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Extended Huckel methods are known to be a useful tool in 

understanding surface phenomena. Important quantities about 

atoms and chemical bonds can be obtained from this 

computationally simple method, although caution must be 

exercised in interpreting the results. 

Application of Extended Huckel calculations to large 

metal clusters reveals the role of d orbitals in solids. 

Basic ideas of constructing model compounds have been 

developed. Several model systems for surface chemisorption 

processes are constructed in order to understand the surface 

catalyzed oxidative degradation of polyperfluoroethers. The 

activation of oxygen molecules can be explained. The Lewis 

acid character of the iron fluoride surface can be predicted. 

Based on these results, mechanisms of the degradation 

processes are discussed. 



TABLE OF CONTENTS 

Page 

LIST of TABLES iii 

LIST OF ILLUSTRATIONS iv 

CHAPTER 

I. Methods of Extended Hiickel calculations 1 

A. Introduction 1 

B. Basic theory of the Extended Hiickel method . 3 

C. DOS and COOP 8 

II. Application of the EHT method to chemisorption 

processes 20 

A. Bonding in transition-metal-clusters 2 0 

B. Studies of chemisorption behavior 35 

III. Application of EHT to studies of 

PFPE - surface interactions 49 

A. Degradation of PFPE fluids 49 

B. EHT calculations on polymer - FeF3 

interactions 55 

C. Mechanism of oxidative degradation 61 

BIBLIOGRAPHY 68 

li 



LIST OF TABLES 

Tables Page 

1. Parameters used in EH calculations 22 

2. Individual and total overlap population between 

sets of metal atomic orbitals for Fe5 clusters .... 26 

3. Changes of net charges on oxygen atoms before 

and after adsorption 34 

4. Fermi level and charge transferred for the 

Al203-metal-N0 interface 37 

5. Differences in charges of FeF3-PFPE model 

compound upon adsorption 59 

6. Differences of elements of reduced overlap 

matrix of FeF3~PFPE compounds during adsorption .... 60 

i n 



LIST OF ILLUSTRATIONS 

Figures Page 

1. Molecular orbital levels 10 

2. The total density of states of a model CO-Ni 

system 11 

3. Interaction diagrams for 5a and 271* of 

c(2*2)CO-Ni(100) 16 

4. HOMOs and LUMOs of iron clusters of different 

sizes 23 

5. Electron-configuration and net charges of iron 

clusters with planar structures and with three 

layers 24 

6. Energy levels of Fe5-02 cluster at various 

approach of 02 to iron 32 

7. Interaction between Fe and 02 33 

8. Qualitative illustration of charge transfer 

between metal and ceramic 36 

9. Charge iteration process and model compounds 42 

10. DOS of a 4*02 system 43 

11. DOS of the FeF3-02 system 44 

12. COOP of the FeF3-02 system 45 

13. Interaction between a Lewis acid site on AlF3 

and an acetal sector of Z-lube 53 

IV 



14. Interactions between poly(ethylene oxide) 

and metal salt 54 

15. A1F3~PFPE interactions as part of the mechanism of 

degradation of PFPE 55 

16. Model compound of FeF3-PFPE system 57 

v 



CHAPTER I 

METHODS OF EXTENDED HUCKEL CALCULATIONS 

A. Introduction 

Surface science lies on the shared area of material 

sciences, chemical physics and engineering technology. The 

study of surface reactions, which are complex events, comes 

in many guises for many purposes, and has been central to the 

understanding of surface-related phenomena. In heterogeneous 

catalysis, the role of the surface is to confine the 

reactions to a two-dimensional space in order to increase the 

probability for collision and reaction by a specific path1-4. 

The reaction products desorb for collection with no material 

change in the surface itself. However, this is not always the 

case. Sometimes when the surface stimulates a decomposition 

reaction, some species desorb and some other species may 

incorporate themselves into the solid. 

More is known about the properties of the three 

dimensional bulk than the two dimensional surfaces. The 

relatively small number of surface atoms makes it difficult 

to develop sensitive and reliable detection methods. On the 

theoretical side, a comprehensive understanding of these 

reactions has also proven to be challenging, mostly because 



of the intrinsic many-body nature of the surface dynamics.2 

This complexity often forces us either to treat complex 

realistic systems using approximate approaches, or to treat 

simple systems with realistic approaches. 

There have been numerous theoretical contributions to 

surface sciences, ranging from Hartree-Fock self-consistent-

field studies5,6 to semiempirical molecular orbital 

calculations,7,8 and to molecular dynamics computer 

simulations.9,10 Fully self-consistent ab-initio methods have 

been able to successfully determine the structure of 

adsorbate, bonding geometries and binding energies. Restricted 

by the cost and power of computers, atoms and clusters with 

limited size are employed to simulate the surface phenomena. 

The clusters are treated as fragments of the bulk in such 

approximations. It now appears that the properties of small 

clusters differ substantially from the bulk with respect to 

the d-orbital band width, and the density of states.11,12 Since 

in bond formation with any adsorbate molecule the d band must 

be greatly involved, one would expect differences in the 

electronic character of the chemisorption bond between the 

extended surface and the surface of a relatively small 

cluster. 

One of the most widely used semiempirical quantum 

chemistry techniques for theoretical chemisorption studies is 

the Extended-Htickel Theory (EHT) .13,14 This method, developed 



principally by Hoffmann,15-17 has proved to be a powerful tool 

in understanding surface phenomena. The EHT method is based on 

the valence-shell approximation. Its one electron Hamiltonian 

is defined through its matrix elements in the atomic valence-

shell orbital basis. Two-electron integrals are neglected. 

This method doesn't assume orthogonality of atomic functions 

in different centers. Thus it must be pointed out that EHT 

calculations can't be trusted in their quantitative detail, 

such as energetics. However, its transparency and the 

applicability to it of the perturbation theoretical reasoning 

makes the method suited to tracing origins of interactions, 

especially for band analysis of extended structures. In 

principle, the bonding symmetry arguments in EHT hold true for 

all molecular orbital treatments of polyatomic systems. 

B. Basic theory of the Extended Hiickel method 

Extended-Huckel Theory (EHT) has been found to be a very 

successful approach to surface structure and reactivity, 

especially for those systems with small adsorptive 

molecules.18-21 This method is based on the molecular orbital 

theory for calculating molecular electronic and geometric 

properties. The basis set for the LCAO22 method extends over 

all valence orbitals used, i.e., a given molecular orbital 

(4^) is written as the weighted sum of the atomic orbital 

basis set of n valence orbitals (((Ĵ): 



\|/i = X Cij • (|)j 
j-i 

With respect to the incorporation of these terms, the 

total energy of the system is obtained as a function of the 

atomic orbital basis set, overlap integrals, and coulomb and 

resonance integrals. By using the Variational Method,22 one 

first minimizes the total energy and obtains the secular 

equations: 

Cu(Hu-ESn) + + 

c„l<H„i-Esm> + c (H -ES ) = 0 
nn x nn nn' 

This gives us n homogenous linear equations in n 

unknowns. The trivial solution is C1 = C2 = ••• = Cn =0, but 

this would lead to ̂  =0; To get non-trivial solutions, one 

has to solve the secular determinant : 

Hll - ESll 

H21 - ES21 

Hn1 - ESn1 

Hln - ESln 

H 2 n - ES 2 n 

Hnn - ESnn 

= 0 
[1] 



Different approximations can be made, which leads to 

different M.O. methods. In the simplest form, the Hiickel 

procedure, the following are introduced:14 

1. When two atoms i and j are not directly bonded, we 

take H. . = 0; 
ID 

2. When all atoms are alike and if all bond distances are 

equal {e.g., the carbon 2pz orbitals in benzene), all 

neighboring atoms Hi:j values are taken as equal and symbolized 

by 6 (i.e., H12=H23=6) ; 

3. If all atoms are alike, the Hi:L integrals are 

symbolized by a (J <j>j H^jdt =... = } <|>n H<(>ndT = a) ; 

4. If normalized atomic orbitals are used in the basis 

set, S.. =1; 
7 11 ' 

5. All ' s (i not equal to j) are set equal to zero. 

Hiickel calculations have been carried out on 7t orbitals 

of hydrocarbon systems and in some systems containing 

heteroatoms quite successfully. 

In order to extend the method to the (J framework, 

Hoffmann proposed the following assumptions:16 

1. all atoms in the molecular system are taken into 

account; 

2. the basis set is composed of Slater-type orbitals 

(STO's); 

3. all orbitals that are part of the valence shell are 

included; 

4. all off-diagonal elements are retained; 



5. overlap integrals Si;j are explicitly evaluated; 

6. Coulomb integrals are approximated by the VSIP 

(valence state ionization potentials for atomic orbitals on 

atom i); 

7. off-diagonal elements, i.e., resonance integrals are 

approximated by the Wolfsberg-Helmholz formula: 

(Hii + H"1 
H i j = K . i ^ i.Sij [2] 

The constant K is commonly taken as 1.75; 

The total energy is composed of a sum of one electron 

orbital energies: 

EgHT = 2 £i [ 3 ] 
i 

The EHT total energy differs from the Hartree-Fock total 

energy, EHF by the neglect of the nuclear-nuclear repulsion 

energy, and by the over counting of electron-electron 

repulsion and exchange. The energy difference is:2 

n / 2 n / 2 

ĤF ~ ̂ EHT = ®NN ~ 21 (̂ Jij — Kij) t̂ ] 
i=l j=l 

Here Ji;j and Ki;j are the Coulomb and exchange integrals of 

the i and j orbital pairs. The sum in Eq.[4] is usually 

positive. 



Some important quantities that can be obtained from EHT 

calculations are:13 

1. net atomic population: the quantity SniCi
2 (summed 

over filled orbitals) is referred to as the net atomic 

population (ni equals the number of electrons in the molecular 

orbital); 

2. overlap population: the quantity 2nC1C2S12 is referred 

to as the overlap population between atomic orbitals 1 and 2 

for one molecular orbital. In a polyatomic molecule, the 

overlap population between atomic orbitals i and j is obtained 

by summing over all occupied molecular orbitals k ; 

£ 2nC1C;|SiJ 
k 

Many programs also give atom-atom overlap populations. 

This corresponds to the total overlap of all the atomic 

orbitals on atom a with all the atomic orbitals on atom b: 

£ ZnCiCjS^ 
k< a,b) 

where k(a,b) refers to the atom a-atom b overlap 

population of every atomic orbital on a and b summed over all 

filled molecular orbitals. The overlap population is an index 

of the bond strength; however, it is only applicable to bonds 

with similar ionic character. 



3. gross atomic population: this value involves a 

procedure for assigning all the electron density in a molecule 

to each of the individual atoms. Half of the electron density 

is given to each of the atoms involved in bonding: 

Gross atomic population = T" (n.C.2+ n.C.C.S..) 
i i i i j i] 

all 
M.O . 'S 

4. formal charge: the formal charge on an atom is equal 

to the core charge (nucleus plus all non-valence electrons) 

minus the gross atomic population; 

EHT has the advantage of being computationally an 

extremely simple method and can be applied to large clusters, 

up to a few hundred atoms. However, before we delve into 

complex systems, interpretational tools that will provide us 

with information on chemical bonds must be constructed. The 

following is a brief review of Hoffmann's theory on surface 

calculations.12 

C. DOS and COOP 

Suppose we have a cluster which is composed of 100 iron 

atoms. There are 9 valence orbitals on each iron atom (4s + 3 

*4p + 5*3d). Thus, there are 900 orbitals in total. It will be 

a difficult task to examine these orbitals one by one. An 

elegant way to think about a large number of 



orbitals is to use the language of solid state physics. The 

ideas of band structure and the density of states need to be 

introduced first. 

Figure 1 shows the building up of the molecular orbital 

levels on the way to a large number of atoms in ring systems. 

We start with one atom, which has only one valence atomic 

orbital of interest. Two atoms form one bonding and one anti-

bonding molecular orbital. When a third atom joins in, there 

are still two energy levels. The higher level is degenerate. 

The splitting of energy levels continues as the number of 

atoms increases, and the gap between two adjacent levels 

decreases. If we have a nearly infinite-membered ring, we will 

get a band as given at right in the diagram. 

Usually the energy levels in this band are not equally 

spaced along the E (energy) axis. The number of states in some 

regions may be much greater than that in some others. To get 

an equivalent but clearer representation, it is necessary to 

find some other ways to group these energy levels. An obvious 

solution is to look at all the levels in a given energy 

interval. The density of states (DOS) is thus defined as 

follows: 

DOS (E) d.E = number of levels between E and E + dE 

For a square monolayer of CO's, the DOS curve takes on 

the shape of figure (2-d). At first glance, it is similar 
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Figure 1 Molecular orbital levels. From, Hoffmann, R.23 
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Figure 2 The total density of states of a model CO-Ni system, 

Compared to its isolated Ni slab and CO monolayer. From 

Hoffmann, R.23 
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to the energy level diagram for a single CO molecule, which 

has the electron configuration [la22a2] 3a24a2l7l45a22JC°. In fact, 

one might think it is possible to sketch the DOS diagram based 

on the knowledge of the atoms in the system. However, some of 

details can not be predicted intuitively without calculation 

results. For example, there are more states in a given energy 

interval at the top and bottom of the 2n band, which suggests 

that atomic orbitals involved have stronger intermolecular 

interactions. 

It is also important to know how many electrons one has 

in the system under study. For a single CO molecule, 10 

valence electrons fill the three a and one 7C orbitals. In the 

case of the CO monolayer, 3a, 4a, lrc, 5a bands are filled. The 

Fermi level, here referred to the highest occupied molecular 

orbital (HOMO), is at the very top of the 5a band. 

Thus, it is obvious that the sum of DOS up to the Fermi 

level is the total number of occupied M.O.'s. In most cases, 

after this sum is multiplied by two, we will get the total 

number of valence electrons. The only exception is when the 

HOMO ' S are singly occupied states. The DOS curves plot the 

distribution of electrons along the energy axis. 

In a more complex system, though, the DOS of the whole 

system is less useful. Figure 2 shows a CO array on the 

surface of Ni (100), on-top adsorption, coverage = 1/2, The 

DOS of the composite system can be regarded roughly as a 

superposition of the DOS of the Ni crystal and the DOS of the 
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CO monolayer. The position of the 5a peak in the DOS has moved 

down. Some new peaks above the Fermi level emerge, which may 

be due to the 2K* orbital. However, it is not clear where 

exactly the 2K* orbital is, and which orbitals on the metal 

are active in this interaction. 

Careful examination of the wave functions of M.O's could 

provide the answer: 

Energy levels Wave functions 

dE {• 

Ei Vi= — +fi,nAo<m) +*"fi,n<l)CO(n) + " 

dE Ei+1 \|/i+i - ... + f i + i,m ̂codn) + * * *̂ i+l.n̂ COtn) + ' 

The square of coefficients, i.e. f„2, indicates how the 

electrons in a given molecular orbital are distributed. 

Instead of counting the number of levels between E and E + dE, 

the sum of the f^2 of all the orbitals of interests within the 

energy interval is taken. In the case of 2K* of CO's, the 

coefficients of <t>c(2pJt) and <t>0(2pJl) are chosen. Fig. [3] shows the 

5a and 2K* contributions to the DOS. It can be seen that the 

5a orbital remains quite localized and the 2K* orbital is much 

more delocalized. Compared with the DOS of dxz and dyz of 

surface Ni atom, we could see that the 2K* orbital picks up 
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density where the dxz, dyz states are. Conversely, dxz, dyz 

states have a new peak in the energy region of the 271* 

density. This is in agreement with the generally-accepted 

theory that back donation involves 2K* of CO and d , d of 
xz' yz 

the metal. 

To investigate chemical bonds formed when surface 

reaction occurs, a COOP (for crystal overlap population) curve 

is defined. 

The overlap term 2CiC..Sij is a characteristic of bonding. 

When two orbitals are bonding, Ĉ_ and Ĉ  are of the same sign 

and Sij is positive. When two orbitals are anti-bonding, Ci and 

C_j are of opposite sign and S±^ is negative. If Sij is arranged 

to be always positive, then we can use this value as an index 

of bonding. 

COOP is actually an overlap population weighted density 

of states. The construction of the COOP is the same as that of 

the DOS. For an energy level Ei, the term 2CiCj I Si;j I is summed 

over all orbitals on atom i and over j, over all orbitals 

between Ei and Ei+AE. 

As will be discussed later, COOP curves point out for us 

where the bonding regions are. The amplitudes of these curve 

are functions of number of states in that energy interval, the 

magnitude of the coupling overlap and the size of the 

coefficients in the M.O.'s. 
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EHT provides us tools to understand fundamental 

interactions at the adsorbate-solid interfaces. In the present 

work, we have applied this method to studying chemisorption 

behavior and the oxidative reaction of a 

perfluoropolyalkylether (PFPE) oil with an iron surface. 
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CHAPTER II 

APPLICATION OF THE EHT METHOD TO CHEMISORPTION PROCESSES 

A. Bonding in transition-metal-clusters 

There has been a dramatic growth in interest in and 

understanding of atomic cluster molecules in recent years.1,2 

This is true for both metallic and nonmetallic clusters. 

Experimentally, new techniques have been developed for the 

generation of isolated, gas phase clusters;3,4 especially, 

laser vaporization cluster sources5 are at a mature stage now. 

Studies of electronic properties of such clusters, including 

ionization potentials6 and optical spectroscopy,7 have been 

reported. 

Iron clusters, Fen, are the subjects of considerable 

interest. Bonding features and reactivities of the transition 

from molecule to bulk properties have been investigated. 

These studies include n = l , 4 n = 2 , 8 and clusters of larger 

sizes.9,10 A significant aspect of cluster reaction studies is 

the observation of size-dependent reactivity. For example, 

the observation of iron clusters with H2 showed that the rate 

constants vary by more than a thousand fold over a fairly 

small range of cluster sizes.5 The cluster-ammonia reaction 

showed a quite similar size-dependent behavior.11 Theoretical 

20 
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studies may help to understand these phenomena. 

Quantitative aspects of the MO energy level schemes are 

available from a variety of quantum chemistry approaches. 

There is now general agreement about the importance of the 

metal d electrons in transition-metal-cluster bonding. EH 

calculations support this conclusion.12-14 In the following 

study I demonstrate the results from EH calculation and 

examine the contributions made by metal d electrons. 

The program I used is the QCPE Program No.517 (VAX 

version) .15 Minor changes were made so that the molecule of 

interest may contain more than 50 atoms and the output files 

could provide direct information on band structures. It must 

be noted that while different authors use quite different 

parameters, we should avoid using those that are chosen 

deliberately to give artificially high metal d-d overlap 

integrals, which results in too large resonance integrals Hi;j 

because of the Wolfsberg-Helmholtz formula used. For the 

parameters in table 1, the 3d-3d overlap integrals for Fe are 

0.085 or less, while 4s-4s integrals are 0.24. This is 

consistent with the ideas of metal physics and also with the 

values reported in some other EHT calculations.16 

Table 2 summarizes the percentage contribution of each 

type of orbital overlap to the Mulliken overlap population 

for Fe5. Parameters used are set (2) in Table <l-b). It can be 

concluded that the s-s, s-p, and p-p orbital 
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a. Atoms in the first and the second row 

Symbol Set Valence NS, NP ExpS, ExpP S HiiP 

0 1 6 2 2 . 2 7 5 - 3 2 . , 3 0 - 1 4 . 8 0 

2 6 2 2 . 2 7 5 - 3 3 . 0 0 - 1 6 . 4 0 

F 1 7 2 2 . 2 4 5 - 4 0 . 0 0 - 1 8 . 1 0 

2 7 2 2 . 2 4 5 - 4 6 . 1 5 - 2 3 . 3 5 

3 7 2 2 . 2 4 5 - 4 5 . , 3 7 - 2 2 . 5 7 

b. Iron Atom (Valence = 4) 

Set ExpS H US ExpP HliP H UD ExpD1 Ci ExpD2 c 2 

1 1 . 5 8 0 . 9 8 5 . 3 5 0 . 5 3 6 6 1 . 8 0 0 . 6 6 7 8 

2 1 . 90 - 7 . 6 1 . 9 0 - 3 . 8 0 - 9 . 2 0 5 . 3 5 0 . 5 3 6 6 1 . 8 0 0 . 6 6 7 8 

3 1 . 9 0 - 1 3 . 0 8 1 . 9 0 - 7 . 1 4 - 1 9 . 2 3 5 . 3 5 0 . 5 3 6 6 1 . 8 0 0 . 6 6 7 8 

4 1 . 9 0 - 1 1 . 6 9 1 . 9 0 - 5 . 7 9 - 1 9 . 6 9 5 . 3 5 0 . 5 3 6 6 1 . 8 0 0 . 6 6 7 8 

Table 1. Parameters used in EH calculations. The formula 

for contracted d orbitals is: 

<j) = n ( n d " 11 (C1 * e~E x p D 1 * r + c 2 * e
_ E x p D 2 * r ) 
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Table 2. Individual and total overlap population between 

sets of metal atomic orbitals for Fe5 clusters. 

sets of atomic orbitals 

s-s s-p p-p s-d p-d d-d 

maximal value of 

individual overlap 

integral, for A 0.24 0.085 

percentage of 

total overlap 

population, for A 14.2 1.5 -0.3 13.4 18.8 52.4 

maximal value of 

individual overlap 

integral, for B 0.051 

percentage of 

total overlap 

population, for B 11. 2. 0. 30. 22. 35. 

A has a square shape with one Fe at the center 

B is trigonal bipyramid.13 
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overlaps make a relatively minor {0-15%) contribution to the 

metal-metal bonding. The major components of the metal-metal 

bonding are due to interactions involving the metal d 

orbitals. Among them, d-d interactions are the largest. Also 

listed in table (2) are the results from Evans13 for a 

trigonal bipyramial Fe5 cluster. Although different parameters 

were used, the conclusions were roughly the same. However, it 

was reported that changes in the orbital energy parameters Hi:L 

for the metal d orbitals resulted in quite different 

resonance integrals; thus the d bandwidth would be quite 

different.14 

Studies of clusters help us gain a better understanding 

of heterogeneous catalysis. It must first be determined how 

many atoms there should be in a cluster in order for it to 

represent the properties of a surface. Inner atoms must 

approach the electronic features of the bulk, while the outer 

atoms behave like a 'true' surface. Solid state physics tells 

us that the electronic structures of the bulk metals are 

characterized by small departures from free-electron 

behavior, with both the electronic charge and positive 

background distributions being uniform in space. The 

asphericity of the charge density is increased when going 

from a bulk to a surface site.17 

Figure 4 shows the results for iron clusters of 

different sizes and structures. First, the gap between HOMO 
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and LUMO is rather small for most large clusters. While this 

is a certain property for a metal, it suggests that there 

exist a number of low-lying states18,19 for a specific cluster. 

As a consequence, for similar energies, there may be numerous 

corresponding structures. Thus the reactions of the clusters, 

especially for thermodynamically-controlled processes, may be 

from a statistical average of all the allowed states. 

However, it is the fact that even for a clean surface without 

any defect, atoms in the first several layers undergo 

reconstruction due to excess Gibbs free energy.20 Therefore, 

it is clear that the models used for surface studies are 

rather over-simplified. Another factor which must be taken 

into account is that there are not many reliable structural 

probes existing for surface experiments. Therefore, the 

approximation of using data from X-ray studies is almost the 

only way used by different authors. Since the surface 

processes are local phenomena,12,17'21 this approximation is 

valid in the sense that the parameters of chemical bonds are 

reliable. In fact, this is almost the only method used by 

other authors.22 

From Figure 5, it is observed that atoms on the edge of 

clusters are quite different from those at the center, with 

regard to both the net charge and the electron distributions 

among valence orbitals. This indicates that the size of the 

clusters must be carefully chosen so that there are enough 

atoms which show no such 'edge' effect. Generally, it is 
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believed that a 3-layered cluster with 100 atoms is the 

minimal. Those few atoms around the center of the first and 

the third layer represent the surface, while those around the 

center of the second layer represent the bulk atoms. 

The HOMO energy levels shown in Figure 4 is also the 

Fermi levels for iron clusters. 

Another interesting point is that for those cubic 

clusters investigated, the atoms in the bulk are more 

positively charged. This has also been observed and explained 

by some other authors. 23-25 Simply speaking, because surface 

atoms have fewer nearest neighbors than bulk atoms do, the 

surface states are more localized. Thus for iron atoms, which 

have d electron counts corresponding to a greater than half-

filled d band, the surface is more negative than the bulk. 

One final point to look at is the occupation number of 

each d orbital. As already been emphasized by some authors,17 

the occupation number and the direction of the d orbital on 

the surface influence its adsorption properties. The 

adsorption site also depends on the Fermi level and the 

charge distribution of the substrate, and on the electron 

affinity and size of the adsorbate. 

The next step is to examine the adsorption and reaction 

processes of the clusters. 

Iron clusters are reactive with a number of small 

molecules, such as H2,
26 02,

 9 H20,
10 NH3,

27 CO,9 etc. Some of the 

reactions were observed to be highly dependent on the cluster 
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size. For example, reactions of H2 with iron clusters are 

dissociative. This chemisorption process is facilitated by 

interaction of an orbital near the HOMO of the cluster and 

the high-lying unfilled antibonding a* orbital of H2. The HOMO 

of the cluster changes with its size. This results in changes 

of the energy separating the interacting levels. Thus the 

rate constants for dissociation are dependent on cluster 

size. Actually from this argument we can see that it is the 

ionization potential of a certain cluster that plays the 

major role. Molecules with lone-pair electrons donate charge 

to the cluster while binding to a metal. For example, there 

is also a cluster-size dependence for cluster-ammonia binding 

energies.28 Isotope effects are also found in the case of 

dissociative adsorption of H20/D20 on iron clusters, in which 

experiment it is suggested that it is oxygen which adsorbs on 

iron surface and the hydrogen atom never really reaches the 

metal surface. Also, when the binding energy is high, as in 

the case of NH3-iron clusters,
29 equilibrium wouldn't be 

reached until roughly 2/3 of a monolayer of NH3 is adsorbed. 

If the binding energy is small, the chemisorption can be 

quickly reached. It should be noted that different coverage 

leads to different binding energy.28 

For chemisorption of oxygen on iron clusters, a similar 

effect could be expected. The results of calculations for one 

oxygen molecule reactivity with a Fe5 cluster are summarized 
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as follows: (a n=5 cluster is chosen for simpler 

demonstration of the method) 

Figure 6 shows the relationship of distance (r) of 02 to 

the iron cluster and the position of various bands. When an 02 

molecule approaches an iron cluster, the metal serves as 

electron donor while 02 is electron acceptor. When r=2.04 A, 

the net charge on 0a is -1.0, on Ob is -0.79. Figure 7 shows 

how the orbitals interact. Analysis of the wave functions 

reveal that the LUMO of 02 is K* . dxz and dyz of the d band 

orbitals of the metal interact with the n* orbital, while the 

4s band of the metal interacts with o2pz of 02. As a net 

result, the dxz and dyz bands are pushed up along the energy 

axis and K* is pushed down. Electrons shift from the dxz and 

DYZ T O °2' an<^ f r o m of 02 to 4s of iron atoms. This is 

summarized in Table 3. The population on the antibonding 

orbitals increases a lot when the distance decreases; thus 

the 0-0 bond is weakened. 

Classical perturbation theoretic measures of 

interaction between two orbitals i and j give 

x Hij x
2 

AE = 

E.°-E.° 
1 J 

The closer in energy orbital i is to orbital j, the stronger 

the interaction is. In addition, orbitals must have 

appropriate symmetry. 
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Population of S P x 
Py P z 

02 orbitals 

before adsorp. 3 .07 3 .33 2.66 2 .49 

after adsorp. 3 .46 3.98 3.98 2.36 

difference 0.39 0.65 1.32 -0.13 

Table 3. Changes of net charges on oxygen atoms before 

and after adsorption. 
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B. Studies of chemisorption behavior 

EHT methods can also be applied to studying the 

adsorption behavior when substrates are not metals but 

complex metal compounds. In a study on adhesive catalytic 

properties of rhodium, palladium, and platinum on a-Al203, 

Ward et al.29 demonstrated that EHT methods were useful. In 

the metal alumina composite system, a layer of metal atoms 

was coated on the aluminum sites of alumina. Figure 8 shows a 

qualitative illustration of charge transfer between metal and 

alumina ceramic. Table 4 shows the Fermi level for bare 

metals and the alumina-metal complexes, and the magnitude of 

the charge transferred from NO molecules to the metal (or to 

the ceramic). From Figure 8 we can see that charge transfers 

from Rh to the empty dangling states on the surface. The 

Fermi level of Rh is lowered upon adsorption. For palladium, 

the direction of charge transferred is reverse, with 

electrons flowing from the oxide to the metal. This gives an 

increase in the Fermi level. The consequence of such changes 

is that the adsorption of NO molecules may be quite different 

on substrates with different composition and different 

geometry. For an NO molecule, the 271* level is singly 

occupied. Upon interaction with a surface, if 2n* is located 

above the Fermi level of the substrate, electrons will flow 

from the 2n* level into the substrate, resulting in the 

strengthening of the N-0 bond. If the 2n* level is located 
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Ef /ev Ef /ev AqM(e~) 

(M3) (M3 on Al) 

Rh -8.62 -8.68 -0.32 

Pd - 1 0 . 9 7 - 1 0 . 7 3 +0 .11 

Pt - 9 . 7 6 - 9 . 7 7 - 0 . 2 4 

Table 4. Fermi level and charge transferred 

for the Al203-metal-N0 interfaces. 
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below the Fermi level, the electrons will be dumped from the 

surface states to the 2 i t * orbital, weakening the N-0 bond. 

Thus, if the Fermi level of the metal slab is raised upon 

interaction with the ceramic, as in the example of a Pd-Al203 

composite system, the electron flow may actually be inverted 

as compared to a bare Pd system. The adsorption mode of NO on 

supported catalysts is thus greatly influenced by the nature 

of metal-alumina interfaces. 

Several reports have addressed the systematic surface 

characterization of fluorinated alumina and AlF3 .
 30-33 These 

compounds are important catalysts in various reactions, such 

as the hydro-chloro-fluorination of hydrocarbons, cracking 

and isomerization processes, the oxidative degradation of 

polyperfluoroethers, 34,35 etc. IR data showed that the addition 

of fluoride to Al203 results in an increase in the overall 

strength of the Lewis acid sites.31 It was also found that 

strong Lewis-acidic centers on the AlF3 surface can adsorb CO, 

C02, H20, ROH molecules at ambient temperature. All 

chemisorption occurs on the coordinately unsaturated aluminum 

ions. 

In the following example, the adsorption of 02 molecules 

on FeF3 is investigated. Again, the model employed is 

oversimplified. The properties of the real catalysts can be 

very complex, depending on the method of preparation, the 

temperature, and especially, the amount of 'impurities' 
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(such as H20, NH3) present on the surface. Such impure 

moieties are unavoidable in manufacturing processes and they 

play an important role in surface chemistry. At present, 

these effects can't be evaluated because of the complexity of 

such systems. The analysis here is a trial to provide a 

rationale of interactions between FeF3 and 02. 

If specified, the program employed will perform a self-

consistent charge calculation on any atom. The basic 

assumption is that the ionization potential depends on the 

electronic configuration of atoms, i.e., the VSIE(Q) 

functions are assumed to be of the form of 

VSIE(Q) = AQ2 + BQ + C 

where A, B, C are parameters which depend on the atom and the 

orbital. During the charge iteration procedure, the orbital 

occupations are summed up separately over atomic orbitals on 

each atom. The resulting occupation numbers are damped 

according to the equations: 

P r
inputk+i = P r

inputk + M p r
output

k - p r
inPutk) 

During the iterative process, the value of 1 is adjusted to 

avoid slow convergence. The convergence is achieved when 

x p outPutk - p inputk x reaches a satisfactory value. 
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One problem in computational chemistry is that one 

always has to try to gain a compromise between accuracy and 

cost of calculations. The costs are evaluated in terms of 

resources of hardware and software available, the CPU time 

and the resources needed to analyze and process the input and 

output data. In this work, charge iteration is found to be 

necessary. However, modeling the surface reaction requires 

clusters of large sizes. In order to reach a compromise 

between accuracy and computer time, special model compounds 

needed to be constructed for iterative parameters. This 

process is illustrated in Figure 9. Because the chemical 

environment of the surface iron is quite different from that 

of the bulk (the former one has 5 ligands while the latter 

one has 6), two sets of parameters are generated for 

calculations of the FeF3 + 02 system. For oxygen atoms, the 

initial parameters are as in Table (1-a) set (1); the 

parameters after charge iteration are shown as set(2). For 

FeF3, initial parameters for F are set (1) in Table (1-a), 

those after charge iteration are set (2), which is for 

surface F atoms, and set (3), which is for bulk F atoms. 

Parameters for iron are shown in Table (1-b), set (2) to set 

(4) are initial parameters, those for surface Fe atoms and 

those for bulk Fe atoms, respectively. 

Figure 10 - 12 are the DOS of FeF3, FeF3-02, and the COOP 

of FeF3-02 respectively. 

The main conclusions are: 
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(1) . The energy of the HOMO of FeF3 is -15.2 ev. This is close 

to the value from Mass Spectrometry studies (-15.0 to -13.6 

ev). Also one notices that the ionization potential ( IP ) 

value for Fe(ll) ion is 16.50 ev. And because the net charge 

on the iron atom is 2.2 from the calculation, the HOMO value 

is within the reasonable range. 

(2). From the change in net charge before and after the 

adsorption, one notices that electron density transfers from 

02 to FeF3. FeF3 serves as an Lewis acid. The oxygen atom 

which is directly bonded to FeF3 is more positive than the 

other one. 

(3). The electron density actually transfers from adsorbate 

to the bulk of substrate. The electron density of the surface 

iron remains almost unchanged. The electrons on oxygen 

molecules are delocalized into the bulk atoms to a great 

extent. This is a major contribution to the interaction. 

The details and the significance of such interactions 

will be discussed further in Chapter 3. 
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CHAPTER III 

APPLICATION OF EHT TO STUDIES OF PFPE - SURFACE 

INTERACTIONS 

A. Degradation of PFPE fluids 

Perfluoropolyethers (PFPE) have been enjoying some 

success as replacements for more conventional lubricants in 

high temperature environments such as jet aircraft engines. 

They tend, however, to degrade and cause metals to corrode at 

temperatures between 200 and 410 degrees. Detailed studies of 

this degradation process have been extended.1-8 It is now 

believed that metals, metal oxides, metal fluorides and metal 

chlorides can act as catalysis for the degradation. Metal 

fluorides have been investigated with special interest, 

because conversion of metal or metal oxides to metal 

fluorides occur during the initial, and usually slow, first 

stage.8 The reactions catalyzed by metal fluorides proceed 

much more rapidly. Another factor that has been confirmed by 

several authors is the presence of 02. Chandler et al.
5 

reported that under their reaction conditions, the pseudo 

first order rate of the degradation of a PFPE fluid, Krytox 

ML0-71-6 (R-(CF3CFCF20)x-R) , is 5 * lO^s"
1 when no TiF3 is 

added and the system is under N2 flush; if metal fluorides 

49 
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were added, the k value rose to about 1.7 * 10~3 s"1; if 02 

flush was applied to with the addition of TiF3, the k was 2.6 

* 10~3 s"1. If just 02 was added without the presence of metal 

fluorides, k dropped to 7.5 * 10~4 s-1.5 Jones et al.3 found 

out that another linear PFPE fluid, Fomblin Z, had similar 

behavior. Perfluoroalkyl ether-substituted 

perfluorophenylphosphine 

[C3F7CF(CF3)CF2OCF(CF3)CF2-(F-ph)-0]3P 

(F-ph: fluorine substituded benzene) 

was observed to be an effective inhibitor in arresting 

degradation. It is clear that this compound resembles tris-

nonyl phenyl phosphine, which has been used as a commercial 

antioxidant to prevent polymer degradation.9 The phosphorus 

atoms in the antioxidant compound captured volatile oxygen 

atoms: 

P-(0-ph-CgHig) 3 + O (or: peroxides) > 

0=P-(0-ph-C9H19)3 

Thus, the species which initiate radical chain reactions in 

degradation are stoichiometrically reduced to non-active 

ones. 

For degradation to occur, the lubricant chain must first 

break down into smaller pieces. This reaction can be an 

unzipping process or a chain scission one.2,3 Kasai et al.8 

proposed a mechanism for the fragmentation of polymer chains 

of PFPE fluid Z-lube. As shown in Figure 13, the sequence was 
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initiated by a bidentate linkage between an acidic aluminum 

on AlF3 and the two oxygen atoms of an acetal unit. The 

partial positive charge thus induced on the acetal carbon 

causes a fluorine transfer from an adjacent CF2 unit onto the 

acetal carbon. The sequence results in a chain scission with 

formation of a methoxy end-group from the acetal sector, and 

either a fluoroformate end group (F-C0-0-CF2) or an acyl 

fluoride end group (F-CO-CF2) from the adjacent unit depending 

upon whether the adjacent unit was originally a methylene 

oxide unit or an ethylene oxide unit. 

This mechanism couldn't explain the role of 02. It could 

neither explain the chain cleavage reaction of other PFPE 

fluids, such as Demnum fluids (C3F?0 (CF2CF2CF20)XC2F5) .
2'3 In 

the latter case, it is highly unfavorable to bring the two 

oxygens in proximity to the Al atom for the complex to form. 

Also, it could not provide a rationale for the unzipping 

process. Furthermore, there is no proof of a partially-

induced positive charge on the acetal carbon atom. In fact, 

according to Gutmann's Rule, while electrons shift from 

carbon to oxygen upon chelating, two fluorine atom donate 

electrons to the carbon. EHT calculations (see Part B) also 

suggest that the C-F bond is actually stronger {which is in 

accord with the Gutmann's Rule) instead of being weakened as 

proposed in Figure 13. 

Thermal and thermooxidative degradation studies of 

electrolytes based on polyethylene oxide (PEO) have been 
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extended to include a range of inorganic salts to elucidate 

the role of the salt.10,11 It was concluded from IR experiments 

that an M+ - oxygen (here M is a IA or IIA group metal) 

interaction existed. As shown in Figure (2-a), it was 

proposed that bonds 2 and 3 undergo thermal scission at a 

lower temperature in the metal complex than in pure PEO where 

they have a bond energy comparable to the C-C bond 1. This 

led to an increase in the ratio of R-OCH2CH2 • over R-OCH2 * 

terminated macroradicals and so altered the nature of the 

degradation products. 

Although mechanisms as shown in Figure (14-a) explained 

the destabilization of PEO by weakening the adjacent C-0 

bond, it was not proper because it violated the principle of 

microscopic reversibilty, which states that the forward and 

backward reaction should follow the same reaction pathway. 

The backward reaction in Figure (14-a) involved more than 3 

molecules. It must be pointed out that the same authors also 

found that those salts which had the greatest destabilization 

effect in degradation under nitrogen had the greatest 

stabilization influence in oxygen. They concluded that the 

reactivity of R • radical was reduced by R-M+ interaction, and 

the R00 • species was less likely to form. 

Another possible mechanism was proposed by our research 

group.12 As shown in Figure 15, the structure of the 

pericyclic 6-membered transition state resembles that of the 
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aldol condensation of Z-enolates. The latter has gained 

widespread acceptance to account for the stereochemistry of a 

variety of acyclic reaction.13 There are many other examples 

of reactions with similar structures of transition states. 

Further evidence is that the adsorption of CH2C1F on iron 

fluorides was observed to have enthalpies in the range of 

15.9 to 37.5 kJ/mol.14 Although this indicated a physisorbed 

state, it suggested that adsorptions might occur for 

fluorinated compounds without the presence of oxygen in the 

compound. 

In order to explain all the experimental facts, 

especially the role of 02, more work is needed. 

B. EHT calculations on polymer-FeF3 interactions 

The EHT method was applied to study the interactions 

between PFPE and FeF3. Figure 4 shows the model compound. The 

structure of the CF3OCF2CF3 molecule is taken from other work 

in our research group. The distance between 0 and Fe is no 

less than 1.9 A, which is the sum of radii of 02" and Fe3+ 

ions. The backbone of CF3OCF2CF3 is aligned so that the 

distances between all atoms on the compound and the atoms on 

the surface are beyond the sum of the van der Waals radii of 

the corresponding atoms. So what we get can be regarded as a 

result of the perturbation of the system by Fe-0 interaction. 

Table 5 summarizes the results. Donation of electrons 
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Figure 15. A1F3 - PFPE interactions as part of the 

mechanism of degradation of PFPE.12 
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from oxygen to iron is evidenced by the positive charge 

difference on oxygen and a positive reduced overlap matrix 

(U) Fe-0 element. One would expect this effect to induce a 

positive charge difference on carbon atoms linked to this 

oxygen atom. In fact, charges on the carbon atoms don't 

exhibit significant change. The loss of charge on carbon 

atoms are actually compensated by the charge donated from 

adjacent fluorine atoms. This is described as Gutmann's 

Rule.15 The result of this interaction is that the carbon -

fluorine bonds are stronger, as can be judged by an increase 

in U (C, F) . 

There are less obvious changes in carbon - oxygen bonds, 

although a small (< 2%) decrease in U (C, 0) is observed. 

In order to determine how significant this amount could be, 

other model molecules with varying C-0 bond length have been 

calculated. It was found that the amount of decrease in U (C, 

O) in the above case corresponded to a C-0 bond stretch by 

only 0.01 A. It is thus not very clear how much this 

mechanism contributes to the chain cleavage process. 

One other point that needs to be noticed is that, 

although the oxygen donates electron to iron atom, the iron 

atom shows an increase in net charge. This is contrary to 

what one expects by simple chemical reasoning. In fact, it is 

the result of two facts: the derealization of electrons on 

the surface and the lowering of the iron atomic orbitals upon 
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R Fe-0 ( A ) 1.85 1.90 2.10 7.10 

q (01) 1.024 0.967 0.608 -0.205 

q (Fe58) 2.626 2 .499 1.943 1.326 

q (C2) 0.882 0.881 0.882 0.891 

q (C3) 0.609 0.609 0.610 0.608 

q (C4) 0.780 0.782 0.784 0.782 

q (Fll) -0.195 -0.196 -0.218 -0.259 

q (F12) -0.213 -0.214 -0.226 -0.257 

q (F28) -0.346 -0.347 -0.351 -0.351 

q (F27) -0.373 -0.371 -0.366 -0.366 

q (F32) -0.381 -0.383 -0.373 -0.373 

q (F23) -0.345 -0.344 -0.346 -0.346 

q (F74) -0.232 -0.224 -0.207 -0.198 

Table 5. 

compound upon 

Difference 

adsorption. 

in charges of 

Numbering of 

FeF3-PFPE 

atoms is 

model 

described in 

Figure 16. 
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R Fe-0 { A ) 1.85 1.90 2 .10 7.10 

U(01,Fe58) 0.533 0.496 0.349 0.000 

U(01,C2) 0.737 0.740 0.747 0 .752 

U(01,C3) 0.739 0.740 0.741 0.752 

U(C3,C4) 0.791 0.790 0.793 0.805 

U(C3,Fll) 0.698 0.697 0.692 0.685 

U(C4,F12) 0.701 0.700 0.696 0.687 

U(F23,Fe58) 0.332 0.331 0.324 0.305 

U(F27,Fe58) 0.317 0.317 0.314 0.305 

U(F28,Fe58) 0.334 0.331 0.321 0.304 

U(F32,Fe58) 0.303 0.307 0.312 0.304 

U(F27,Fe57) 0.296 0.297 0.299 0.299 

U(F28,Fe59) 0.296 0.304 0.303 0.304 

U(F74,Fe58) 0.346 0.346 0.336 0.322 

Table 6. Difference of elements of reduced overlap 

matrix of FeF3-PFPE compounds during adsorption. Numbering of 

atoms is described in Figure 16. 
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interactions. One thus can expect that some of the orbitals 

on the surface will be raised in energy because of their 

participation in HOMO-LUMO interactions. This was observed 

for the F27 - Fe57 pair, the F28 - Fe59 pair, etc. Again, the 

magnitude of these changes are not significant. It could only 

be concluded that there is a trend towards weakening of some 

of the surface Fe-F bonds on the surface. 

C. Mechanism of oxidative degradation 

The calculation results shown in Part B indicate that 

the PFPE - FeF3 interaction is possible. Because the system is 

treated as at the initial stage of formation of Fe-0 bond, 

there aren't significant changes on other atoms in the 

system. In using EHT methods to predict chemical processes, 

one should not compare systems with too much difference in 

the connection of atoms. However, trends could still be 

predicted from it. The conclusion that C-0 bonds are weakened 

upon adsorption supports the experimental results discussed 

in Part A. 

Indirect support for such metal - oxygen interactions 

was the synthetic work of some transition metal - ether 

complex compounds, such as (FeCl3) (THF) ,
16 Cr (CgH5) 3 (THF) 3,

17 

(TiCl4) (THF)2.
18 IR and Raman studies on these compounds also 

suggested a decrease of C-0 bond order because of the 

formation of a metal - oxygen bond. Another possible result 

of such interaction is the weakening of some surface Fe-F 
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bonds. Chandrasiri et al. proposed a similar mechanism in 

their studies of degradation of polymers.19 They argued that 

free chlorine and fluorine atoms might be released and these 

volatile species can thus attack the atoms on a polymer 

molecule. One can also see that the mechanism shown in Figure 

3 also involves a surface Fe-F bond cleavage, albeit in a 

concerted way. 

To explain the role of oxygen molecules, 02 - FeF3 

interactions need to be carefully examined. In Chapter II, 

the DOS and COOP diagrams of FeF3-02 systems showed that the 

HOMO of 02 sits in the region where there is a large number of 

states for FeF3. This makes it rather possible for 02 to react 

with the unsaturated Fe sites on surface. Such interaction, 

as can be seen from the COOP diagram, give rise to a decrease 

of 0-0 bond order. The Fermi level of the FeF3-02 system, Ef, 

is -17.9 ev. Around that region, negative 0-0 components and 

positive Fe-0 components can be spotted. Also, these two 

kinds of components are roughly ' mirror images ' of each 

other about the energy axis. This indicates that the atomic 

orbitals involved in the formation of an Fe-0 bond are 

originated from components of the 0-0 bond.20. Because Ef of 

the system is close to the anti-bonding components of 0-0 

bonds, it is possible to monitor the activity of the 

catalysts by tuning Ef values. An example was shown by the 

research work of F atom etching of silicon, in which rates of 

surface reactions were different for n-type or p-type 
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silicon.21-24 

Because of the breakage of the 0-0 double bond, one 

could expect there is an unpaired electron on that ending 

oxygen atom. It can't be concluded now whether the oxygen 

molecule undergoes dissociation or not. If it does, then the 

resulting oxygen radical would be a highly reactive species. 

If the dissociation doesn't happen, the radical character 

developed on the ending oxygen still makes the adsorbed 

species an active reagent. Such oxygen - activation processes 

have been widely studied. 25-29 The nature of such interaction 

remains unveiled, because the radical processes involved 

haven't been quantitatively characterized yet. 

CF30- and CF300- are known radicals that have been 

studied.30 Actually, the formation of R00- radicals from R 

and 02 requires no energy barrier.
31 The enthalpy change of 

this reaction is 130 KJ/mol from experiments,31 and 71.6 

KJ/mol from ab initio calculations.32 Ab initio calculations 

of the same level gives an enthalpy change of 116.7 KJ/mol 

for the reaction of CF3- radical and 02, which suggests that 

the CF300- radical is even easier to form. 

In conclusion, the degradaion of PFPE fluids in the 

presence of FeF3 and 02 may be depicted as follows: oxygen 

atoms on the PFPE chains form complex adducts with the 

coordinately unsaturated iron atoms on the surface. Such 

interactions cause the weakening of C-0 and C-C bonds on the 
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polymer chains. Chain breakage may occur. The involvement of 

oxygen hasten this process greatly. This is due to the 02 -

FeF3 interactions which make it easier for radical reactions 

to occur. The RCF20* and/or RCF200- radicals formed go under 

chain scission process by releasing small molecules, such as 

CF2O, CF3CFO. 

In summary, EHT methods were utilized to investigate 

some surface processes. Concepts of band structures, such as 

analysis of DOS and COOP, were also applied to small 

adsorbates. For molecules of larger sizes, such as PFPE-FeF3 

model compounds, classical molecular methods were used 

because the DOS of these molecules were composed of a large 

number of orbitals which didn't involve in surface chemical 

reactions. However, if reliable atomic and molecular 

parameters are available, EHT methods could still provide 

semi-quantative results. By analyzing these data, the nature 

of some reactions can be better understood. 
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