 Adsorption Isotherms

Most of the information about the nature of the adsorbed gas 

layer comes from macroscopic studies of the amount of gas adsorbed on 

the surface o, surface coverage, as a function of gas pressure p at a 

given temperature. Thecj- p curves are called adsorption isotherms.

The adsorption isotherms are used to determine thermodynamic parameters 

that characterize the adsorbed layer (heats of adsorption, entropy and 

heat capacity changes associated with the adsorption process) and to 

determine the surface area of the adsorbing solid.

In most chemisorption processes the heat of adsorption is thought 

to decrease with coverage because of the repulsive interaction between 

adsorbate molecules when they are in close proximity to each other.

Let us assume that the heat of chemisorption decreases as a linear func­
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tion of the coverage, which can be expressed as

AH - AHq(1 - a0) (II.1)

where AHQ is the heat of chemisorption at zero coverage, a is a propor­

tionality constant, and 0 is often called the degree of covering and is 

written as

0 = —  (II.2)
°o

If o Q is the surface coverage in the completely covered surface, the 

number of surface sites available for adsorption, after adsorping a 

molecules, is a n -  a . Of the total flux F incident on the surface, a'o
fraction -5— F will strike molecules already adsorbed and therefore be

areflected. Thus a fraction (1 - a^)F t̂ie total incident flux will 

be available for adsorption, so we can write

o = (1 - ■§£) Ft (II.3)

where t is the residence time

x - tq exp (||) (II.4)

The gas flux F is proportional to the pressure and from the kinetic 

theory of gasses could be written as,

N P
F = —  — -—  (II.5)

✓ 2nMRT

M is the molecular weight, P is the pressure. Using II.2, equation

II.3 could be written as
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1 F t1 - 0  0o (II.6)

or

0 at, rAHi= AP exp [— ]1 - 9  K lRTj (II.7)

- k  i where A = Nn(2iTMRT) t o-l ° o o

or, using equation II.1

6 AP exp [ flH° (1 ~ a9)] (II.8)1 - 0  ^  L  RT

or, in logarithmic form after rearrangement.

9 AHoa0 (II.9)Ln p = Ln —  - L n A o +  —

where A0 = A exp [AHQ/RT] is independent of coverage. In the range 

0.1 < 6 < 0.9 which is most accessible to chemisorption experiments, 

the term Ln[0/(l-0)] varies very slowly with coverage. For chem- 

isorptiom characterized by a strong interaction potential, AH >> RT, 

the third term on the right side dominates. Thus, we can write

RT
9 = A H - r LnAop

This isotherm, which predicts the linear variation of 9 with Lnp,
12is the Temkin isotherm . In the middle range of surface coverage, 

this isotherm accurately describes the chemisorption of many gases.
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II.2 Experimental Techniques for Surface Structure

In recent years a number of methods have come into use that 

provide information about the structure of a solid surface, its com­

position, and the oxidation state present. In essentially all cases 

the solid-high vacuum interface is probed with a beam of ions, electrons 

or electromagnetic radiation, and various diffraction, scattering and 

other atomic processes are observed. In no case can a good description 

of the properties of the chemisorptive system be obtained using a single 

experimental technique; the combined use of various methods is necessary. 

Several approaches to obtain structural information have been attempted. 

Low energy electron diffraction (LEED) intensity analysis has proved to 

be a powerful method for determining the locations of adsorbed atoms. 

Spectral resolution of orbitals of adsorved species may be obtained by 

using photo-electron-spectroscopy, mainly with UV sources (UPS).

II.2.1 Low Energy Electron Diffraction (LEED)

II.2.1.1 Background

It was recognized very early in the history of diffraction 

studies that just as x-rays and relatively high energy electrons (say 

50 KeV) gave information about the bulk periodicity of a crystal, low 

energy electrons (around 100 eV) whose penetrating power is only a 

few atomic diameters, should give information about the surface struc­

ture of the solid. The first reported experiment is that of Davisson 
13and Germer in 1927, with marginal results. Work was handicapped by 

considerable experimental difficulties in generating a beam of mono- 

energetic electrons, in detecting its scattering, and, even more by

-23-



the fact that at that time ultrahigh vacuum techniques had not been 

developed. Even at pressure of 10  ̂torr (mm Hg) a surface becomes 

covered with a monolayer of adsorbed gas in about 1 second. To be 

sure of dealing with clean surfaces, pressures down to 10 ^  torr are 

needed.

11.2.1.2 Diffraction Condition

Consider a wave incident on a crystal surface, with an amplitude

A in free space at a given point r

A(r) = A(o) exp [i(Kr - ait)] (11.11)

Here A(o) is the amplitude at an arbitrary origin, r = 0, and K is the

wave vector of the travelling wave which has an angular frequency w.

The magnitude of K is given by |K | = — , where X is the wave length

associated with the motion of the electrons, according to De Broglie

X = Ji- = h
~ mv (2mE)*S

or

12
*<A°) = [ECeV)]^ (1 1 .12 )

For a given K, it can be shown that the electrons are scattered by a 

periodic three dimensional lattice only in well-defined directions cor­

responding to wave vectors satisfying the conditions

k ' = K + G (11.13)
-V fwhere K is the wave of the scattered beam. Diffraction can occur 

only if the magnitude of the incident and scattered wave vectors
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remain the same, |K'| = |tC| . This is the case of elastic scattering 

in which the incident electrons suffer no energy loss. A typical 

diffraction condition is shown in Fig. II.1. The spacing, d, between 

lattice planes (h, k, £) of the crystal is given by

d(h k i) s (tt 24)|G(hk£)| (II.

Thus the magnitude of any reciprocal lattice vector jG(hk£)[ is

lS(hk« l - a fs w  ( I I -15>

and from Figure II.1 we can see that

[G(hk£) | = |AK| = 2 |k | sin 0

Then

2 irn
d(h k £) = 2 K sin 0

where 0 is the half-angle between the scattering vectors K and K'. 

Since |k | = , we have arrived at the Bragg reflection law

2 d sin 0 = n X

For LEED the wave vector K in units of A° is defined by the electron 

beam energy as

K = = 0.512 [E(eV) ]**
A

For x-ray diffraction, the scattering cross section is small; 

therefore the incident beam intensity is much larger than the intensity
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◦f the scattered beam. Thus the probability of double scattering is small. 

For LEED, where the scattering cross sections are large, the amplitudes 

of the various diffracted beams can be of the same order of magnitude as 

the amplitude of the incident electron beam. So double diffracting or, 

in general, multiple-scattering of low energy electrons may also take 

place. The experimental verification of the importance of double dif­

fraction and other multiple-scattering events in LEED comes from studies 

of curves of the intensity versus electron energy.
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11.2.1.3 LEED Apparatus

A low energy electron diffraction apparatus is in principle 

one of the simplest electron optical devices (as compared e.g. with 

the high performance transmission electron microscope). A parallel 

beam of electrons having an energy from a few tens to a few hundreds 

of electron volts impinges on a crystal and is back diffracted in 

directions given by the well known Ewald construction. Diffracted 

electrons are registered either on a fluorescent screen or by meas­

urement of their current with a Faraday collector. The arrangement 

of LEED equipment is influenced by the nature of LEED, because 

apart from the elastically reflected electrons there are electrons 

reflected from the sample with a loss of energy. They contain no dif­

fraction information and cause a background intensity which makes it 

difficult to observe the diffraction spots. It is therefore nec­

essary to filter out electrons having a lower energy than the pri­

mary one. However, these electrons could be used in other experiments 

to measure electron binding energies in the different energy states for 

surface atoms (Auger spectroscopy).

11.2.1.4 LEED, Catalysis and Chemisorption

Catalysis denotes the acceleration of a chemical reaction

by means of a substance which is not consumed during the reaction.

In heterogenous catalysis the reaction is accelerated by interaction

between the reactants and a solid surface. The important step in 

this speeding up process occurs in the adsorbed state at the surface. 

Characterization of ordered adsorbed phases by means of LEED is there-
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fore vital to the understanding of the mechanism, particularly where 

more than one reactant is involved. The various stages in a catalytic 

process can be observed by the changes in the LEED pattern.

Since heterogenous catalysis involves processes in the adsorbed 

state one is primarily interested in the answers to the following ques­

tions :

1) What is the configuration of an adsorbed particle with 

respect to the surface atoms of the catalyst?

2) What configurations have the adsorbed particles relative to 

each other*

Question (1) is strongly connected to the theory of the 

chemisorption bond, whereas (2) is related to the interaction between 

the adsorbed particles and can be treated theoretically by statistical 

methods. It is evident that the two problems are closely related to 

each other. In general there will exist an optimum arrangment of a 

single adsorbed particle with respect to the surface atoms, and at 

the same time, for a given coverage, a most favorable configuration 

of the adsorbed particles relative to each other. Optimum correlations 

for both types of interactions will probably not occur together and 

thus the two will compete- in the determination of the final surface 

structure.

For periodic structures the positions of diffraction spots in 

the reciprocal lattice is determined only by the geometry of the ele­

mentary cell, whereas the intensity depends on the dynamic scattering 

factors. As a consequence question (2) may be answered immediately in 

those cases where the primitive cell contains only one adsorbed particle.
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However, an answer to question (1) from LEED information can be 

achieved in only a few special cases where additional arguments are 

available.

Owing to the statistical behavior of the system the arrange­

ment of the adsorbed particles is not perfectly periodic. If the 

periodic regions are relatively small the diffraction spots are broad­

ened and vice versa. From the spot diameter the size of ordered do­

mains can be estimated. With anisotropic surfaces this size may de­

pend on the orientation and this may cause elongated spots or streaks
14in the diffraction pattern . It is also possible to devise the sym­

metry of the adsorption sites from the type of spot broadening^. The 

progress of surface processes can be followed from variations of the 

position, shape, or intensity of diffraction spots with time.
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Figure II-l. Determination c/ Ak - k' - k terms of the angle of icattering #.
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II.2.2 Ultraviolet Photoemission Spectroscopy (UPS)

II.2.2.1 Introduction

When a photon beam with an energy between 6 and 100 eV or high 

energy electromagnetic radiation is allowed to strike a solid surface, in 

addition to electron emission from the valence band, electrons are ex­

cited from inner electron shells as well. The two primary inner-shell 

excitations are shown in Fig. II.2. The notation used is the one most 

commonly used in atomic spectroscopy: the K, L, M, ... shells refer to 

those with principal quantum number n = 1, 2, 3, ... , with K, Lj, 

refer to lsĵ , 23̂ , 2p̂ , 2p^ respectively.

An electron may be ejected from the K shell into vacuum. If the 

energy of the incident radiation is greater than the binding energy of the 

electron, this process, which is commonly called photoelectron emission can 

take place. From the knowledge of the incident beam energy and by suitable 

analysis of the ejected photoelectrons, the electronic binding energies in 

the different bands can be obtained. On the other hand, the electrons 

may only be excited into the conduction band of an insulator or just above 

the Fermi level in a metal, and in this case the energy of excitation is 

adsorbed by the atoms. By variation of the energy of the incident beam, 

the adsorption spectrum characteristics of a given solid can be ob­

tained, and from the adsorption peaks at different energies, the elec­

tronic binding energies can again be determined.

Energy analysis of the emitted photoelectrons is called photo- 

electrnn spectroscopy, and the energy analysis of the absorption peaks 

is called x-ray absorption spectroscopy. In general, the photoelectron 

spectra give peaks of better energy resolution than the absorption
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spectra.

In the study of chemisorption one is only interested in the 

surface bonding states with binding energy less than 10 eV below the 

Fermi energy. Therefore ultraviolet photons of energy between 5 and 

100 eV are suitable for this study.

II.2.2.2 UPS Apparatus and Data Analysis

A monochromatic ultraviolet photon beam is incident on the 

sample, which is prepared in an ultra-high-vacuum chamber, and is the 

source of the ejected photoelectrons. The emitted electrons are detec­

ted by the detector and energy analyzed by the energy analyzer together 

with associated electronics for recording energy distributions. The 

energy of the ejected photoelectrons E depends on the incident photon 

energy Epkoton and is given by

E = E v „ - E - $ (11.17)photon b a

where is the electron binding energy in the shell from which it

is ejected and $a is the work function of the analyzer. The electronic

binding energy is calculated using Eq. II. 17.

Fig. II.3 shows a typical photoelectron spectrum. The intensity

of the peaks can be used to determine relative or absolute concentrations

of the different elements. In addition to the detection of elemental

chemical composition, ph'otoelectron spectroscopy can distinguish between

the different oxidation states of elements, because of a shift in the

binding energies of inner-shell electrons upon the change of valency.
By monitoring these chemical shifts, photoelectron spectroscopy has not

only been able to distinguish between different oxidation states but
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also to detect other changes in the chemical environment that lead 

to the distribution of the electron, density. The UPS study is expec­

ted to answer the following questions:
1) What is the density of states of the chemisorbed system?

2) What is the binding energy of each state in the chemisorbed 

system?

3) What is the chemical shift of the new chemisorbed system 

relative to the old system?

Combining the results of LEED, UPS and other experimental 

techniques (atomic and molecular beam scattering, change of work 

function during adsorption, Auger electron spectroscopy) a consist­

ent physical picture of chemisorption seems to emerge.
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Figure taken from reference 16, p. 175.
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CHAPTER III

Correlated Wave Function Calculation of the Chemisorption of Water on

Ti (0001)

1II.1 Introduction

Water adsorbed on various substrates has been the subject of a 

number of recent experimental studies. This is due in part to the impor­

tance of adsorbed water in a variety of chemical processes such as heter- 

ogenerous catalysis, electrolysis, and formation of aerosols on metal par­

ticulates. These experiments have shown that water undergoes several 

possible reactions on a metal surfaces involving either dissociation or 

molecular adsorption. Early Ultraviolet Photoemission Spectroscopy (UPS)

studies of Atkinson et al"^ suggested that water adsorbed on Mo disso-
18elates. Fisher, Gland and Sexton determined that OH was formed on Pt 

(111) when water was co-adsorbed with oxygen at low temperature and al­

lowed to warm up. They observed a Pt-O-H scissors vibration in electron-
19energy-loss spectroscopy (EELS). Also using EELS, Ibach and Lehwald

saw evidence for free OH and H after adsorption of H^O on Pt (100).
20Water was found to react strongly with FE (001) by Dwyer et al using low

energy electron diffraction and Auger electron spectroscopy (AES).
21Benndrof et al , with the use of UPS, saw evidence for molecular 

H^O adsorption on Ni (110) at low temperature followed by the formation 

of an ice overlayer at high coverages. Recently; Rosenberg et al 

have studied the photon stimulated desorption (PSD) of ions from amor­

phous ice. The only ion species they observed in the photon energy
+ 2320 - 30 eV was H . Netzer and Madey in their study of the electron-
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stimulated desorption (ESD) of 1^0 on Ni (111) found the dominant ion

to be H+, which indicates a dissociation process.
24 25At present photoemission ’ and electron-energy-loss spectros- 

26“28copy (EELS) have come to opposite conclusions about whether the H^O

molecule stays intact or dissociates into H and OH on a silicon surface.

In the photoemission spectra three ^ 0  - induced valence orbitals are

observed and have been assigned to chemisorbed molecular H^O. It has

been concluded that the molecule is adsorbed with the oxygen end down,

which results in the observed bonding shift of the oxygen lone-pair

molecular orbitals. On the other hand in all EELS studies on the -

Si system, the observed losses are assigned to Si-H, Si-OH and SiO-H

vibrations and it is concluded that water is dissociated on silicon

surfaces. The adsorption of ^ 0  on CU (100) and Pd (100) at temperature
29around 10 K has been investigated by Anderson et al using EELS and 

water is found to adsorb associatively as monomers at low converages 

with its molecular axis significantly tilted relative to the surface 

normal.
30Muller and Harris used the Kohn-Sham scheme to calculate the

interaction energy of an H^O monomer with cluster simulating different

adsorption sites on an Al (100) surface. A well defined atop-atom

ground state with the molecular plane tilted away from the normal is

found. The adsorption is accompanied by a substantial donation of charge
31to the metal. The binding energy is 0.53 eV. Recently Ribarsky et al 

considered the interaction of ^ 0  with a Cu (100) surface via cluster 

calculations using the self-consistent-field-linear-combination-of- 

atamic orbitals-Xa method. In the equilibrium on-top configuration
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bonding is found to be through the oxygen with the molecular plane 

tilted from the normal. Bonding involves the 1^0 lone-pair orbitals 

and a charge donation to the metal. The ground state binding energies 

determined via systematic mappings of the potential energy surfaces are 

E (H„0 - Cu) = 0.76 eV and En (Ho0 - Cu,.) = .38 eV.D Z D Z D

In the present study we consider the theoretical treatment of 

the adsorption and dissociation of a single water molecule on a Ti (0001) 

surface using an electronic theory that permits the accurate computation 

of molecule solid surface interaction, The SCF-CI theory is based on a 

many electron approach in which the configuration interaction follows 

an ab initio self consistent field calculations on an adsorbate plus 

surface region. The following objectives are set

A) Calculations on a small cluster l^O-Ti^ to determine 

preliminary information about the system including 

the role of the £ and d̂ electrons in bonding.

B) Calculations of selected adsorption sites on the 

seven atom "surface" hexagonal cluster.
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III.2 Ultraviolet Photoemission Spectroscopy (UPS) of the Interaction 

of Water with Ti (0001) Surface 

32Stockbauer et al used UPS to study the adsorption of 1^0 on a 

stepped Ti (0001) crystal. The spectra are shown in Fig. III.l for ad­

sorption at room temperature (~300K). At a photon energy of 23 eV, a 1.3 

eV binding energy feature appears fully resolved from the Ti 3d valence 

band (curves b and c). At a photon energy of 50 eV, the cross section of 

the 1.3 eV peak appears to increase relative to that of the valence peak 

and the photon-energy resolution degreades to such an extent that the 

peaks are no longer resolved (curves d and e). This feature is identical

in form and photon-energy dependence to the 1.3 eV binding energy peak
33observed when this same crystal was dosed with hydrogen . It has been

*1 /identified by Feibelman et al as a H-induced surface state on Ti (0001). 

A broad peak near 6 eV observed in the hydrogen-adsorption experiments was 

obscured in the ^ 0  experiment by other peaks in the spectrum. A compar­

ison of the relative intensities of the peaks at 6 and 1.3 eV in the H^O 

and the H spectra shows that the intensity of the 6 eV peak in the 1^0 

spectra is a factor of two higher than in the H spectra, indicating an 

additional contribution to the 6 eV peak in the 1^0 spectra. This con­

tribution is assumed to be from atomic oxygen"*"*.

The peaks at 7.4 and 11.4 eV BE are ascribed to OH based on
18their similarity to the peaks observed by Fisher, Gland and Sexton 

in CPS of oxygen and water coadsorption on Pt (111). A comparison is

made with the UPS spectrum of gaseous OH radical which exhibits two
36dominant features with ionization potentials of 13.0 and 15.2 eV
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The location of the gaseous peaks are indicated by the lines above

curve d in Fig. I1I.1, aligned by matching the energy of the gas phase

peak of higher ionization potential with the surface OH peak at 11.4 eV.

The energy spacings of gaseous and surface OH are different, presumably

due to bonding of OH to the Ti surface. The UPS data show no evidence

for molecular H^O on the surface at room temperature.

Fig. III. 2 shows the UPS spectra at low temperature (~90 K) .

At low coverage the same features are observed as the room temperature

spectra. Again peaks are noted for H at 1.3 eV, for 0 at 6 eV, and for

OH at 7.4 and 11.4 eV BE, As in the room temperature spectra ^ 0  appears

to be fully dissociated.

At higher coverages, additional features appear: peaks at 8 and

14 eV and a plateau between 9 and 13 eV BE. Their similarity to peaks
37observed at low temperature by Brundle and Roberts from ̂ 0  on Au, by

18Fisher, Gland and Sexton from ^ 0  on Ni (110) leads one to assign

these features to molecular H^O on Ti (0001) surface.

For comparison the room temperature UPS data of CO on Ti (0001)

is shown in the curbe f of Fig. III.l The peaks near 4 and 6 eV BE are
38due to atomic carbon and oxygen respectively . At low temperature 

(90 K) CO does adsorb molecularly producing additional peaks at 7.3 

and 11.5 eV BE ( curve b of Fig. III.2). However the photon energy 

dependence of the cross section of these two peaks is different from 

the 7.4 and 11.4 eV peaks in the ^ 0  adsorption experiments. Based on 

this evidence, these two peaks are due to the formation of OH when H£0 

is adsorbed on Ti (0001) and not due to impurity CO adsorbed on the 

surface.
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The photon stimulated desorption (PSD) shows that the ions 

desorbed from H^O-dosed Ti (0001) to be almost H+ which indicates that 

OH must be present on the surface in order to produce the measure H+ 

signal.
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III.3 Free H^O Molecule Calculation

The free 1^0 molecule calculation was carried out to check the 

validity of the hydrogen and oxygen basis functions and to find the or­

bital and total energy of the free molecule. This total energy plus the 

energy of the clean lattice serves as a reference for calculating the 

binding energies of our system.

All atomic core electrons of the oxygen atom are explicitly 

included. All 10 electrons in the 1^0 molecule are involved in the 

entire SCF calculations. The valence basis was chosen to be Is, Is'

on each hydrogen atom and Is, Is', 2s, 2s', 2p , 2p’, 2p , 2p’, 2px x y y z
and 2p̂  on the oxygen atom. Gaussian expansions of atomic orbitals are 

used throughout (see appendix). Fig. III.3 shows the equilibrium geo­

metry for the 1^0 molecule. The parameters were taken from Snyder and 
39Basch . Table III.l shows the orbital and total energy of 1^0 together 

with the Mulliken populations. The charge on each hydrogen atom is 0.72 

electron and on the oxygen atom is 8.56 electrons. This confirms the 

fact that the water molecule is polar with its dipole moment pointing 

from the oxygen atom to the midpoint of the two hydrogen atoms.
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Fig. III.3 Equilibrium Geometry for H^O Molecule

0-H = 1.8089 A.U.

0 - 104.52°
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Table III.l Total and orbital energies of water

Symmetry of orbital Orbital energy in a.u.

lax -20.559a -20.558b

2ax -1.363 -1.352

lb2 -0.719 -0.719

3 a 1 -0.570 -0.582

lbi -0.510 -0.506

E -75.989 -76.0593SCF
AECI -0.118

E_ , -76.107Total

Mulliken population (a.u.)

^  0.720

H2 0.720

0 8.560

h2o 10.0

a) Present Calculation

b) Taken from D. Neumann and J.W. Moskowitz, J. Chem. Phys. 49. 
2056, 1968.

-45-



III.4 Electronic Configuration of Titanium

The M-shell (n ■ 3) of an atom contains three sub-shells, 3£,

3j), 3ji. From atomic theory it is known that an orbital wave function 

with lower angular momentum will tend to penetrate further into the nu­

cleus. This leads to the expected order of occupation 3ŝ  3ja and 3ji. 

However a new phenomenon appears in this M shell. This is because the 

screening effect due to the inner shells of electrons is gradually dimin­

ished by the effective charge of the nucleus with increasing atomic num­

ber . In addition, the energy of the state depends on the total quantum 

number n by a factor of l/n^. These two factors make the energy differ­

ence between successive outer shells smaller and smaller. On the other 

hand, the effects of greater penetration toward the nucleus, by the lower 

angular momentum state are becoming larger and larger. There is a point 

then, at which the low angular momentum states of the next higher shell 

may have a lower energy than the higher angular momentum states of the 

given shell. This "cross over" first occurs for the 3cl subshell and 

the 4ŝ  subshell. The two electrons in the 3(1 subshell have higher ener­

gy than those of the two electrons in the 4j3 subshell for a titanium atom. 

However, these four electrons are treated as valence electrons in most 

chemisorption studies involving titanium.

For bulk titanium, there is some evidence that the configuration
3 1 2 2 9is (3d) (4s) compared with (4s) (3d) for the titanium atom . The

3 1configuration (3d) (4s) has been applied in the ab initio SCF calcu­

lations even though in these calculations a cluster was used to represent 

a bulk. The size of a titanium cluster which will behave more or less
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like a bulk is not known. Bulk titanium is a non-magnetic mate­

rial while the titanium atom has a net spin of one. Titanium was 

chosen in the present study to minimize the uncertainties in the 

theoretical treatment of transition metals. Intrashell correlation 

for the d electrons is expected to be less important in titanium than, 

for example in nickel.
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III.5 Role of the 3 (i and 4 £ Electrons In Bonding on Transition 

Metals

40Melius et al have studied the dissociation of ^  on Ni using 

multiconfigurational self-consistent field methods. According to their 

analysis the <i electrons remain localized and do not participate di­

rectly in bonding; however the £ orbitals can serve as a source or

reservoir for the valence £ electrons as the state or geometry varies.
41Kunz and co-workers used the generalized valence-bond and unrestricted

Hartree-Fock calculations to study the interaction of S , Mn and Cu

with hydrogen. They reported a limited role for the (I electrons in
42bonding. Cremaschi and Whitten have considered the chemisorption of 

on Ti (0001) with use of an ab initio SCF-CI method. Their conclu­

sion was that the bonding is predominantly with the 4£ electrons.

Subsequent to the studies of chemisorption by Ni cited above,
43Messmer et al using the Xa - method have considered the interaction 

of atomic hydrogen with small clusters of Ni, Pb and Pt. In these 

studies, one finds strikingly different behavior for the case of Ni-H 

bonding as compared to Pd-H or Pt-H bonding. In these studies the Ni-H 

bond is essentially 4£ derived, the Ni-3d contribution being only 35% 

of the bonding orbital, whereas, the Pd-H bond or the Pt-H bond is 

mostly metal d in character. Clearly this Xa - study found greater 

3 d_ participation of the bonding of H to Ni than is found by Melius et 

al^ who found 3 d participation in the bonding orbital to be less 

than 20%. A question arises here. Is the greatest <i participation in 

the Xa-model indicative of a significant difference between the Xa
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model and the Hartree-Fock like methods or is it due to the different

geometries studied? At present this question is unanswered and it

would be useful to further study this question.
44Fischer and Whitten studied the interaction between Ti and 

a H atom and between Ti atoms in chains of length two, five and ten by 

using the Xa-SW method. Their calculation confirmed a significant cl 

participation in bonding. However, their calculation raises some 

uncertainties mainly due to the rapid increase in intersphere volume 

as the chain length increases. Also the role of the effect of the 

constant potential on the dl orbitals needs a more detailed investigation.
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III.6 Choice of the Cluster

A reasonable choice for the structure of a cluster is to assume 

a highly symmetrical one and to assume intemuclear distances close to 

the bulk values. The fragments to be considered are those derived from 

the hexagonal close-packed structure which is the experimentally deter­

mined structure for titanium below 820°C. The calculations are perfor­

med at the titanium metal intemuclear distance of 2.95A°.

The clusters to be considered are the three atom equilateral 

traingle and the seven atom "surface" hexagonal cluster (Tiy). Fig.

III.4 shows the geometry for these two clusters.
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(a) Ti3
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1 2

(b) Ti?

Figure III.4 The two titanium clusters 
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III.7 Small Cluster Calculation Ti^ - H^O

III.7.1 Calculation With the 3 Electrons Assigned to Core

In the present calculation the three electrons in the 3 cl

orbitals of each Ti atom were assigned to the core together with the
2 2 6 2 6 (Is , 2s , 2p , 3s , 3p ) electrons and contribute only an electrostatic

potential. All the three Ti atoms have the same set of valence basis 

orbitals, 4js and 4jsf (see appendix). The total number of valence elec­

trons in the present system is thirteen since each Ti atom contributes 

one 4 j> electron and the water molecule contributes all its ten elec­

trons. A reasonable choice for the geometry is to consider a highly 

symmetrical case, with the oxygen atom above the three fold site. In 

order to decide which way the two hydrogen atoms are pointing on adsor­

ption, two different calculations were done, one with the two hydrogen 

pointing up away from the lattice, and the other with the two hydrogen 

pointing down toward the lattice. In both cases the oxygen atom 

was at 3 a.u. above the three-fold site and the parameters for water 

molecule are those of the free molecule. Table III.2 shows the results 

for these two cases. The case with the hydrogen pointing up has lower 

energy than the sum of the energies of the separated systems and has a 

binding energy of 0.015 a.u. (0.41 eV), while the case with hydrogen 

pointing down has higher energy than the sum of the energies of the 

separated syterns and therefore is unbound (binding energy is negative). 

Also shown is the Mulliken population analysis for the charge distrib­

ution. As we can see the charge transfer between the lattice and the 

1^0 molecule is greater for the bound state than that for the unbound 

state.
-52-



The UPS experiment has shown that water is adsorbed dissociatively 

on Ti (0001) surface, and according to our previous results we are encour­

aged to stretch one of the 0 - H bonds for the case where the hydrogen is 

pointing away from the lattice. Table III.3 shows the results for such 

cases where both SCF and Cl calculations are performed. Two important 

features are noted here (i) As we stretch the 0 - ^  bond from 1.8089 a.u. 

(unstretched) to 0 - the binding energy goes from the negative

value of -0.00018 a.u. (unbound) to the positive value of +0.04 a.u. 

(bound). The result confirms the fact that 1^0 dissociates on the Ti 

(0001) surface to form H and OH. (ii) The second point to note is that 

the amount of charge transferred from the lattice to the molecule in­

creases from 0.08 electron for the molecular case to 0.77 electron for 

the dissociated case.
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— —----------------------------- -------
H^O and clean surface Hydrogen pointing up Hydrogen pointing down
(infinite separation)

escf -76.353 -76.368 -76.229
(-75.989-0.364)

Eg (a.u.) + 0.015 -0.124

Mulliken population (a.u.)

H1 0.720 0.701 0.713

H2 0.720 0.701 0.713

0 8.562 8.683 8.53

h 2° 10.0 10.085 9.956

Ti3 3.0 2.916 3.044

QTotal 13.0 13.0 13.0

Table III.2 Results for the unstretched l^O on Tig. The 3 cl 
electrons are assigned to the core orbitals. A 
positive value for Eg indicates a bound state.



i

HjO 1 clean aurfaca 0H2 - 1.6069 a.u. OVj * 2.4 a.u. OHj ■ 3 a.u. 0«2 - -

*scr (a.u.) -76.333 -76.366 -76.373 -76.380 -76.383
I| (a.u.) +0.013 + 0.020 + 0.027 + 0.020

tf(CI) -0.116 -0.103 -0.101 -0.108 -0.129

Serai U  ) -76.471 -76.471 -76.474 -76.488 -76.511

8, (a.u.) 0.000 + 0.003 + 0.017 + 0.040 (25.0 —— & wl

MU Ilk an population (a.u.)

■l 0.720 0.701 0.614 0.629 0.641

"2 0.720 0.701 1.285 1.258 1.0

0 8.362 8.663 8.883 8.975 9.129

■l° 10.0 10.063 10.784 10.862 JH-9.77

Tt3 3.0 2.916 2.217 2.141 2.232

Sotal 13.0 13.0 13.0 13.0 13.0
—  - - *

, T a b le  I I I . 3 la a u l t a  fe e  eba a tc e tc h a d  HjO on I l j  w ith  hydrogen p o in t in g  away

t r m  th e  l a t t i c e .  Tha 3 £  a la c tro n a  a re  aaalgnad to  th a  c o ra .

II

|



111.7.2 Calculations with the 3 d Electrons Assigned to Valence Orbitals

III.7.2.1 H^O Molecular Plane is Perpendicular to Lattice Plane

3 1The (3d) (4s) electronic configuration for titanium has been
9widely employed in ab initio SCF calculations , and in order to decide 

the role of 3 d electrons in bonding with the adsorbed HgO molecule we are

going to treat the three electrons in the 3 d̂ orbitals as valence electrons.
2 2 6 2 6 Only the Is , 2s , 2p , 3s and 3p electrons of each Ti atom are assigned

to the core and contribute only/an electrostatic potential. The three Ti

atoms have the same set of valence basis functions 3d , 3d , 3d ,xy xz yz
3d o o, 3d 2 2» 4s and 4s'. Each Ti atom contributes four valencey — z x —z
electrons to the system ( one 4js and three 3d). The total number of 

valence electrons in the present system is 22 electrons. Calculations 

were performed at the SCF level for the two cases where the two hydrogens 

are pointing up away from the lattice, and pointing down toward the 

lattice with the oxygen atom at 3 a.u. above the three fold site. The 

results are shown in table III.4. They are similar to the case in which 

the 3 cl electrons were assigned to the core (Table III.2), i.e., the geo­
metry with the two hydrogens pointing down toward the lattice is very 

repulsive relative to other geometry. Since the case with the hydrogen 

pointing up away from the lattice was still slightly repulsive, an SCF 

followed by Cl calculations was done by stretching one of the 0-H bonds 

till complete dissociation occurred. By looking at table III.5, it is 

seen that the total energy of our system decreases as we stretch the 0-H 

bond from its unstretched value, and the case at which complete disso­

ciation occurs is the most deeply bound state with binding energy of
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29.4 K cal/raol. This result confirms the experimental results that 

1^0 dissociates on the titanium surface to form OH and H. However, 

by comparing this value of 29.4 K cal/mol binding energy with the 

value of 25.0 K cal/mol binding energy which was obtained by assign­

ing the three 3d_ electrons to the core, we can conclude that the 3£ 

electrons play a limited role in the dissociation of H^O on the titanium 

surface. This role could be seen through the 3d -*■ 4s promotion of 

electrons. For the separated systems there are 7.9 d electrons and

4.1 £ electrons, while for the dissociated case of H^O into OH and H 

there are 7.0 d̂ electrons and 4.3 £ electrons.

In order to test the possibility for the dissociation of OH 

into 0 and H, another SCF calculation was done by stretching the 

remaining OH bond. The results of our calculation are shown in table 

III.6. As we can see, the continuous stretch of the bond causes the 

energy to go up, and the binding energy becomes more and more negative 

(unbound state), and the completely dissociated case is the most unbound 

(binding energy is -0.17 a.u.). This highly repulsive value of binding 

energy shows that it is not necessary to carry out the Cl calculation.
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+ Clean Surface Hydrogen Pointing Up Hydrogen Pointing Down

(infinite separation)

escf a-u* -85.522 
(-75.989 - 9.533)

-85.505 -85.333

E a.u. o -0.037 -0.189

Q (a.u.)

H1 0.720 0.736 0.873

H2 0.720 0.736 0.875

0 8.562 8.686 8.505

H2° 10.0 10.158 10.255

Ti3 12.0 11.85 11.787

QTotal 22.0 22.0 22.0

Table III.4 Results for the unstretched H^O on Ti^. The 3 jd 

electrons are assigned to the valence orbitals.



Hz0  4 C lean

 ________________________ S urfaca________OH -  1.B0B9 a .u .  OH -  2 .4  a .u .  OH -  3 a .u .  OH -  -

Es c r -8 5 .5 2 2  -8 S .5 0 5  -8 5 .5 3 3  -8 5 .5 4 4  -8 5 .5 8 3

  -0 .0 1 7  + 0 .0 1 1  + 0 .0 2 2  +0 .0 61

-0 .0 6 8  -0 .0 7 1  -0 .1 1 16EC1 -0 .1 2 5  -0 .0 7 3

S o t . l  - B3- M 7  - 115- 578

B#   -0 .0 6 9

N u ll lk e n  p o p u la tio n

Hj 0 .7 2 0  0 .7 3 6

H2 0 .7 2 0  0 .7 3 6

O 8 .5 6 2  8 .6 8 6

H20 1 0 .0  10 .158

T l j  1 2 .0  (7 .9 d ,  4 .1a .) 1 1 .8 5

0 22.0 22.0
T o ta l

-8 5 .6 0 1  -8 5 .6 1 5  -8 5 .6 9 4

-0 .0 4 6  -0 .0 3 2  + 0 .0 4 7  (2 9 .4  K c a l /a o l )

0 .7 2 5  0 .6 9  0 .6 3

1 .2 3 7  1 .151 1 .0

8 .8 7 7  8 .9 5 9  9 .1 27

1 0 .8 3 9  1 0 .B 10 .757

1 1 .1 6 2  1 1 .1 9 2  11 .304 <7d, 4 .3 e )

22.0 -22 22.0

T a b le  I I I . 5 fte a u lte  f a r  th e  a trax ch e d  caaa o f HjO an T I .  Tha 3 d a le c tro n e  

a r e  aaalgnad to  th e  va len c e  o r b l t a la .  The e o le c u le  la  a t  3 a .u .  

above th e  3 - fo ld  a l t e .



H^O & Clean Surface OH^ = 2.4 a.u. OH^ = 3 a.u. OH^ = 00
(infinite separation)

SCF (a,u*) -85.522 -85.480 -85.462 -85.349

(a -0.042 -0.06 -0.173

Table 111.6 Results for the stretched OH^ case. The 3 electrons are 

assigned to the valence orbitals.

* is assumed to be at infinity and 0 is at 3 a*u* above the 3-fold 

site.



III.7.2.2 H^O and the Lattice Have Common Plane

Here we consider the case in which H^O and the Ti^ lattice 

have a common plane. This geometry resembles what is called adsorption 

on step edges, that is the adsorbed molecule is very close to one or 

very few atoms and far away from the remainder of the lattice. The 

oxygen atom was set at 3 a.u. from atom 1 (see Fig. III.4a) and the 

calculation was done on the SCF level by stretching one of the OH bonds 

till complete dissociation occured. The results in table III.7 shows 

that the binding energy is always negative (unbound state) with the 

case in which ^ 0  dissociates into OH and H being the least unbound 

(binding energy is -0.10 a.u.). This pathway shows a resistance to the 

0-H stretch and consequently the calculations were not pursued further.
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H20 & Clean Surface OH = 1.8089 OH =* 2.4 a.u. OH =* 3 a.u. OH « ®

escf (a*u’) -85.522 -85.382 -85.371 -85.397 -85.420

Efi (a.u.) -0.140 -0.151 -0.125 -0.102

O'tv>I

Table III.7 Results for the case where the 1^0 and the Tl^ have a

common plane. The 3 d_ electrons are assigned to valence 

orbitals.

i



III.8 Potential Energy and Activation Barrier for H^O on Ti^

Our previous results have shown that by assigning the three 

3(1 electrons to the valence orbitals, molecular 1^0 is not bound to 

the Ti^ surface when the lower end of the molecule (the oxygen atom) 

is at 3 a.u. above the 3-fold site (Table III.5). In order to find 

the potential energy curve a calculation for the total energy as the 

molecule approaches the lattice from infinity has to be carried out.

The results are shown in table III. 8 and are represented on the graph 

of Fig. III.5. As can be seen, all points fall on a smooth repulsive

curve indicating a substantial barrier for molecular ^ 0  as it ap­

proaches the surface. However, dissociated H2O into OH and H is proven

to be bound to the surface. This tells us that there is an activation

barrier for dissociation. Finding the activation barrier requires 

extra computations. These calculations are done by putting the molec­

ule with its oxygen atom at 3.5 a.u. above the three-fold site and 

stretching the OH bond. The results are shown in table III.9. The 

binding energy for the dissociated case is -0.76 eV, which means an 

unbound state. By combining the results of tables III.5, III. 8 and 

III.9, a potential energy curve as the molecule approaches and disso­

ciates is shown in Fig. III.6. The maximum extent to which the inter­

mediate configurations possess a greater energy than that of the sepa­

rated systems is the activation energy. This value from the graph is

1.5 eV (34.5 K cal/mol).
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Another calculation was done with the 1^0 molecule at 4 a.u. 

above the three-fold site. The results is shown in table III.10. The 

dissociated case of ^ 0  into OH and H is very close to being bound (bind­

ing energy is -0.006 a.u.), and again there is 3ci 4ŝ  charge promotion.

In most of our calculation for the adsorption and the dissociation 

of H^O on Ti^, we considered the geometries in which the molecular 

plane is perpendicular to the lattice plane. This means that the two 

hydrogen atoms are at their greatest distance from the surface. This 

choice is partly justified by the fact that in our two calculations in 

which the hydrogen atoms were pointing down toward the lattice the results 

were highly repulsive (Table III.2, III.4). This is also confirmed by 

the fact that in all dissociated cases, both the lattice and the hydro­

gen have gained a net positive change, and so they prefer to stay as 

far apart as possible. Although we do not completely rule out the pos­

sibility of a bound state for tilted geometry, it is highly improbable.
32 +Another point is that in the UPS experiment , the detection of high H

signal was attributed to the existence of OH perpendicular to the sur­

face.
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H^O at infinity 5 a.u. 4 a.u. 3.5 a.u. 3 a.u.

Total Energy -85.647 -85.619 -85.603 -85.595 -85.578
(a.u.)

Binding Energy -0.028 -0.044 -0.052 -0.069

(a.u.) (-0.76 eV) (-1.20 eV) (-1.41 eV) (-1.88 eV)

Table III. 8 Total energy and binding energy for molecular H^O on 

Tl^ as the molecule approaches the surface from infinity
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Figure III.5 Repulsive potential energy curve of
1^0 - Tij as a function of perpendicular

distance of molecular H^O from the surface
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H20 & Clean
Surface OH ■ 1.8 a.u. OH=2.4 a.u. OH ■ 3 a.u. OH = 3.5 a.u. OH “

Total Energy (a.u.) -85.647 -85.594 -85.593 -85.612 -85.625 -85.619

Binding Energy (a.u.] -0.053 -0.054 -0.035 -0.022 -0.028

(-1.44 eV) (-1.47 eV) (-0.95 eV) (-0.60 eV) (-0.76 eV)

Table 111.9 Total energy and binding energy when H2O is 
at 3.5 a.u. above the 3-fold site
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Figure III. 6 Change in potential energy during adsorption 

and dissociation of H^O on Ti^ system
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HjO I  C laan  S u rfa c a  OH “  1 .8 0 8 9  a .u .  OH -  2 .4  a .u .  OH -  3 a .u .  OH -  -

e sc f -8 5 .5 2 2 -8 5 .5 0 6 -8 5 .5 1 7 -8 5 .5 0 1 -8 5 .5 1 9

E. -0 .0 1 6 -0 .0 0 5 -0 .0 2 1 -0 .0 0 3

AH (C l ) -0 ,1 2 5 -0 .0 9 6 -0 .0 8 8 -0 .0 7 9 -0 .1 2 2

S a t a l -8 5 .6 4 7 -8 5 .6 0 2 -8 5 .6 0 5 -8 5 .5 8 0 -8 5 .6 4 1

E0 -0 .0 4 5 -0 .0 4 2 -0 .0 6 7 -0 .0 0 6

H u ll lk a n  p o p u la tio n

H1 0 .7 2 0 0 .7 0 5 0 .7 0 5 0 .7 2 2 0 .7 0 2

H2 0 .7 2 0 0 .7 05 1 .3 0 2 1 .1 8 5 1 .0

0 8 .5 6 2 8 .6 4 9 8 .8 6 3 8 .9 5 3 9 .1 3 6

V
1 0 .0 1 0 .059 1 0 .8 7 1 0 .8 6 10 .838

T l j  1 2 .0  (? .9 d . 4 .1 a )  11 .9  (S d , 3 .9 a )  1 1 .1 3 ( 7 . l i d ,  4 .0 2 a ) 1 1 .1 4  (7 .3 1 d . 3 .8 3 a ) 1 1 .1 6 4  (6 .9 d .  4 .3 a )

I — .... 2 2 .0 2 2 .0 2 2 .0 2 2 .0

T a b la  1 1 1 .1 0  H a a u lta  fo r  th a  a tra tc h a d  eaaa o f HjO on T l^ .

Tha 3d a la c tro n a  a ra  aaalgnad to  th a  v a la n c t

o r b l t a la .  Ifca a o la c u la  l a  a t  4 a .u .  abova 
th a  3 - fo ld  a l t e .



III.9 The Seven Atom Cluster Calculation (Ti^ - H^O)

III.9.1 Introduction

In the previous section we have seen that the 3jd electrons play

a role the dissociation of water molecule on Ti^. These results suggests

that the 3d electrons should be treated as valence electrons in the chemi-

sorption of H^O on Ti^. Since the number of two electron integrals 
1 4increases as n , where n is the number of basis functions, two stepsO

are taken to reduce the number of basis functions: (i) The 3(1 electrons

on atoms 4 and 5 (Fig. III.2) are assigned to the core, thus reducing

the number of basis functions by ten (ii) . Of the 5<1 functions on each

of atoms 1, 2 f 3, 6 and 7 only the three functions which minimizes the

total energy of Ti^ are considered. The valence basis functions on

atoms 4 and 5 are 4s and 4s' and on atoms 1, 2, 3, 6 and 7 are 3d ,xy
3d , 3d o o, 4s and 4s'. The lattice contributes 22 valence electrons xz y^-z^
and the water molecule contributes its 10 electrons to a total of 32 

valence electrons. The reamining electrons are assigned to the core and 

contribute only an electrostatic potential. A unitary localization 

transformation was carried out following the SCF procedure using all 

the water molecule basis orbitals and the valence basis orbitals of 

the Ti atoms near the adsorption region to define the localization site. 

This procedure limits the Cl to a tractable subspace of localized elec­

trons and at the same time incorporates the delocalized character of 

the 4js bond into the local description. The purpose of the Cl is two­

fold: to introduce electronic correlation in the description of adsor- 

bate surface bonding and to permit further variation in the coupling

of the jd electrons in the local bonding region.
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III.9.2 Computation

Our calculations on the chemisorption of H^O on Tig has given 

us some important information:

(i) the 3_d electrons play a limited role in the disso­

ciation of 1^0 on Tig.

(ii) the unstretched geometry of 1^0 is energetically 

unfavorable and only by stretching one of the 0-H 

bonds can chemisorption of 1^0 occur.

(iii) the 3ji electrons tend to be singly occupied, a

trial to doubly occupy them sends the total ener­

gy up. Based on this information, three different 

adsorption sites are considered and listed below 

for H^O above the Ti^ surface.

A. H^O at 3 a.u. above the 3 fold-site created by atoms 3, 6 and 7.

B. H^O at 3 a.u. above the bridge site midway between atoms 3 and 5.

C. H^O at 3 a.u. above atom 3 (atop atom).

All the calculations are performed, unless otherwise stated, with the 

H^O molecular plane perpendicular to the lattice plane.

The results of calculation A is shown in table III.11. Again, 

molecular 1^0 is unbound (binding energy is -0.41 a.u.). However by 

stretching the O-H bond the energy goes down, and at complete dissociation 

of H20 into H and OH, the energy is lower than the sum of the separated 

system energy by 0.045 a.u. (28.2 K cal/mol). This value for the binding 

energy is almost the same as the binding energy for the dissociated H20 

on Tig (29.1 K cal/mol). One noticable difference is that the number
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of d electrons for the separated system (14.5 e) remains the same as 

for the dissociated case (14.5 e), and all the 0.8 electron transfer 

to the adsorbate are taken from the £ electrons. This is probably 

because more ŝ electrons are available in the present system than for 

the Tî j system, and it indicates the limited role for electrons in 

bonding.

Table 111.12 shows the results of calculation B and it follows 

the same general trend. Molecular H^O is unbound and by stretching the 

OH bond to 2.4 a.u. the system is bound and at complete dissociation 

the binding energy goes up to + 0.057 a.u. (35.7 K cal/mol) which is 

7K cal/mol higher than calculation A. Again the number of d̂ electrons 

remains the same for the separated systems and for the dissociated case. 

A trial is made to completely dissociate ^ 0  into 2H and 0; this is 

done by stretching the other OH bond till complete dissociation occurs. 

The results in table 111.13 show that stretching the other OH bond 

causes the energy to go up and at complete dissociation the binding 

energy is -0.12 a.u. (unbound). This result is the same as the com­

pletely dissociated ^ 0  on Ti^ (Table III.6) and it indicates that the 

completely dissociated H^O is energetically unfavorable. Results of 

calculation C ( a top atom case) is shown in Table III.14. Here the 

molecular H2O is highly unbound to the surface (binding energy is 

-0.208 a.u.) and by stretching the OH bond, the energy goes down but 

not enough to have a bound state.
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HjO and Claan
I
i
I

!

I
| V
•j
i

i

S u rfaca  OH -  1 .8 0 6 9  a .u .__________ OH -  2 .2  a .u .__________ OH -  2 .6  a .u .__________ OH -  3 2 -u ._________ OH -  -

“scr U g ) -9 2 .0 4 6 -9 2 .02 B -9 2 .0 6 2 -9 2 .0 6 7 -9 2 .0 7 2 -9 2 .0 9 6
{ -7 5 .9 8 9  -  1 6 .0 7 5 )

Aid -0 .1 2 6 -0 .1 0 5 -0 .1 0 0 -0 .0 9 8 -0 .1 0 0 -0 .1 2 3

T o ta l Enargjr -9 2 .1 7 4 -9 2 .1 3 3 -9 2 .1 6 2 -9 2 .1 6 5 -9 2 .1 7 2 -9 2 .2 1 9

■ lo d la g  I n a r p -0 .0 4 1
-0 .0 1 2 -0 .0 0 9 -0 .0 0 2  +€ .045  (2 8 .?  K c a l /a o l )

i l l l k a a  P o p u la tio n

" l 0 .7 2 0 0 .7 8 9 0 ,9 2 9 0 .7 81 0 .7 0 6 0 .7 3 4

*2
0 .7 2 0 0 .7 8 9 1 .2 5 1 .309 1 .3 1 .0

0 B.S62 8 .6 6 8 8 .6 9 6 8 .7 7 6 8 .8 4 8 9 .1 2 6

- 2 ° 1 0 .0 1 0 .246 10 .875 10 .8 6 6 10 .854 1 0 .86

T l 7 2‘
1 .0  ( 1 4 .Sd, 7 .5 a ) 2 1 .76  (1 4 .6 4 ,  7 .1 6 a ) 2 1 .1 4  ( 1 4 .5d , 6 .6 a ) 2 1 .1 3  ( 1 4 .5d . 6 .6 2 a ) 2 1 .1 5 (1 4 .52d, 6 .63 a ) 2 1 .23  (1 4 .Sd, 6 .7 .$

^ o t a l
3 2 .0 3 2 .0 3 2 .0 3 2 .0 3 2 .0 3 2 .0

T a b la  I I I . 11 R a a u lta  f o r  tha d la a o c la ta d  caaa o f HjO  

on th a  3 - fo ld  a l t a  o f  T l ^ .



HjO 4 C lean

S u rfac e  OH -  1 .8  a .u .  OH -  2 .4  a .u .  OH -  3 2 a .u .  OH -  *

esc f
-9 2 .0 4 6 -9 2 .0 6 7 -9 2 .0 9 4 -9 2 .1 0 9 -9 2 .0 9 9

AS ( C . I . ) -0 .1 2 7 -0 .1 0 0 -0 .1 0 0 -0 .1 0 4 -0 .1 3 1

T o ta l Energy -9 2 .1 7 3 -9 2 .1 6 7 -9 2 .1 9 4 -9 2 .2 1 3 -9 2 .2 3 0

B in d in g  Energy -0 .0 0 6 + 0 .0 2 1 + 0 .0 4 + 0 .0 5 7  (3 5 .7  K c a l /a w le )

H u ll lk e n  FopuleC lon

" l
0 .7 2 0 .6 6 3 0 .6 0 4 0 .6 1 5 0 .8 1 9

M2
0 .7 2 1 .4 6 7 1 .3 2 1 .2 24 1 .0

0 8 .5 6 2 8 .6 2 7 8 .8 7 8 8 .9 7 2 9 .0 3 4

V 1 0 .0 10 .757 1 0 .8 0 2 10 .811 10 .853

u 7 22 0  ( 1 4 .5d . 7 .5 a ) 2 1 .25  (14 .55*1 , 6 .6 9 a ) 2 1 .2  (1 4 .5 5 d , 6 .6 6 a ) 2 1 .1 9  ( 1 4 .54d, 6 .6 5 a ) 2 1 .1 5  (1 4 .5 3 d , 6 .6 2 a )

Sotal 3 2 .0 3 2 .0 3 2 .0 3 2 .0

T a b le  1 1 1 .12  R e a u lte  f o r  th e  d la a o c la te d  caae o f  

HgO on th e  b r id g e  e l t e  o f  T i^ .



H^O & Clean Surface

OHg ■ “

OR^ = 3 a.u.

o h2 - «

OH^ = »

escf -92.046 -91.964 -91.926

*8 -0.082 -0.12

Table 111.13 Results for the completely dissociated case for 

H^O above the bridge site of Ti^



H^O & Clean

Surface OH *■ 1.8089 a.u. OH * 2.4 a.u. OH ■ 3 a.u. OH - <*>

escf (a-u-) -92.045 -91.838 -91.933 -91.952 -91.968

Efl (a.u.) -0.208 -0.113 -0.094 -0.078

Table 111.14 Results for the dissociated case of H^O above 

the a top atom of Ti^



CHAPTER IV 

CHEMISORPTION ON Ti-Q AND CONCLUSION
ZO

IV. 1 Chemisorption on Ti _
ZO

IV.1.1 Introduction

In the present calculation we are considering the chemisorption 

of H^O on the close packed two -*-ayer cluster. The surface layer

has sixteen atoms and the second layer has twelve atoms. The geometry 

used is shown in Fig. IV.1. The valence basis functions were chosen to 

be 4 s on all the twenty eight atoms with additional 4s’ functions on 

the seven atom "surface" hexagonal cluster defined in Fig. IV.1. The 

3 (1 electrons were assigned to the core and contribute only an electro­

static potential. The reason for this choice came after analyzing the 

results of the chemisorption of HjO on Ti^. These results have shown 

that there was no charge transfer from the 3 <3 electrons to the adsorbate 

and all the charge transfer came from the 4 _s electrons. The total 

number of valence basis functions used in the present system is 49 

(35 on Ti2Q + 14 on ^0) • Each Ti atom contributes one 4 ŝ valence 

electron and the water molecule contributes all of its 10 electrons to 

a total of 38 valence electrons. The core potentials and Ti basis func­

tions are given in the appendix. The unitary localization transformation 

was carried out using the H^O orbitals and the neighboring Ti atoms on 

the surface to define the localization site. This procedure limits the 

Cl to a tractable subspace of localized electrons and at the same time 

incorporates the delocalized character of the 4 s band into the local 

description.
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IV.1.2 Computation

The calculation was done by putting the water molecule at 3 a.u.

above the 3-fold site defined by atoms 24, 27 and 28 in Fig. IV.1 with

the molecular plane perpendicular to the lattice plane. The results are

shown in Table IV.1 for both molecular, stretched and dissociated case

of H,0 above the Ti„0 lattice. Unlike the case of Ti, and Ti, molecular Z Zo 5 I

H^O was found to be bound to the surface with binding energy of + 0.019

a.u., and by stretching one of the OH bonds to. 2.6 a.u. the binding energy 

increases to + .026 a.u. and H^O dissociated into OH and H was found to 

be the most bound with binding energy of +0.053 a.u. (33.2 K cal/mol).

The charge transfer to the H^O molecule was found to increase from .03e 

for the molecular case to 0.77 e for the dissociated case. The binding 

energt for the present dissociated system, 33.2 K cal/mol, is slightly 

higher than the binding energy for the dissociated H2O on the 3-fold site 

of Ti^ for the case where the 3 jl electrons were assigned to the core,

25 K cal/mol (Table III.3). However the charge transfer from the lattice 

to the adsorbate was found to be the same, 0.77 e.
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H^O + Clean Surface OH = 1.8089 a.u. OH - 2.6 a.u. OH => -

escf -78.378 -78.430 -78.392 -78.429

aeci -0.138 -0.105 -0.150 -0.140

K,r (a.u.) -78.516 -78.535 -78.542 -78.569

Eg (a.u.) +0.019 +0.026 +0.053 (33.2 K cal/mol)

illiken Population (a.u.)

H1 0.72 0.693 0.621 0.663

«2 0.72 0.693 1.014 1.0

0 8.562 8.645 8.869 9.108

H20 10.0 10.031 10.504 10.771

Ti 28 26.0 27.969 27.5 27.229

QTotal 38.0 38.0 38.0 38.0

Table IV.1 Results for the stretched caBe of HjO on

Ti,0. The 3 d electrons are assigned to 2o —
the core.



IV Conclusion

The self consistent field method followed by the configuration 

interaction method to account for electron correlation effects were used 

to study the Ti3~H20, Tiy-H20 and Ti2g~H20 interactions. The small cluster 

calculations (Tig-l^O) gave us some important information about the nature 

of this interaction. By treating the 3 <1 electron as core electrons mole­

cular H2O was found to be almost bound with the two hydrogen atoms point­

ing away from the lattice and a 0.12 e charge transfer from the lattice 

to the molecular I^O. However by stretching one of the OH bonds, the 

binding energy was found to increases from zero to + 0.040 a.u. (25 K cal/ 

mol) at complete dissociation of H2O into OH and H and also the charge 

transfer went up to 0.77e (Table III.3). Another calculation was done on 

the Ti3~H20 system by considering the 3 cl electrons as valence electrons 

Here molecular H2O was found to be highly repulsive with binding energy 

of -0.69 a.u. (-43 K cal/mol) and by stretching one of the OH bonds the 

binding energy increases to + 0.47 a.u. (29.4 K cal/mol) at complete disso­

ciation of H2O into OH and H (Tbale III.5). The 29.4 K cal/mol binding 

energy is about 15% higher than the 25 K cal/mol binding energy for the 

case where the 3 ji electrons were assigned to the core which indicates 

a limited role for the 3 d̂ electrons in bonding. However the amount of 

charge transfer to the adsorbate from the lattice is the same (0.77 e).

From the later case, all the charge transfer came from the 3 d̂ electrons 

which seem to contradict the limited role of the 3 jd electrons in bond­

ing. The explanation is that the 3 <1 electrons were proven to play an 

important role in bonding between surface Ti atoms and in the present 

system there are only a few of them available so they donate the extra
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charge to the adsorbate.

As mentioned above there was no activation barrier by treating 

the 3 d̂ electrons as core electrons. However, by treating the 3 ti 

electrons as valence electrons, molecular ^ 0  was found to be highly 

repulsive and the dissociated H^O (OH + H) was bound which indicate the 

existence of an activation barrier to dissociation. Finding the potential 

energy change during adsorption and dissociation required an extra computa­

tions which was done at lattice-adsorbate distance of 5, 4 and 3.5 a.u.

The outcome of these compurations is shown in Fig. III.5 and Fig. III.6, 

and from the last curve the activation barrier was found to be 1.5 eV 

(34.5 K cal/mol).

A trial was made to completely dissociate H^O into 0 and 2H and 

as shown in Table III.6, the energy of this state is 0.173 a.u. above that 

of the separated systems which indicate a highly repulsive state and that 

atomic oxygen does not exist on the surface. The conclusion of our computa­

tions of Ti^-^O is that OH and H do exist on the surface which is agreement
32with the UPS experiment of Stockbaur et al and that atomic oxygen derived 

from ^ 0  does not exist on the surface which contradicts the experiment.

The Ti^^H^O calculations was performed at lattice-adsorbate dis­

tance of 3 a.u. and the 3 <d electrons were treated as valence electrons. 

Three adsorption sites were considered, the 3-fold site, bridge site 

and the atop-atom site. The results of the 3-fold site is shown in Table 

III.11. Again molecular H^O was found to be repulsive with binding energy 

of -.041 a.u. (-25.7 K cal/mol). However, this state is less repulsive 

than the case of Ti^ in which the binding energy was found to be -0.069 a.u. 

(-43 K cal/mol). By stretching one of the OH bonds, the energy was
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found to go down and at the dissociated state of H^O into OH and H, 

the energy was lower than that of the seperated systems by 0.045 a.u. 

which indicate a bound state of binding energy .045 a.u. (28.2 K cal/mol). 

This value of binding energy is almostthe same as the case of Ti^* 

contrast to the Ti^ results, all the charge transfer from the lattice to 

the adsorbate came from the 4 _s electrons and as explained in the text 

this is probably because there are more 4 ̂  electrons available in the 

Ti^ than in Ti^ and in Ti^ there are more atoms available for the 3 jl 

electrons to participate in bonding of the Ti atoms with each other 

and not with the adsorbate.

The bridge site calculations have shown that molecular H^O is 

very close to being bound with binding energy of -.006 a.u. (-3.7 K cal/ 

mol) and the dissociated case of H^O into OH and H was strongly bound 

with binding energy of +0.57 (35.7 K cal/mol). A trial was made to 

completely dissociate H^O into 0 and 2H on this bridge site and as shown 

in Table 111,13 this completely dissociated case was found to have an 

energy of 0.12 a.u. (75 K cal/mol) higher than that of the separated 

systems which indicates a highly repulsive state and that atomic oxygen 

from H^0 does not exist on the surface. The atop atom calculations have 

shown that molecular HgO is very highly repulsive with binding energy 

of -0.208 a.u. (-130.3 K cal/mol) and that the dissociated ^ 0  into OH 

and H is still repulsive with binding energy of -.078 a.u. (-49.5 K cal/ 

mol). Concluding our results on Ti^ we can say that molecular H2O is 

less repulsive than the case of Ti^ and that the dissociated ^ 0  into OH 

and H is more bound specailly on the bridge site of Tiy
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The Ti2g-H20 computations was performed by treating the 3 (i 

electrons as core electrons and both molecular and dissociated 1^0

into OH and H were found to be bound. Molecular H2O was found to have

a binding energy of 0.019 a.u. (12 K cal/mol) and the dissociated one 

had a binding energy of + .053 a.u. (33.2 K cal/mol). Comparing the 

Ti_Q and Ti» calculations for the case where the 3 d electrons wereiO J —
assigned to the core we can conclude that by increasing the cluster size 

from 3 atoms to 28 atoms, both molecular and dissociated ^ 0  tend to be 

more bound. However the amount of charge transfer from the lattice to 

the adsorbate was found to be the same for both cases (0.77 e).

In conclusion, we can say that the SCF-CI method gives an accurate 

description of the total energy. Thus, it can determine the geometry of 

a chemisorbed system by finding the lowest possible energy among the 

possible geometries.
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Appendix 1 

Valence Baals Orbitals

9 Is H Is'

Exponents Coefficients Exponents Coefficients

32.39346 0.03154 0.10297 1.00

4.95977 0.22826

1.14 780 1.0

.32585 2.47509

0 Is 0 Is’

290.8205 1.0 31.3166 1.00

1424.0643 0.1344 12.8607 1.8781

4693.4485 0.0323 4.6037 1.0838

76.2320 0.6261

O 2s 0 2s'

.9311 1.1526 .2825 1.00

9.7044 -0.1538

0 2£
46.2879 1.0

9.0369 15.7917

2.3606 84.9397

0.7031 202.777

0 2p1

0.212 1.00

Ti 4s

Exponents Coefficients

129.000 -0-059465

7.890 0.245117

.716 -0.790125

.0774 0.58913632

.0328 1.569954

TI 4s'

Exponents Coefficient

129.000 -0.0409358

7.890 .1707074

.718 -0.6150853

.0774 2.3629359

.0328 -2.0346547

Ti 3d

Exponents

5.05771

1.15670

0.25896

Coefficients

0.2552

0.51483

0.46154
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Appendix II 

Core Potentials and Core Basis Orbitals

Starting with the full electrostatic Hamiltonian of the adsorbate

electrons in the coulomb and exchange field of the core. Gaussian 

basis functions are used to expand the single-particle orbitals from 

which SCF and Cl functions are constructed. The core electron density 

matrix Y (1, 2) = I Q.,(l) Q„(2) and the core electron density P (1) =c M M C

Yc (1, 1) are likewise expanded in terms of Gaussians. The Hamiltonian 

for the valence electrons then becomes

lattice system for N electrons and Q nuclei

Localization of the core electrons into a set of atomic core

orbitals {Qu} reduces the dimensionality of the problem to N valence H

H » Z h +
i 1

where

Spin orbitals for the valence electrons f^ are orthogonallzed to the 

core orbitals, f' = f. - <f./Q > Q„ .
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Core-valence overlap considerations are usually handled by con­

structing a pseudopotential for the valence electrons. In the present 

work, we proceed along somewhat different lines. First, the valence 

basis functions of a given atom are rigorously orthogonalized to the 

core orbitals of that atom using a simple auxiliary basis. For example, 

let u be a 4s basis function not orthogonal to the core of s orbitals. 

Gram-Schmidt orthogonalization gives

(u ')=)«)- ̂  |feS>l*Ŝ .

Alternatively, let functions ŝ , 82* be approximations to the 

Is, 2s and 3s orbitals; it is possible to define

a»M*

with linear coefficients chosen such that <ks/u’> = 0 for all k. The 

significant point from atomic calculations is that an accurate represen­

tation of valence orbitals of transition metals can be found using simple 

Gaussian expansions for the auxiliary basis {s^}.

The effect of orthogonalizing valence basis functions to their 

respective core orbitals is to eliminate all one-center overlaps. For 

nearest neighbor Ti atoms at an internuclear distance corresponding to 

the bulk value, the largest core-valence overlap is 0.09 for < 4s^/4sB >. 

These non-zero overlaps are not negligible, but their smallness permits 

certain approximations of the energy expression as described below.
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Consider the determinants! wave function

it = (norm)fl($, <?. •«-<?e \, x, • • • X*).

T-fhere and are spin orbitals for the core and valence electrons 

respectively, after an orthogonalizing linear transformation

= (norm) ' (Q1Q2 • • • Q ^ X ^  • • * X^)»
f

where X± = - Z^c X±/Qm > QM* <Q1/Q^> = 5^ (by assumption), and

< X^/xj > “ 6^j• < X^/Qj > = 0 (by construction). Defining

Y'(l,2) = E X ' (1) xi (2), p'(l) = Y'(l,l),
J J J

yc(l,2) = E Q.(l) Qj (2) , pc(l) = Yc(l,2)

permits expression of the total energy as

E = < ij. | HI ip > = Ecore + E < X^ |h | X| > + (p ' (1) | 1 |p'(2) +

Pc(2)) - < Y' (1» 2) | r ^  ] -jY1 (1.2) + Yc(l,2) > .

Defining Y(l,2) = E X. (1)X-s (2), p(l) = Y(l,l) givesJ J

E * E + core I  <Xilh lXi>+ < P l ^ l l P + P c) - <Y|r‘J|±Y + Yc>

+ s (<x’|h\ x [ > - <Xi|h|Xi>) + (p’- P I ̂ 2 1 \  P + 7 p' + Pc> 

- <Y1 - Y | r"̂  | | Y  + |y' + Y C>
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Writing p' - p « £m (p ' “ P>M and Y' - Y - ^ ( y ' - Y>m to show the 

contributions from individual core orbitals and introducing atom

densitites pM> yM»

E ~ f« . r * < X  (|fclx,>* ( Pi rfi] 2 p + pe) -  <y| r,'l| r > + rc)
\

+ ZiOCi-*̂ ix;>-<xi|-j7*|x(>]+̂ ((p'-p),|^ + ̂((p'-p)JrS|?llf>-£<(y’-y)Jr1'i|y1,)
B

The above energy expression is still exact. Term A requires only inter­

actions of the valence orbital basis for its evaluation. Term B requires 

the reproduction of the core valence overlap <X^/Qjj> - Terms B and C 

require approximation but neither term is large in magnitude.
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Cort Orbital* for T1

U  (■ 

Exponent 

48 6*0 .0  

7144.04 

163*. 02

463.527

132.394 

54.6049

12.2356

5.47417  

1 .3*87  

0.58337

182 .9 )

C o c f f lc ie n t  

.00152722  

.012192197  

.059259316  

.206435454  

.438405276  

.393362516  

.05202095  

-0 .015 882 25  

.00534742  

- .0 0 2 2 4 2 3 7

2s ( - 2 0 .9 3 )

Exponent C o e f f ic ie n t

1638 .02

465 .527

152 .394

54 .0349

1 3 .2 3 5 6

5 .47417

1 .3 8 8 7

.58837

.080663

.032828

-.0 2 2 7 9 8 0 8

-.0 6 3 3 5 1 3 5

-.1 8 5 8 0 6 3 9

-.2 3 2 0 1 2 3 7

0.40920074

0.68304667

.07896798

-.0 1 8 7 7 7 8 6

.00425277

-.0 0 2 1 2 6 1 7

3s ( - 2  

Exponent

16 3 8 .0 2

4 6 5 .5 2 7

152 .39 4

54 .0 3 4 9

1 3 .2 3 5 6

5 .4 7 4 1 7

1 .3 8 8 7  

.58337  

.080663  

.032828

2£ ( -1 7 .4 1 )

284.565
66.9
20.7458

7.1333

1.8714

.4282  

2.7111  

7.55035  

8.16664  

1.24 258

0.596298 -.1 8 6 5 6 7

3£ ( - 1 .5 3 )

284 .565  -0 .1 5 0 7 3 7

6 6 .9

20 .7458

7 .1333

1 .8 714

0.596298

-.9 5 6 1 1 2

-3 .0 0 3 2 3 3

-2 .6 5 6 0 7 1 5

8 .5 853 36

10 .28746

Core P o te n t ia l

lo  f r e e  d e le c tro n s Free th re e  3 d e le c tro n s

1.328

21.28

497.0

-45

-13 .67 816

-.6 3 2 0 1

-.0 1 9 6 8 9

-7 .6 6 1 2

1 .3 28  

21 .28  

497 .0

-1 3 .6 7 8 1 6  

-.6 3 2 0 1  

-.0 1 9 6 8 9

.54)

C o e ff ic ie n t

.00815052

.0229929

.068588725

.092268487

-.212066571

-.5 3 2 2 6 8

.517857648

.70292033

.03119005

-.0 123 550 7
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