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Mrs. Schrödinger to Mr. Schrödinger: “What the hell did you do to the cat? It looks

half dead!”

- anonymous



Acknowledgements

I would like to express my gratitude to all those who gave me the possibility to complete

this thesis. I want to thank the Institut für Theoretische Chemie, Universität Stuttgart for

giving me permission to commence this thesis in the first instance, to do the necessary

research work and to use departmental resources. I am deeplyindebted to my supervisor

Prof. Dr. G. Rauhut whose help, stimulating suggestions andencouragement helped me

in all the time of research and writing of this thesis.

Besides my advisor, I would like to thank Prof. Dr. H. Stoll, Prof. Dr. E. Roduner for

their encouragement, insightful comments, and hard questions.

I am particularly grateful to Prof. Dr. H.-J. Werner from whom I benefited considerably

through various discussions and Prof. Dr. L. v. Szentpály for being so cheerful and

providing a friendly and happy environment in the group.

I am thankful to Dr. R. Mata, an answering machine for any kindof technical questions.

Special thanks are also due to Dr. M. Sierka for helping me to solve some technical

problems.

I have furthermore to thank our secretary Mrs. I. Rosenkranzfor being as nice as ever

and for all kinds of help and Mrs. Ratna Ghosh for her help and support during my

initial days in Stuttgart.

All of my colleagues present and former: Thomas, Aron, Sandra, Aygul, Sham, Yu,

Xuebin, Gerald, Oliver, Werner, Detlev, Erich, Klaus, Christoph, Michael, Judith, Jo-

hannes, Stephan, Helena, Tanja, Augusta deserve hearty thanks for being helpful and

friendly. I wish especially to thank my room mates present and former: Sandra and

Thomas, Oliver for being nice to me, and also to those who helped me by proof-reading

this thesis: Dr. J. Kästner and Prof. Dr. L. v. Szentpály.

Especially, I would like to give my warmest thanks to my husband Raghunathan and

my parents whose love, support and encouragement enabled meto complete this work.

iv



Abstract

In heterogeneous catalysis transition metal-containing zeolites, in particular copper-

exchanged zeolites, have been studied experimentally [1, 2] as well as theoretically.

Zeolites have large surface areas and different active sites (Brønsted acid sites and tran-

sition metal centers) which play a significant role in catalysis. In order to study the

catalytic oxidation of benzene to phenol using dioxygen, the adsorption of dioxygen,

benzene, and their co-adsorption to Cu−exchanged Y zeolite have been investigated by

means of Fourier transfrom infrared (FTIR) spectroscopy [1, 2] and model calculations

at the combined quantum mechanics and molecular mechanics (QM/MM) level using

the QM-Pot program. The cost-effective QM/MM approach, which treats the active

part of a system by QM methods, and the rest by a classical force field giving a reli-

able prediction of chemical properties has become an important tool for computational

modeling of catalyzed reactions. In the QM/MM framework, the QM calculations have

been performed using BP86 and B3LYP exchange-correlation functionals, employing

triple-zeta quality basis sets and the MM calculations are done with a polarizable force

field. High-levelab initio (CCSD(T), MRCISD+Q) [2] calculations have also been per-

formed for a simple CuO+2 model system to give proofs that DFT correctly represents,

and predicts the structural and electronic properties of CuO2 moieties in the present

study. The model Cu−Y zeolite structures have been determined with single Cu(I)cen-

ters. Adsorption complexes at two different sites (II and III) in Y zeolite with different

Si/Al patterns have been studied.

On adsorption of O2 to Cu−exchanged Y zeolite, end-on coordination to the Cu atom

prevails at site II whereas site III shows side-on coordination. O2 binds more strongly

at site III than at site II and the triplet electronic states are the most low-lying energy

states. But, small singlet-triplet splitting indicates that the impact of singlet states on the

properties of adsorbed O2 is an interesting aspect. The calculated harmonic frequency

of dioxygen adsorbed at site III agrees well with the experimental IR result. In several

adsorption complexes, the assignment of the O2 stretching vibration was difficult due to

its strong coupling with framework vibrations.

An η2-coordination of benzene to copper was observed for all adsorption complexes. Its

interaction with Cu is stronger for site III than for site II,and the benzene−copper com-

plexes show higher binding energies than those of dioxygen.A comparison between

experimental IR results and theoretical harmonic vibrational frequencies is discussed

for different benzene−copper adsorption complexes.



In case of the simultaneous adsorption of O2 and C6H6, the main focus is at site III. Both

O2 and C6H6 are attached to the same Cu(I) center. O2 changes its bonding pattern from

side-on in single adsorption to end-on in co-adsorption processes, whereas C6H6 binds

to Cu asη2 as in the case of single adsorption.

A possible multistep reaction pathway is proposed for the aerobic oxidation of benzene

to phenol in Cu−Y zeolite on the triplet, singlet and broken-symmetry singlet potential

energy surfaces. Theoxygen-insertioninto the C−H bond of benzene occurs, and a

σ-complex is formed. Simultaneous formation of the O−H bond and cleavage of the

C−H bond result in a phenol-complex. Local electron correlation calculations were

performed to deliver high-level estimates for the reactionbarrier.



Contents

Acknowledgements iv

Abstract v

Citations to Published Work xi

Abbreviations xiii

Selected Symbols xvii

1 Introduction 1
1.1 The Origins of Quantum Theory. . . . . . . . . . . . . . . . . . . . . 1
1.2 Computational Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Motivation: The Oxidation of Benzene to Phenol. . . . . . . . . . . . 4
1.4 Overview of Thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Theoretical Background 9
2.1 Methods of Molecular Quantum Mechanics. . . . . . . . . . . . . . . 9

2.1.1 The Born-Oppenheimer Approximation. . . . . . . . . . . . . 9
2.1.2 Many-Electron Hamiltonian and Many-Electron Wave

Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.3 The Hartree-Fock Approximation. . . . . . . . . . . . . . . . 12
2.1.4 Configuration Interaction. . . . . . . . . . . . . . . . . . . . . 15
2.1.5 Møller-Plesset Perturbation Theory. . . . . . . . . . . . . . . 17
2.1.6 The Coupled-Cluster Method. . . . . . . . . . . . . . . . . . 18
2.1.7 Multi-Configuration Self-Consistent Field (MCSCF). . . . . . 19
2.1.8 Complete Active Space Self-Consistent Field (CASSCF) . . . . 20
2.1.9 Multi-Reference Configuration Interaction (MRCI). . . . . . . 20
2.1.10 Local Correlation Methods. . . . . . . . . . . . . . . . . . . . 21
2.1.11 Density Functional Theory. . . . . . . . . . . . . . . . . . . . 22

2.2 Classical Force Fields. . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2.1 Potential Form. . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.2 GULP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Combined Quantum Mechanics and Molecular Mechanics Methods . . 28

vii



Contents viii

2.3.1 QM-Pot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Zeolites 35
3.1 Structure and Functionality. . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Catalysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3 Faujasite Zeolite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.1 Characterization Techniques for Zeolites. . . . . . . . . . . . 43
3.3.2 IR Spectroscopy of Y Zeolite. . . . . . . . . . . . . . . . . . 45

4 Benchmark Studies 49
4.1 Computational Details. . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Basis Set Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3 QM/MM Calculations vs. Molecular Fragment Calculations . . . . . . 54
4.4 Size of the Embedded Cluster. . . . . . . . . . . . . . . . . . . . . . . 55
4.5 Verification of DFT Results by MRCI Calculations. . . . . . . . . . . 59

5 Single Adsorption 63
5.1 Adsorption of Dioxygen . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1.1 Local Structure of Bare Cu(I) Ion Sites. . . . . . . . . . . . . 63
5.1.2 Cu(I) Binding Energies. . . . . . . . . . . . . . . . . . . . . . 65
5.1.3 Geometries. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.1.4 Charges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.1.5 Energies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1.6 Comparison between Computed and Experimentally Obtained

Vibrational Frequencies. . . . . . . . . . . . . . . . . . . . . 78
5.1.6.1 Experimental Results. . . . . . . . . . . . . . . . . 78
5.1.6.2 Theoretical Results. . . . . . . . . . . . . . . . . . 79

5.2 Adsorption of Benzene. . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.1 Geometries. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.2 Charges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.3 Energies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2.4 Frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.2.4.1 Computed Frequencies. . . . . . . . . . . . . . . . 95
5.2.4.2 Comparison with Related Systems. . . . . . . . . . 98
5.2.4.3 Splitting of Degenerate Modes. . . . . . . . . . . . 99

6 Simultaneous Adsorption of Dioxygen and Benzene 101
6.1 The Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.2 Geometries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.2.1 Van der Waals Complexes at Sites II and III. . . . . . . . . . . 102
6.2.2 Co-adsorption of O2 and C6H6 at the Same Cu+ Center. . . . . 106

6.2.2.1 Endo-Complexes . . . . . . . . . . . . . . . . . . . 107
6.2.2.2 Exo-Complexes . . . . . . . . . . . . . . . . . . . . 108

6.3 Energies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112



Contents ix

6.3.1 Energies of theEndo-Complexes. . . . . . . . . . . . . . . . . 112
6.3.2 Energies of theExo-Complexes . . . . . . . . . . . . . . . . . 113

6.4 Frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.4.1 Frequencies of theEndo-Complexes. . . . . . . . . . . . . . . 114
6.4.2 Frequencies of theExo-Complexes. . . . . . . . . . . . . . . . 116

7 A Possible Mechanism for the Oxidation of Benzene to Phenol 119
7.1 QM/MM Partitioning . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.2 Optimization and Transition State Search. . . . . . . . . . . . . . . . 121
7.3 Reaction Mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7.3.1 Reaction Intermediates and Transition States. . . . . . . . . . 125
7.3.2 Energetics of the Reaction Pathway. . . . . . . . . . . . . . . 131
7.3.3 Single-Pointab initio Calculations. . . . . . . . . . . . . . . . 133

8 Summary 135

9 Zusammenfassung 139

A Basis Set Studies on Various Model Complexes of Y Zeolites 143

B QM-Pot Machinery 145
B.1 Convergence Criteria Used Throughout QM/MM Calculations . . . . . 145
B.2 QM-Pot Optimizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
B.3 MM Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

C Population Analyses 149

D Cu(II)−Y Zeolite Modelling 155

Bibliography 159





Citations to Published Work

Large portions of Chapter 4 and Chapter 5 have been publishedas

“Adsorption of dioxygen to copper in CuHY zeolite”,

S. Santra, T. Archipov, A. B. Ene, H. Komnik, H. Stoll, E. Roduner and G.

Rauhut, Phys. Chem. Chem. Phys.11, 8855 (2009)

The second section of Chapter 5 is partly featured in

“Adsorption of benzene to copper in CuHY zeolite”,

T. Archipov, S. Santra, A. B. Ene, H. Stoll, G. Rauhut and E. Roduner, J.

Phys. Chem. C113, 4107 (2009)

Large fractions of Chapter 6 and Chapter 7 will be published in the following papers:

“Simultaneous adsorption of benzene and dioxygen in CuHY zeolites as a

precursor process to the aerobic oxidation of benzene to phenol”,

S. Santra, H. Stoll and G. Rauhut, Phys. Chem. Chem. Phys.submitted

“Towards the aerobic oxidation of benzene to phenol over Cu−exchanged Y

zeolite: QM/MM study on the mechanistic pathway”,

S. Santra, H. Stoll and G. Rauhut,manuscript in preparation

xi





Abbreviations

B3LYP Becke3-Parameter (Exchange),Lee,Yang,Parr (Correlation)

BP 86 Becke 1988 exchange andPerdew 1986correlation functionals

BS Broken-Symmetry

CASSCF CompleteActiveSpaceSelf-ConsistentField

cc-pVDZ PP correlationconsistentpolarizedValenceDoubleZetaPseudopotential

cc-pVTZ PP correlationconsistentpolarizedValenceTriple ZetaPseudopotential

CC Coupled-Cluster

CCSD Coupled-Cluster withSingle andDouble excitations

CCSD(T) Coupled-Cluster withSingle andDouble and PerturbativeTriple excitations

CI ConfigurationInteraction

CIS ConfigurationInteraction withSingle excitation

CISD ConfigurationInteraction withSingle andDouble excitations

CSF ConfigurationStateFunction

DFT DensityFunctionalTheory

EPR ElectronParamagneticResonance Spectroscopy

ECP EffectiveCorePotential

EXAFS ExtendedX-RayAbsorptionFineStructure

FTIR F ourierTransformInfrared Spectroscopy

FCC Fluid CatalyticCracking

Fau Faujasite

GGA GeneralizedGradientApproximation

GULP GeneralUtility LatticeProgram

HF Hartree-Fock

HOMO H ighestOccupiedMolecularOrbital

xiii



Abbreviations xiv

IR-REMPD I nfraredResonanceEnhancedMulti-PhotonDissociation

IR I nfrared Spectroscopy

IRC I ntrinsicReactionCoordinate calculation

IUPAC I nternationalUnion ofPure andAppliedChemistry

KS Kohn-Sham

LCAO L inearCombination ofAtomicOrbitals

LCCSD Local CCSD

LDA L ocalDensityApproximation

LJ L ennard-Jones Potential

LMP2 L ocalMøller-Plesset perturbation theory of order2

LUMO L owestUnoccupiedMolecularOrbital

MCSCF Multi-ConfigurationSelf-ConsistentField

MM M olecularMechanics

MO M olecularOrbital

MP M øller-Plesset

MRCI M ulti ReferenceConfigurationInteraction

MRCISD+Q M ulti-ReferenceConfigurationInteraction withSingle,Double

and Davidson estimate forQuadruple excitations

NMR NuclearMagneticResonance Spectroscopy

NNN NextNearestNeighbor

PP Pseudopotential

PES PotentialEnergySurface

QM QuantumMechanics

QM/MM Q uantumMechanics/MolecularMechanics

QM-Pot QuantumMechanics interatomicPotential function

RHF spinRestrictedHartree-Fock

RKS spinRestrictedKohn-Sham

SCF Self-ConsistentField

SD SlaterDeterminant

SVP Split-Valence plusPolarization

S-T Singlet-Triplet



Abbreviations xv

TS TransitionState

TZVP T riple-ZetaValence plusPolarization

UHF spinUnrestrictedHartree-Fock

UKS spinUnrestrictedKohn-Sham

XAS X-RayAbsorptionSpectroscopy

XRD X -Ray Diffraction

XRPD X-Ray PowderDiffraction

ZSM ZeoliteSoconyMobil





Selected Symbols

Φ Exact many-electron wave function

Ψ Approximate many-electron wave function

Ψ0 Hartree-Fock gound state wave function

ψ Spatial molecular orbitals

φ Basis function

χ Spin orbital
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Chapter 1

Introduction

1.1 The Origins of Quantum Theory

In the late seventeenth century, one of the first formulations of classical mechanics was

postulated by Sir Isaac Newton:

F = ma (1.1)

Toward the end of the 19th century, the concepts of “classical mechanics” - generally

adopted by physicists were adequate to describe all physical phenomena known at that

time, and classical mechanics was complemented by classical electrodynamics. As the

knowledge of physical phenomena deepened on the microscopic scale1 classical theory

faced more and more difficulties and contradictions. It became apparent that the phe-

nomena on the microscopic scale do not fit into the framework of classical mechanics

and their explanations needed some sort of new principles. The fundamental underly-

ing ideas of these new principles were uncovered in stages atthe beginning of the 20th

century.

The first step in this direction was to propose that certain physical variables assume only

quantizedor discretevalues in contrast to the continuum values according to the axioms

of classical physics. In order to explain the so-called “black-body2 radiation”, in 1900,

1 The “microscopic” scale is defined in the order of severalangstroms(1 Å= 10−8 cm) which is the
length considered for atomic and subatomic particles. The “macroscopic” phenomena observable with
naked eye or with ordinary microscope comes in the order of 1 micron (10−4 cm).

2A body which absorbs all the radiation it receives.

1
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Max Planck postulated that the energy radiation does not take place in a continuous

manner, rather it does in discrete amountshν, 2hν, 3hν, . . .. Here,ν is the frequency of

radiation, andh is the universal constant, known asPlanck’s constant. In 1905, Albert

Einstein’s hypothesis was a bold extension of Planck’s theory of black-body radiation

indicating that a light beam is a collection of “photons”. In 1911, Rutherford’s model

of atom was solidly established: a central nucleus of small dimension (10−13 - 10−12

cm) is surrounded by a certain number of electronsZ. Almost all the mass of the atom

is centered at the nucleus. The nucleus carries a positive electric chargeZe which is

compensated by total−Ze charges of electrons forming an electrically neutral entity,

the atom. Shortly after that in 1913,Bohr’s circular-orbit modelstated that angular

momenta of orbiting electrons around the nucleus arediscretized. The second category

of difficulties arose in applying the classical mechanics inthe microscopic world con-

cerning the distinction betweenwavesandparticles. In 1924 Louis-Victor de Broglie

formulated thewave-particle dualityof matter which was quite unacceptable in terms

of purely classical concepts. By 1926, Heisenberg had developedmatrix mechanics

and Schrödinger’s revolutionary postulate ofwave mechanicsgoverning the motion of

nuclei and electrons in molecules started a new era of quantum mechanics.

1.2 Computational Chemistry

Molecules are made of atoms which in turn, consist of nuclei and electrons. Therefore

if we want to understand fully the motions and behavior of molecules, we must be sure

that we can quantitatively describe such properties of their constituents.

Computational chemistry is one of the expanding areas of current science. As the term

says, it deals with computations that are used for understanding and predicting the be-

havior of chemical systems. It encompasses not only quantummechanics, but also

classical molecular mechanics, and involves simulations of molecular phenomena and

prediction of new molecular properties. The methods of computational chemistry are

useful to diverse fields of chemistry such as organic chemistry, inorganic chemistry,

biochemistry, etc.. Improvements in computational techniques, both in hardware and

software regime, various hierarchies of theories and models have made the availability

of quite a number of user-friendly software packages thus keeping a large number of

application-oriented research possible.
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Although applications of computational chemistry have made their own mark in under-

standing the chemical processes at the atomic/molecular level, challenges still persist,

when the size of the system increases. Nevertheless, equations and theories of quantum

mechanics have been postulated and predicted to be consistent with the experimental

findings, and on the other hand new theoretical approximations have been developed

and tested by computational chemists. Sometimes theory canpredict the measurement

of new experimental data. If theory fails, it has to be refined, and thus this process

continues unless a better theory has been developed. Theoretical chemists are dedi-

cated to develop new theories and improve existing ones (newanalytical equations, new

computational tools, new mathematical models etc.). A theoretical chemist should also

decide about the accuracy of the results needed for his/her purpose(s). Nevertheless, the

accuracy that can be achieved in principle is limited by several fundamental approxima-

tions which are used in deriving the conventional quantum mechanical methodologies.

Therefore, on one hand we see a hierarchy of quantum chemicalmethods (HF, MP2,

CCSD, CCSD(T), CCSDT,. . . exact solution of the Schrödinger equation), and on the

other hand we see an effort in the direction of linear scalingof computational cost with

respect to the molecular size (see Fig.1.1).

A B

FIGURE 1.1: A. Convergence towards exact solution needs better description of both
electron correlation (configuration interaction) and variational space (basis set), B.
Computational cost of various theoretical methods [3].

We can only perform a calculation with chemical accuracy (± 1 kcal mol−1) of a system

containing typically up to 10 atoms in the gas phase using thebest theoretical method

available. However, microporous materials such as zeolites, biological macromolecules

(proteins, DNA, RNA) consist of several thousands of atoms.So, what can one do if one

has to study such systems? One may think deeply, and one can find the scientifically

possible/most probable solutions. (i) One has to make a compromise between accuracy
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and computation time. One can use low-level theoretical methods and interpret the ex-

perimental results (if available). (ii ) One can perform molecular mechanics calculations

and preferably find out the most probable conformation and doas in (i).

The question arises whether one really needs to tackle the whole system to extract some

molecular properties. Fortunately, several molecular properties are local in nature;

such as adsorbate-adsorbent interactions, chemical reactions involving bond breaking

and bond making. Therefore, to describe such properties, the whole system of in-

terest can be divided into two parts: (i) the active part involving important chemical

changes which can be treated at the high-level quantum mechanical (QM) methods, and

(ii ) the surrounding semi-rigid environment contributing negligible effects which can

be treated at lower level molecular mechanical (MM) methods. This leads to a new

concept, combined quantum mechanical/molecular mechanical (QM/MM) methods in

theoretical computational chemistry. Thereby, reasonable accuracy is reached without

increasing computational cost significantly.

1.3 Motivation: The Oxidation of Benzene to Phe-

nol

The aim of this thesis is to investigate the oxidation reaction of benzene with dioxygen

as oxidant and Cu−Y zeolite as catalyst to form phenol as product.

O2

CuY zeolite

OH

(1.2)

Zeolites have often drawn extra attention in catalyzing various kinds of chemical re-

actions. Particularly Y zeolites have been studied significantly in that directione.g.

alkene isomerization [4], catalytic oxidation of CO, conversion of methanol to dimethyl

carbonate [5–8], hydrocarbon cracking [9], etc..

Catalytic oxidation of benzene to phenol has been studied since the finding that this re-

action can proceed in gas phase [10]. One of the most common processes for preparation

of phenol at the industrial scale is the three-step cumene process: benzene alkylation to
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cumene, cumene oxidation to cumene hydroperoxide, and decomposition of the latter

to phenol and acetone:

C3H6

AlCl3, H3PO4

100 - 200oC

CH
CH3

CH3

O2
80 - 130oC

CH
CH3

CH3

C
CH3

CH3

OOH

C
CH3

CH3

OOH

60 - 100oC

C CH3CH3

O
H+

OH

(1.3)

Although, the cumene process was a great success for phenol production, it has cer-

tain disadvantages: an explosive intermediate, a multi-step character which makes it

difficult to gain high selectivity. The most inevitable disadvantage is, the production of

acetone as byproduct with 1:1 stoichiometry. At the industrial level the cumene process

is financially less efficient because of the 1:1 yield of acetone which is of commercially

low value. Therefore, during the past few decades, the search of new synthetic routes

for phenol production is highly active. In this regard, one of the main concerns is to in-

vestigate the possibility of direct oxidation of benzene using oxygen donors. Hydrogen

peroxide (H2O2) is one of the frequently used oxygen donors. H2O2 is known to be an

excellent oxidant. By taking advantage of this property, promising work has been done

using Ti-modified zeolites (TS-1) [11].

One of the major steps in the production of phenol from benzene is to couple a transition

metal into the oxidation process. In 1983, Iwamoto and co-workers [10], proposed

nitrous oxide (N2O) as a better oxidant than dioxygen (O2) which at the same time leads

to the long awaited direct conversion of benzene to phenol. Since then, several groups

of researchers have been working towards finding the best catalyst as well as oxidant for

this reaction. Fe−ZSM-5 is found to be the most frequently used zeolite as a catalyst

in combination with N2O as oxidant. For a long time it has been a popular choice

for the catalytic conversion of benzene to phenol. Panov [12] reported that N2O is

advantageous over O2 for benzene oxidation in Fe−ZSM-5 zeolites, and N2O is highly

selective towards phenol production than O2. Iwamoto et al. [10] described that the
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conversion of benzene to phenol takes place at 550◦C using N2O over vanadium oxide

silica gel with 71% phenol selectivity. Panov et al. [13] proposed that presence of

iron impurity plays an important role in the catalytic conversion of benzene to phenol

forming an active species generated on Fe−ZSM-5 zeolite surface which is calledα-

oxygen. It is likely that this involves an iron-oxo species as a catalytic center. In order

to furnish the structural information, and mechanistic pathways of the process, several

spectroscopic studies [14, 15] as well as theoretical [16, 17] investigations have been

performed.

Nevertheless, Tsuruya and co-workers reported gas-phase catalytic oxidation of ben-

zene to phenol using molecular oxygen as oxidant in Cu−ZSM-5 zeolites [18–20].

In another study [21] this group had also reported about the liquid-phase catalytic

oxidation of benzene over several Cu−zeolites (Cu/NaX, Cu/HX, Cu/NaY, Cu/HY,

Cu/NaZSM-5, Cu/HZSM-5, Cu/NaMordenite, Cu/HMordenite, and Cu/Hbeta) using

O2 and ascorbic acid as oxidant and reducing agent, respectively. They demonstrated

that among all the zeolite catalysts tested in their study, the Cu/HY zeolite showed the

highest activity for phenol formation. Another group [22] has demonstrated that the

Cu−ZSM-5 zeolites are promising catalysts for the oxidation ofbenzene to phenol us-

ing air even at moderate temperatures. The use of Cu to createthe active phase in zeolite

has significant advantages over alternative catalysts based on Fe. The latter needs the

use of N2O as an oxidant, which is toxic and one of the greenhouse gasescausing global

warming. For the safety and economic reasons, the use of O2 is always provocative.

Therefore, the oxidation reaction of benzene using molecular oxygen in Cu−Y zeolite

is explored in the present work. The results of this effort give an overview to understand

the structures, and the energetics involved. The mechanismby which phenol is formed

via the adsorption of both O2 and C6H6 onto the Cu site in Y zeolite and the activated

forms of the zeolite complexes (reactants, products, and transition states) are discussed.

1.4 Overview of Thesis

Theoretical methodologies used in applications of computational chemistry are dis-

cussed in Chapter 2. The first part of this chapter deals with the conventional wave-

function basedab initio quantum mechanical methods, then comes the density func-

tional theory formalism, followed by classical mechanics.The main emphasis is on the

combined quantum mechanical/molecular mechanical (QM/MM) methods.
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Zeolites, the system of interest for the present thesis are reviewed in Chapter 3. The

structural aspects, functionalities, the catalytic applicability, and the experimental tech-

niques for their characterization are provided in detail.

Chapter 4 discusses the computational details which have been used in the present work.

The system set-up, calibration calculations are presentedhere in a systematic way. All

these prove the reliability of the chosen density functional that has been used.

The results of QM/MM calculations for zeolites are divided into three chapters 5, 6,

& 7. Chapter 5 describes the “lone” adsorption of dioxygen, and benzene molecules

in CuHY zeolite. Here, the theoretical results are supported by experimental FTIR

(Fourier transform infrared spectroscopy) data. This chapter basically, establishes the

adsorbate-adsorbent interaction which is the most important molecular aspect to be un-

derstood before moving into the chemical reaction between dioxygen and benzene in

Cu−exchanged Y zeolite. The “simultaneous” adsorptions of both dioxygen and ben-

zene in CuHY zeolite are presented in Chapter 6. Here, one type of adsorption complex

is proposed to be the “precursor complex”. In Chapter 7, mechanistic pathways are sug-

gested in the direction of phenol formation from aerobic oxidation of benzene in Cu−Y

zeolite. Energy barriers are computed for the triplet, singlet and broken-symmetry sin-

glet electronic states, and compared with the high-levelab initio local electron correla-

tion calculations giving preliminary results.





Chapter 2

Theoretical Background

2.1 Methods of Molecular Quantum Mechanics

2.1.1 The Born-Oppenheimer Approximation

One of the central problems of quantum chemistry is to solve the nonrelativistic time-

independent Schrödinger equation for molecular systems. In atomic units, the total

Hamiltonian for a molecular system composed ofM nuclei andN electrons is

Ĥtot =−
N∑

i=1

1

2
∇2

i −
M∑

A=1

1

2M̃A

∇2
A−

N∑

i=1

M∑

A=1

ZA

riA

+
N∑

i=1

N∑

j>i

1

rij

+
M∑

A=1

M∑

B>A

ZAZB

RAB

(2.1)

whereM̃A is the ratio of the mass of the nucleusA to the mass of an electron andZA

is the atomic number of the nucleusA. The Schrödinger equation of the total system is

given by

ĤtotΨtot

(

~r, ~R
)

= EtotΨtot

(

~r, ~R
)

. (2.2)

The total wave functionΨtot depends on both electronic~r and nuclear~R coordinates.

The whole molecular system is viewed as electrons interacting with the nuclei and with

9
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each other via Coulomb’s law to produce an effective field forthe nuclei to move and the

effective force between nuclei can be approximately described by Hooke’s law. Thus,

the two sets of particles, electrons and nuclei affect each other’s motion. The first step

towards uncoupling the electronic and nuclear motion is to consider Born and Oppen-

heimer’s proof that if1/M̃1/4
A ≪ 1, the true molecular wave function can be adequately

approximated as a product of the electronic wave function inthe field of the fixed nuclei

Ψele

(

~r;
{

~R
})

and nuclear wave functionΨnuc

(

~R
)

:

Ψtot

(

~r, ~R
)

≈ Ψele

(

~r;
{

~R
})

Ψnuc

(

~R
)

. (2.3)

The second step towards uncoupling the electronic and nuclear motion is to substitute

Eq. 2.3 into Eq. 2.2. From the resulting equation, the terms involving the gradient of

the electronic wave function w.r.t. the nuclear coordinates, i.e., ∇RΨele are neglected

because the electronic wave functionΨele

(

~r;
{

~R
})

varies slowly w.r.t. the nuclear

coordinates~R. The neglected term which couples the electronic and nuclear motion is

written as the sum:

B = −
M∑

A=1

1

2M̃A

[

∇2
AΨele

(

~r;
{

~R
})

+∇AΨele

(

~r;
{

~R
})

∇AΨnuc

(

~R
)]

. (2.4)

The termB in Eq. 2.4 constitutes a perturbation; if not negligible, it can causetransi-

tions between the electronic levels [23, see p. 429].

Neglecting the coupling term completely, which is the most common approach to un-

couple the electronic and nuclear motions, is called the Born-Oppenheimer approxi-

mation (separation). Eq.2.2 can now be separated as two individual equations, the

electronic and the nuclear Schrödinger equations. The restof this chapter discusses the

various levels of theoretical models used to solve the electronic Schrödinger equation,

ĤeleΨele

(

~r;
{

~R
})

= EeleΨele

(

~r;
{

~R
})

(2.5)

where the electronic Hamiltonian describes the motion ofN electrons in the field ofM

point charges,

Ĥele = −
N∑

i=1

1

2
∇2

i−
N∑

i=1

M∑

A=1

ZA

riA

+
N∑

i=1

N∑

j>i

1

rij

. (2.6)
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The total energy for fixed nuclei must also include the constant nuclear-nuclear repul-

sion.

Etot = Eele +
M∑

A=1

M∑

B>A

ZAZB

RAB

(2.7)

2.1.2 Many-Electron Hamiltonian and Many-Electron Wave

Function

In the mean-field approximation, the total electronic HamiltonianĤele is the sum of

effectiveone-electron Hamiltonianŝh(i) which means that the total electronic wave

function can be expressed as the product (Hartree product,ΨHP) of one-electron wave

functions or spin orbitalsχi(~ri, σi) = χi that are eigenfunctions of the one-electron

Hamiltonians. The spin-orbitals can also be expressed as products of functions of spatial

and spin coordinatesχi(~ri, σi) = ψi(~ri)ω(σi). In an LCAO framework where the spatial

part of the spin orbitals are expanded as linear combinationof K basis functionsφ, one

can form 2K spin orbitals

Ĥele =

N∑

i=1

ĥ(i) ⇒ ΨHP =

N∏

i=1

χi. (2.8)

Since the many-electron wave function should be anti-symmetric w.r.t. all the electrons,

i.e., it should change its sign under the simultaneous interchange of the spatial and spin

coordinates of any pair of electrons, the product many-electron wave function (occupied

orbitals) of, say,N electrons (Hartree product) should be antisymmetrized leading to a

Slater determinantΨSD:

ΨSD = ÂΨHP ⇒
1√
N !

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

χ1(1) χ2(1) χ3(1) . . . χN (1)

χ1(2) χ2(2) χ3(2) . . . χN (2)
...

...
...

...

χ1(N) χ2(N) χ3(N) . . . χN (N)

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

= Â
N∏

i=1

χi.(2.9)

It should be noted that in the above equation onlyN occupied spin orbitals are involved.

A more general many-electron wave function can be formed by taking a linear combi-

nation of Slater determinants

Φ =
∑

i

ciΨi. (2.10)
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When such a linear combination is made, a reference determinant is needed, usually

the ground state Hartee-Fock (HF) wave function|Ψ0〉 is considered as the reference

determinant and the configuration represented by it is called the ground-state electronic

configuration. Using 2K one-electron spin orbitals one can construct( 2K
N ) differentN-

electron Slater determinants generated by exciting occupied MOs in the HF determinant

to unoccupied MOs. Thus the set of possible determinants include a HF determinant

|Ψ0〉, and the singly excited determinants|Ψa
i 〉, the doubly excited determinants|Ψab

ij 〉,
etc. up to and includingN-tuply excited determinants. With reference to the HF deter-

minant, the others are referred to asSingles (S), Doubles (D), Triples (T), Quadruples

(Q), etc..

The many electron Hamiltonian̂Hele typically has the form

Ĥele =
∑

i

ĥi +
∑

i

∑

j>i

v̂ij (2.11)

whereĥi is an one-electron operator (core-Hamiltonian for electron i) involving coor-

dinate and momentum operators of electroni and
∑

j>i

v̂ij is the two-electron operator

involving coordinate operators of the electronsi and j. The proper expressions for the

one and two-electron operators are the same as already givenin Eq. 2.6for a molecular

system withN electrons andM nuclei:

ĥi = −1

2
∇2

i−
M∑

A=1

ZA

riA

and v̂ij =
1

rij

. (2.12)

2.1.3 The Hartree-Fock Approximation

In the Hartree-Fock (HF) approximation, the total electronic wave function is a Slater

determinant (closed-shell case)Ψ0 or a linear combination of few (open-shell and re-

stricted open-shell cases) Slater determinants. The closed-shell energy of a molecular

system ofN electrons residing inN/2 different spatial orbitals is given by applying

Slater-Condon rules [24, see p. 23-27]

E0 =
〈

Ψ0

∣
∣
∣Ĥele

∣
∣
∣Ψ0

〉

=

N/2
∑

i

2(i|ĥ|i) +

N/2
∑

ij

[2(ii|jj)− (ij|ji)] (2.13)

where one- and two-electron integrals are defined as
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(i|ĥ|j) =

∫

ψ∗
i (r1)ĥ(r1)ψj(r1)dr1 (2.14)

(ij|kl) =

∫

ψ∗
i (r1)ψj(r1)

1

r12
ψ∗

k(r2)ψl(r2)dr1dr2. (2.15)

To derive the Hartree-Fock eigenvalue equations one uses the general technique of func-

tional variation, which says that the energy obtained usingany test wave function will

always be an upper bound to the exact energy of the system. Thecondition for an op-

timized HF wave function is to minimizeE0 w.r.t. orbital (i.e., δE0 = 0), subject to the

orthonormality constraint. For this reason, one does not minimize the energy expres-

sion, instead theLagrangian functionL is minimized

L =
〈

Ψ0

∣
∣
∣Ĥele

∣
∣
∣Ψ0

〉

− 2

N/2
∑

ij

εji [< i|j > −δij ] (2.16)

whereεji are the Lagrange multipliers and< i|j > is an overlap integral. The HF

equations are obtained by setting the derivative of the Lagrangian w.r.t. each orbital to

zero

f̂ |i >=

N/2
∑

j

εji|j > (2.17)

where theFock operatorf̂ defined as

f̂(i) = ĥ(i) +
∑

j

[

2Ĵj(i)− K̂j(i)
]

= ĥ(i) + v̂HF (i). (2.18)

The two operatorŝJj(i) and K̂j(i), referred to asCoulomband exchangeoperators,

respectively, are defined by their effect while operating ona spatial orbital

Ĵj(1)ψi(r1) =

∫

ψ∗
j (r2)

1

r12
ψj(r2)ψi(r1)dr2, (2.19)

K̂j(1)ψi(r1) =

∫

ψ∗
j (r2)

1

r12
ψi(r2)ψj(r1)dr2. (2.20)
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In the HF approximation the electron-electron interactionoperatorr−1
ij is replaced by a

averagefield in the form of operator̂vHF (i), seen by theith electron due to the presence

of other electrons.

Since the energy is invariant w.r.t. unitary transformations among the occupied orbitals,

a simpler form for Eq. (2.17) is possible by using a basis where the Fock operator is

diagonal, the canonical HF equations

f̂ |i >= εi|i > . (2.21)

Such a basis is referred to as a canonical orbital basis. The diagonal elements of the

Fock matrix are called, the orbital energiesεi. Notice that the HF total energy is not

equal to the sum of the occupied orbital energies. This wouldlead to double-counting

of the electron-electron interaction.

So far the theory has been derived without knowing anything about the form of the

spatial orbitals {ψi}. To calculate the electronic total energy variationally the most

common technique employed is to expand the spatial orbitalsas a linear combination

of known (fixed) set of functions, usually a fixed linear combination of Gaussian-type

functions {φµ}

ψi =
K∑

µ=1

Cµiφµ. (2.22)

Introducing Eq.2.22into Eq. 2.13and deriving the expression for the total electronic

energy is a standard exercise in basis transformation [25, See p.149-150] and in the

atomic orbital representation Eq.2.13is written as

E0 =
1

2

∑

µ

∑

ν

Pνµ

(
Hcore

µν + Fµν

)
. (2.23)

The termsHcore
µν andFµν in the above equation are the matrix elements of the core

Hamiltonian and Fock matrices respectively and the integrals involved in the expres-

sions of these matrix elements are analytically derivable.The termPνµ is the element

of the so called density matrix or the charge-density bond-order matrix which for a

closed-shellN electron system is defined as

Pνµ = 2

N/2
∑

i=1

CνiC
∗
µi. (2.24)
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In the spin-restricted Hartree-Fock (RHF) approximation,the total electronic wave

function is the Slater determinant defined for one particular electronic configuration and

the total electronic energy is characteristic of that particular configuration alone. For an

N-electron system, only the occupiedN/2 spatial orbitals are explicitly involved in the

total energy expression. The remaining (K−N/2 ) spatial orbitals (virtual orbitals) are

not important in the sense of total energy calculation but they are important in describ-

ing the MO energies. The Hartree-Fock approximation which is a simple many-body

method acts as a starting point for further high-level schemes. In fact the correlation

energy (Ecorr), which is missing in the Hartree-Fock approximation, is defined as the

difference between the exact non-relativistic total energy (E0) and the Hartree-Fock en-

ergy (E0) in the limit that the basis set approaches completeness

Ecorr = E0 −E0. (2.25)

2.1.4 Configuration Interaction

The Configuration Interaction (CI) method is a general many-body method where the

electronic wave function is a linear combination of Slater determinants. The total elec-

tronic energy in such a scheme will not only involve weightedcontributions due to

different configurations but also the contributions due to interactions between various

configurations.

ΦCI = c0Ψ0 +
∑

S

cSΨS +
∑

D

cDΨD +
∑

T

cT ΨT + . . . (2.26)

The CI coefficients are determined by thevariational principle.The electronic energy

E, which is the variationally minimized quantity is calculated as the lowest eigenvalue

of the CIHamiltonian matrixH, whose elements are the following integrals:

Hij =
〈

Ψi

∣
∣
∣Ĥ
∣
∣
∣Ψj

〉

(2.27)

The linear variation problem can be expressed as a set of CIsecular equations:













H00 − E H01 . . . H0j . . .

H10 H11 −E . . . H1j . . .
...

...
. . .

... . . .

Hj0
... . . . Hjj − E . . .

...
... . . .

... . . .
























c0

c1
...

cj
...












=












0

0
...

0
...












(2.28)
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Some of the key features of the structure of the CI matrix are:

• Slater-Condon rule: Two Slater determinants will interactonly if they differ by at

most two occupied molecular orbitals,e.g.S↔S, S↔ D, S↔ T; otherwise

〈

Ψi

∣
∣
∣Ĥ
∣
∣
∣Ψj

〉

= 0. (2.29)

• Brillouins’s theorem: The singly substituted determinant|ΨS〉 will not interact

with the HF ground state determinant|Ψ0〉.

〈

Ψ0

∣
∣
∣Ĥ
∣
∣
∣ΨS

〉

= 0 (2.30)

|Ψ0〉 |S〉 |D〉 |T 〉 |Q〉 . . .

〈Ψ0|
〈S|
〈D|
〈T |
〈Q|

...















〈Ψ0|Ĥ|Ψ0〉 0 〈Ψ0|Ĥ|D〉 0 0 . . .

〈S|Ĥ|S〉 〈S|Ĥ|D〉 〈S|Ĥ|T 〉 0 . . .

〈D|Ĥ|D〉 〈D|Ĥ|T 〉 〈D|Ĥ|Q〉 . . .

〈T |Ĥ|T 〉 〈T |Ĥ|Q〉 . . .

〈Q|Ĥ|Q〉 . . .

. . .















• Only blocks on the diagonal or up to two positions from the diagonal do not

vanish.

• Usually, one limits the expansion to a certain order of substitution⇒ truncated

CI.

– For the ground state, CIS (CI singles) is not meaningful because of Bril-

louin’s theorem.

– In a CISD calculation (CI singles and doubles), singles couple to the ground

state indirectly via doubles.

• The size of the full CI matrix becomes extremely large if all possible excitations

are included. Therefore, one has to truncate the excitationlevel. But then one

ends up with the size-consistency problem.
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2.1.5 Møller-Plesset Perturbation Theory

In Møller-Plesset (MP) perturbation theory, an energy correction due to electronic cor-

relation, is introduced through a perturbation scheme. TheHartree-Fock ground state

wave functionΨ0 acts as the reference unperturbed wave function with the correspond-

ing unperturbed Hamiltonian as the sum of Fock operatorsf̂i. The zero-order MP elec-

tronic energy is the sum of energies of occupied orbitals

E
(0)
0 =

〈

Ψ0

∣
∣
∣
∣
∣

∑

i

f̂i

∣
∣
∣
∣
∣
Ψ0

〉

= 2

N/2
∑

i=1

〈

ψi(1)
∣
∣
∣f̂i

∣
∣
∣ψi(1)

〉

. (2.31)

The perturbation correction to the zero-order unperturbedHamiltonian is the difference

between the true molecular electronic HamiltonianĤele (Eq. 2.6) and the zero-order

HamiltonianĤ0 =
∑

i

f̂i

Ĥ ′ = Ĥele − Ĥ0. (2.32)

The first-order correctionE(1)
0 over the ground state wave function is given by

E
(1)
0 =

〈

Ψ0

∣
∣
∣Ĥ ′

∣
∣
∣Ψ0

〉

. (2.33)

Thus the first-order MP electronic total energy is the Hartree-Fock electronic energy:

EHF = E
(0)
0 + E

(1)
0 . (2.34)

The Hartree-Fock energy is improved by a second-order energy correctionE(2)
0 , for a

closed-shell case it is given as

E
(2)
0 =

∑

i6=0

∣
∣
∣

〈

Ψi

∣
∣
∣Ĥ ′

∣
∣
∣Ψ0

〉∣
∣
∣

2

E
(0)
0 − E

(0)
i

. (2.35)

In the above equation, the indexi runs over all possible Stater determinants other than

the one which corresponds to the ground state Hartree-Fock wave function. For a singly

substituted Slater determinantΨa
i , the integral

〈

Ψa
i

∣
∣
∣Ĥ ′

∣
∣
∣Ψ0

〉

vanishes according to Bril-

louins’s theorem and the first-order correction to the ground state Hartree-Fock wave
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function are doubly substituted determinantsΨab
ij . The eigenvalue of the doubly substi-

tuted wave function differs from the ground state energy by replacing the orbital ener-

gies suitably. Thus the denominator in Eq.2.35will be E(0)
0 −E

(0)
i = εi + εj − εa− εb.

The second-order energy correctionE(2)
0 can be analytically derived by substituting the

expression for the correction Hamiltonian, Eq.2.32and by using Slater-Condon rules

as

E
(2)
0 =

vir∑

a<b

occ∑

i<j

|〈ab|ij〉 − 〈ab|ji〉|2
εi + εj − εa − εb

. (2.36)

The second-order MP electronic total energy can now be takenas:

Eele = EHF + E
(2)
0 . (2.37)

The Møller-Plesset perturbation theory of second-order (MP2) scheme is computation-

ally efficient and provides an improvement over Hartree-Fock results for molecular

properties and it is one of the commonly used methods for including correlation effects

on molecular ground state equilibrium properties.

2.1.6 The Coupled-Cluster Method

The Coupled-Cluster (CC) method is one of the sophisticatedab initio methods. The

ansatz for the CC wave function is

Φ = eT̂ Ψ0. (2.38)

The operator̂T is the cluster operator which can be expanded as

T̂ =

N∑

i=1

T̂i (2.39)

whereT̂n is then-particle excitation operator. Then-particle excitation operator is de-

fined using the substituted Slater determinants as

T̂1Ψ0 =
∑

a

∑

i

tai Ψ
a
i , T̂2Ψ0 =

vir∑

a<b

occ∑

i<j

tab
ij Ψab

ij etc., (2.40)
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wheretyx are numerical coefficients, which in an actual calculation are obtained as the

net result of solving a set of nonlinear equations withtyx as unknowns. The Schrödinger

equation to be solved is

Ĥelee
T̂ Ψ0 = EeT̂ Ψ0. (2.41)

When T̂ = 0 the problem is simplified as an Hartree-Fock approximation and when

only the first three terms are considered in Eq.2.39, one arrives at the coupled-cluster

singles, doubles and triples (CCSDT) method,T̂ = T̂1 + T̂2 + T̂3.

Thus the eigenvalueE in Eq. 2.41 can be expressed as sum of Hartree-Fock elec-

tronic energyEHF and correction terms. An approximation to the CCSDT method is

the CCSD(T) method where the energy contribution due to the triplesT̂3 is calculated as

a perturbative correction to the full CCSD energy. The CC methods converge relatively

quickly in comparison to the full CI results due to the inclusion of the higher-order ex-

citations. The CC methods are size-consistent but not variational. For properties such

as dissociation and fragmentation energies, coupled-cluster theory used in conjunction

with large basis sets is often expected to providechemical accuracy, i.e., ±1 kcal/mol.

The main drawback of the scheme is that it is computationallydemanding. For example

the limiting scaling of a CCSD(T) calculation isO(N7).

2.1.7 Multi-Configuration Self-Consistent Field (MCSCF)

“Single-reference” methods which include correlation through truncated CI or CC ex-

pansions often fail when faced with situations where two or more states approach de-

generacy. Such problems occur in chemical systems, such as those containing tran-

sition metals, and in bond-breaking processes.Staticor Non-dynamic correlationis

connected to the existence of low-lying electronic states which is accounted for by the

multi-configurational self-consistent field (MCSCF) method. The MCSCF wave func-

tion is a truncated CI expansion

ΦMCSCF =
∑

I

cIΨI (2.42)

where {ΨI} is a set of orthonormalConfigurational State Functions(CSFs). A CSF is

a spin-symmetrized and space-symmetrized linear combination of Slater determinants.
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In MCSCF method, both the CI-coefficients (cI ) and the coefficients of MOs are opti-

mized. That is, the energy is minimized with respect to bothcI (as in the CI method),

and orbital coefficients (Cµi). This orbital optimization is done iteratively in an analo-

gous way to the SCF method, hence the namemulti-configuration self consistent field

(MCSCF) is given to this approach. For each set of CI-coefficientscI , LCAO coeffi-

cientsCµi are solved, then for this given set ofCµi CI equations are solved for newcI ,

and this iterative procedure is continued until self-consistency is achieved.

The MCSCF method should give a qualitatively correct description of the electronic

structure provided all the necessary configurations are included in the setΨI which is

the major problem within MCSCF methods. One has to select configurations which are

necessary for the property of interest, and those are included for the construction of the

MCSCF wave function. Often size-consistency problems may arise in the selection of

CSFs.

2.1.8 Complete Active Space Self-Consistent Field (CASSCF )

Here, the whole MO space is partitioned intoactiveand inactivespaces. The active

space is defined usually around the highest occupied molecular orbital (HOMO) and

lowest unoccupied MO (LUMO) from an RHF calculation. The inactive space contains

MOs which are either doubly occupied or empty. A full CI calculation is performed

within the active space. Often the selection of an active space is rather difficult, and done

manually by considering the problem of interest. If the chosen active space coincides

with the true valence space, then CASSCF wave function can correctly describe all the

dissociation pathways. The common notation [n,m]-CASSCF describes the distribution

of n electrons in all possible ways intom orbitals. The factorial increase in the number

of the CSFs limits the expansion of active space to 10-12 electrons/orbitals. CASSCF

is size-consistent.

2.1.9 Multi-Reference Configuration Interaction (MRCI)

The CASSCF method focuses on a few active electrons in activeorbitals chosen to

give multiple configurations describing the required electronic state. For reliable en-

ergy differences between excited states, one must go beyondthe CASSCF level and

includedynamic correlationbetween the active and inactive electrons. There are three
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approaches to include dynamic correlation based on the CASSCF method, similar to

the single-reference methods based on the HF method: Multi-Reference (MR) Config-

uration Interaction (CI), coupled-cluster (CC) methods, and perturbation theory (PT).

The most popular of the three above mentioned methods is the Multi-Reference Con-

figuration Interaction (MRCI) method. In the MRCI scheme, anMCSCF wave function

is used as the starting point. This method is very useful in constructing potential energy

surfaces of small molecules.

2.1.10 Local Correlation Methods

Conventional electron correlation methods employ a basis of canonical molecular or-

bitals which are generally delocalized over the whole system. However local electron

correlation methods can make use of the locality of the correlation hole. A localized de-

scription of the electron correlation has been used for a long time. The construction of

the local molecular orbital basis and configuration spaces follows one of the most suc-

cessful and convincing approaches proposed by Pulay and Saebø [26]. The procedure

consists of the following details.

• Localized molecular orbitals (LMOs) are represented by linear combination ofN

basis functionsφµ.

|ψLMO
i > =

∑

µ

|φµ > Lµi

=
∑

k

|ψcan
i > Uki (2.43)

LMOs are related to the canonical orbitals by means of an unitary transformation

U. The transformation can be done using Pipek and Mezey localization algorithm

[27] which minimizes the number of atoms at which the orbitals are located.

• The virtual orbitals are obtained by projecting out the occupied space from the

AOs and are called projected atomic orbitals (PAOs) {φ̃r}

|φ̃r >=

(

1−
∑

i

|ψLMO
i >< ψLMO

i |
)

|φr >=
∑

µ

|φµ > Pµr. (2.44)

The projection matrixP is computed as

P = 1− LL†S. (2.45)
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• The occupied orbitals are orthogonal to each other.

• The PAOs are orthogonal to all occupied orbitals, but mutually non-orthogonal.

There are two sources of significant savings of CPU time in local correlation methods

employing the following two approximations.

1. Domain approximation: To describe the electron correlation, the virtual space

can be restricted for a given electron pair to a smaller subset (domain) of the

atomic orbitals (AOs). The correlation space for a|ψLMO
i > should include the

AOs located in the spatial vicinity of the MO.

2. Pair approximation: In the localized description, the pair correlation between

the distant orbitals is very small. Therefore depending on the problem in hand,

thosedistant pairscan be neglected or treated at the lower level of theory.

2.1.11 Density Functional Theory

Density Functional Theory (DFT) does not aim at calculatingthe electron ground state

wave function, but to determine the three dimensional ground-state electron density

ρ(~r). The theoretical foundation for this approach is the first Hohenberg-Kohn theorem

which states that twoN-electron systems with different external potentials can not have

the same densityρ(~r). The electronic ground state densityρ(~r) yields the external

potential up to a constant, and thus determines the entire Hamiltonian of the many-

electron Schrödinger equation. DFT in principle provides an exact solution of the many-

electron problem.

The total electronic energy of the system and all its contributions are functionals of

the ground-state electron densityE [ρ(~r)]. Unfortunately, no explicit expression for the

total electronic energy in the functional form is known and it can only be formulated

by approximate analytic expressions. The second Hohenberg-Kohn theorem provides

a variational principle w.r.t. the density. Variation of the total energyE [ρ̃(~r)] w.r.t. a

positive definite trial densitỹρ(~r) that integrates to the correct total number of electrons

yields the ground state densityρ(~r) at the energy minimum.

The implementation of DFT is almost exclusively done on the basis of the Kohn-Sham

(KS) approach. In this scheme, the ground state of the non-interacting Hamiltonian
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is introduced as a model system which is required to exhibit the same ground-state

electron density as the true system. The model system is described by a wave function

in the form of a Slater determinant. The density is expressedas the sum over the squares

of the occupied one-electron orbitals,ψi

ρ(~r) =
occ∑

i

ψ∗
i ψi. (2.46)

In the KS formulation, the DFT expression for the total energy is written as the sum of

non-interacting electronic kinetic energyEKS,kin [ρ(~r)], the potential energyEExt [ρ(~r)]

of all the electrons in the external potential of the nuclei,the Coloumb interaction energy

ECoul [ρ(~r)] and the non-classical term, the exchange and correlation interaction energy

EXC [ρ(~r)]:

E [ρ(~r)] = EKS,kin [ρ(~r)] + EExt [ρ(~r)] + ECoul [ρ(~r)] + EXC [ρ(~r)] . (2.47)

While the first three terms on the r.h.s. of Eq.2.47are identical to the corresponding

terms involved in the Hartree-Fock scheme, the exact form ofthe last termEXC [ρ(~r)]

is not known, and it can only be defined as the sum of all non-classical contributions to

the electron-electron interaction and the difference between the true kinetic energy and

the non-interacting kinetic energy:

EXC [ρ(~r)] ≡ Eee [ρ(~r)]− ECoul [ρ(~r)] + ETrue,kin [ρ(~r)]− EKS,kin [ρ(~r)] . (2.48)

To solve the Schrödinger equation as a linear variational problem, one derives the single-

particle KS equation:

ĥKSψi = εiψi (2.49)

with the one-electron KS operator

ĥKS ≡ ĥKin + ĥExt + ĥCoul + ĥXC (2.50)

In the above equation, the exchange-correlation contribution is obtained as the deriva-

tive of exchange-correlation energy functional w.r.t.ρ(~r). Different levels of approxi-

mations within the DFT framework differ solely in their approximations to the exchange-

correlation termEXC [ρ(~r)]. Approximate expressions for the exchange-correlation
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term which depends only onρ are collectively calledLocal Density Approximation

(LDA). The LDA exchange and correlation energy is defined as

ELDA
XC [ρ(~r)] ≡

∫

d~rρ(~r)µXC [ρ(~r)] (2.51)

whereµXC [ρ(~r)] is the exchange-correlation energy per electron of the uniform elec-

tron gas. In more sophisticated approximations, formulated as Generalized Gradient

Approximations (GGA), the exchange-correlation functional depends not only on the

densityρ, but also on its gradient∇ρ, such functionals give a substantial improvement

over LDA.

EGGA
XC [ρ(~r)] ≡

∫

d~rf (ρ(~r),∇ρ(~r)) (2.52)

EGGA
XC is usually split into exchange and correlation parts, whichare modeled separately:

EGGA
XC = EGGA

X + EGGA
C (2.53)

One of the commonly used gradient-corrected exchange-correlation energy functionals

is BP86 [28–32] which includes B88 and P86 as the gradient-corrected exchange and

correlation functionals, respectively.

EBP86
XC = ES

X + ∆EB88
X + E

VWN(V)
C + ∆EP86

C (2.54)

Even better approximations exist in the hierarchy. One suchgroup of functionals is

called hybrid-XC functionals, where a fraction of exact exchange energy as derived

in Hartree-Fock scheme is included. A popular and successful hybrid functional goes

under the name B3LYP where the 3 indicates that the functional depends on three-

parameters:

EB3LYP
XC = (1−a0)E

LSDA
X +a0E

HF
X +aX∆EB88

X +aCE
LYP
C +(1−aC)EVWN

C .(2.55)

In the above expression [33], the parameter valuesa0 = 0.20, aX = 0.72 andaC = 0.81

were chosen to give good fits to experimental molecular atomization energies.
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In Kohn-Sham DFT, the local exchange-correlation potential operator has a complicated

analytic form and usually the integration of the matrix elements of this potential is per-

formed by numerical integration based on grids. Evaluationof the exchange-correlation

contribution to the total energy density functional is doneby summing the contributions

over grid points. The computational effort required for evaluation of the exchange-

correlation contributions strongly depends on the selected grid size,i.e., the number of

integration points per atom.

A DFT method requires a suitable selection for the exchange and correlation energies.

In the recent years, progress continues to devise new functionals which explain different

molecular properties with satisfactory performance. In general, it is found that GGA

methods often give geometries and vibrational frequenciesfor stable molecules of the

same or better quality than MP2 at a computational cost similar to HF [3]. For systems

with multi-reference character, where MP2 usually fails badly, DFT methods are often

found to generate results of a quality comparable to that obtained with coupled-cluster

methods [3].

2.2 Classical Force Fields

Quantum mechanical methods deal with calculating the electronic energy for a given

nuclear configuration. In force field methods which are basedon classical mechanics,

the electronic motion is ignored and the electronic energy is parameterized to experi-

mental or high-level computational data. Molecular mechanics (MM) is thus invariably

used to study systems with large number of atoms. In some cases with proper param-

eterization, molecular mechanics can be as accurate as eventhe highest-level quantum

mechanical calculation using a significantly lower CPU time. However, molecular me-

chanics cannot, of course, calculate properties which depend on the electron distribution

in a molecule.

Nevertheless, molecular mechanics works at all because of some assumptions and their

validity. Molecular mechanics is based upon rather simple model interactions within a

system, and those contributions of processes such as stretching of bonds, the opening

and closing of angles and rotation about single bonds. Simple functions (Hooke’s law)

are used to model such contributions. Transferability is a key attribute of a force field,

a set of parameters which are developed and tested for a particular set of molecules,

should be applicable to a wider range.
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2.2.1 Potential Form

A force field is generally designed to predict certain properties and parameterized ac-

cordingly. There are several force field potential functions available. Energetics as-

sociated with the deviation of bond lengths and bond angles from their referenceor

equilibriumvalues can be described by a function that tells how the energy changes as

bonds are rotated. Another function should describe the interaction between the non-

bonded part of the system. One general functional form for such a force field consisting

of short-distance bonding forces and long-distance non-bonded interactions is:

V (rN) =
∑

bonds

ki

2
(li − li,0)2 +

∑

angles

ki

2
(θi − θi,0)

2 +
∑

torsions

Vn

2
(1 + cos(nω − λ))

+

N∑

i=1

N∑

j=i+1

(

4ǫij

[(
σij

rij

)12

−
(
σij

rij

)6
]

+
qiqj
rij

)

(2.56)

V(rN ) denotes the potential energy, which is a function of the positions (r ) of N par-

ticles. The various contributions are schematically represented in Fig.2.1. The first

term in Eq. (2.56) refers to a harmonic potential which models the interaction between

pairs of atoms, and describes the deviation in bond lengthli from the reference value

li,0. The second term, again modelled using a harmonic potentialis a summation over

all valence angles1 in a molecule. The third term (aperiodicpotential) models the tor-

sional motions. The fourth contribution in Eq. (2.56) is the non-bonded interaction

term, calculated between all pairs of atoms (i and j) that are in different molecules or

in the same molecule but separated by at least three bonds (i.e., have a 1,n relationship

wheren ≥4). In a simple force field non-bonded interactions are usually modelled by

Coulomb potential for electrostatic interaction and a Lennard-Jones potential for van

der Waals interactions.

2.2.2 GULP

One of the most commonly used force fields for ionic solids is GULP (general utility

lattice program) which has different functional forms depending on whether they should

describe short-distance bonding forces or long-distance non-bonding interactions.

1A valence angle is formed between three atoms A−B−C in which A and C both are bonded to B.
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FIGURE 2.1: Schematic representation of the four main contributions to a molecular
mechanics force field, adapted from Ref. [33].

Empirical interatomic potentials with particular regard to ionic materials [34] are im-

plemented in the GULP [35] program. The basic form for the potential describing the

interaction of a pair of ions is given below:

Vij =
qiqj
rij

+ Aijexp

(

−rij

ρij

)

− Cij

r6
ij

︸ ︷︷ ︸

Buckingham potential

. (2.57)

Here,i andj refer to the interacting ions,qi andqj to their charges, andAij, ρij andCij

are short-range potential parameters. The first term is the Coulomb interaction term.

The second one represents the ‘short-range’ Pauli repulsion between two approaching,

atomic-centered electron clouds at short distances. The third term describes the disper-

sive interaction at long distances. The second and third terms together take the form

of the Buckingham potential. However, the Buckingham potential has the rather un-

physical property of being negatively infinite at zero separation; so the barrier must

be sufficiently large that this region is inaccessible, particularly in molecular dynam-

ics [34]. To overcome this, several variations of the Buckingham potential have been

postulated.

Ionic polarizability can be incorporated by using the shellmodel potential of Dick and

Overhauser [36]. It is an ion pair potential which describes the ions (oftenanions only)

by a pair of point charges, the positive core, and the negative, massless shell coupled by

a harmonic force:

V(core−shell) =
1

2
kcsr

2 (2.58)
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For tetrahedrally coordinated partial covalent materialssuch as zeolites, the so-called

three-body interaction term is included [37, 38].

V(3−body) =
1

2

∑

i

∑

jl

kb
i (θijl − θ0)2 (2.59)

The indicesj and l run over the shells of all oxygen atoms which are bonded to theT

(Si or Al) atomi. The reference angleθ0 is 109.47◦ [38].

Therefore the full potential expression is as follows:

V = Vij + V(core−shell) + V(3−body) (2.60)

2.3 Combined Quantum Mechanics and Molecular

Mechanics Methods

Understanding the detailed mechanism (elementary steps) of a chemical reaction is one

of the fundamental applications of quantum mechanics. Conformational changes of a

complex molecular system can be studied by using empirical potential functions based

on ‘classical’ contributions of bond stretching, bond angle bending, bond twisting, non-

bonded interactions, etc.. However, it is generally inappropriate for the description of

processes involving bond-making or bond-breaking,i.e., chemical reactions. To model

such processes adequately, quantum mechanical methods arerequired. Nevertheless,

the region of space within which significant changes in electronic structure occur during

the course of a reaction is often relatively small compared to the size of the reacting

system as a whole. For example, a very large enzyme may convert one molecule to

another in a relatively small volume of space (active site).The rest of the enzyme may

be important for maintaining the structure, recognizing co-enzymes, folding, etc., but

not responsible to exert any quantum mechanical influence onthe catalytic active site.

However, the size of complex systems of interest limits the use of quantum mechanical

methods. Therefore, it is necessary to simplify the problem. Thus, from a model-

ing perspective, we may construct the situation as described in Fig. 2.2 resulting in a

combined quantum mechanical (QM) and molecular mechanical(MM) model which is

widely used to overcome this limitation. In a QM/MM scheme, the system is divided
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FIGURE 2.2: A simple QM/MM partitioning of a large system.

into two parts− the active site, that makes use of the quantum mechanical tools to ac-

curately model an electronic-structure problem, and the surrounding region, modelled

by a force field within the approximation that environmentaleffects are included in the

chemical process.

The complete Hamiltonian for the system must be some kind of hybrid of QM and MM

methodologies, defining a so-called QM/MM technique, written in a disarmingly simple

fashion

Hcomplete = HQM +HMM +HQM/MM (2.61)

whereHQM accounts for the full interaction energy of all quantum mechanical particles

with each other,HMM accounts for the full interaction energy of all classical particles

with each other, andHQM/MM accounts for the energy of all interactions between the

quantum mechanical particles and the classical particles.The first two terms of Eq.

(2.61) are already discussed in preceding sections, the last termis in the heart of the

hybrid QM/MM methods.

The coupling HamiltonianHQM/MM is described as a sum of electrostatic and other

non-bonded interactions, and can be written as follows:

HQM/MM = −
QM

electrons∑

i

MM
atoms∑

m

qm
rim

+

QM
nuclei∑

k

MM
atoms∑

m

[
Zkqm
rkm

+ 4ǫkm

(
σ12

km

r12
km

− σ6
km

r6
km

)]

(2.62)
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Taking the expectation value ofHcomplete in Eq. (2.61):

〈Ψ|Hcomplete|Ψ〉 = 〈Ψ|HQM|Ψ〉+ 〈Ψ|HMM|Ψ〉+ 〈Ψ|HQM/MM|Ψ〉

=

〈

Ψ

∣
∣
∣
∣
∣

N∑

i

−1

2
∇2

i −
N∑

i

K∑

k

Zk

rik
+
∑

i<j

1

rij
+
∑

k<l

ZkZl

rkl

∣
∣
∣
∣
∣
Ψ

〉

+ 〈Ψ|Ψ〉HMM −
〈

Ψ

∣
∣
∣
∣
∣

N∑

i

M∑

m

qm
rim

∣
∣
∣
∣
∣
Ψ

〉

+ 〈Ψ|Ψ〉
K∑

k

M∑

m

[
Zkqm
rkm

+ 4ǫkm

(
σ12

km

r12
km

− σ6
km

r6
km

)]

=

〈

Ψ

∣
∣
∣
∣
∣

N∑

i

−1

2
∇2

i −
N∑

i

K∑

k

Zk

rik
+
∑

i<j

1

rij
+
∑

k<l

ZkZl

rkl

︸ ︷︷ ︸

free QM system

−
N∑

i

M∑

m

qm
rim

︸ ︷︷ ︸

QM/MM

∣
∣
∣
∣
∣
Ψ

〉

+HMM +

K∑

k

M∑

m

[
Zkqm
rkm

+ 4ǫkm

(
σ12

km

r12
km

− σ6
km

r6
km

)]

(2.63)

wherei andj run overN electrons in the QM region,k andl run overK nuclei in the QM

fragment, andm runs over theM molecular mechanics atoms. The second equality in

Eq. (2.63) simply expands the QM Hamiltonian into its individual components and uses

Eq. (2.62) to expand the QM/MM Hamiltonian. Following terms are independent of

electronic coordinates:HMM, the QM-nuclei/MM-atom electrostatic interactions, and

the LJ interactions which can be taken outside of expectation value integrals. The third

equality simply collects the components together in a convenient fashion.

Note that, among the electronic coordinates dependent operators in Eq. (2.63), the only

operator involving the charges of the MM atoms would not be present in the isolated QM

system. In operator formalism, these atoms behave exactly as QM nuclei do, except that

they bear partial atomic charges instead of atomic-number-based charges. As such, they

enter into the standard Fock operator like nuclear charges,i.e., as part of the one-electron

operator. Elements of the QM/MM Fock matrix that minimize the energy computed

from Eq. (2.63) are thus calculated as:
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Fµν =

〈

µ

∣
∣
∣
∣
−1

2
∇2

i

∣
∣
∣
∣
ν

〉

−
QM

nuclei∑

k

Zk

〈

µ

∣
∣
∣
∣

1

rk

∣
∣
∣
∣
ν

〉

−
MM

atoms∑

k

qm

〈

µ

∣
∣
∣
∣

1

rm

∣
∣
∣
∣
ν

〉

+
∑

λσ

Pλσ

[

(µν|λσ)− 1

2
(µλ|νσ)

]

(2.64)

where only the third term in the r.h.s. of Eq.2.64 differs from the original QM ex-

pression. The third term involves the computation ofM one-electron integrals and this

term accounts for polarization of the QM region due to the MM charges. This type

of QM/MM modeling scheme is known aselectrostatic embeddingtaking care of Po-

larized QM/Unpolarized MM. The bottleneck in HF theory is incomputing the two-

electron integrals. The actual increment in computation time required for the QM/MM

calculation compared to the conventional QM calculation for the same fragment is neg-

ligible.

Allowing the QM system to be polarized by the MM charges, and at the same time

accounting for polarization of the molecules comprising the MM system (MM polar-

ization), i.e., each MM molecule or atom is polarizable, such approach is called fully

polarizable QM/MM scheme. In this scheme, evaluation of allof the terms must pro-

ceed iteratively until self-consistency is reached. Therefore, it is computationally de-

manding and used rarely. The first QM/MM approach described by Warshel and Levitt

[39] gave such a formalism which is some sort of fully polarizable QM/MM scheme.

So far, the discussed QM/MM procedure refers to one side of a spectrum, calledadditive

embeddingscheme named because of its additive nature of formulation in Eq.2.61, and

the other side defines thesubtractive embeddingscheme. In this philosophy, the energy

of a whole system can be expressed as a linear combination of model compounds of

different sizes and at different levels of theory. In the most general form

Ecomplete = Esmall
QM +

(

Elarge
MM − Esmall

MM

)

(2.65)

largerefers to the complete molecule, treated at the MM level of theory,smallrepresents

the ‘core’ part whose electronic structure is of primary interest, and it is computed at

both QM and MM levels. The primary motivations of this embedding scheme are,

• clearly the simplest method, since every energy computation is to be carried out

completely independent of the others.
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• all the important quantum effects are captured into the small system and the long-

range interactions are well captured as an ‘embedding energy’, i.e., the difference

between the MM energy of the small system and the large system.

2.3.1 QM-Pot

I have used a program called “QM-Pot” which makes use of the hybrid QM/MM method.

Here the site of interest of a system is computed by a quantum mechanical (QM) method

and the embedding environment is described by an empirical potential function (Pot).

The QM-Pot program applies thesubtractive embeddingscheme which proved to be

successful in describing the structures for silica polymorphs, and the interaction of

extraframework molecules with it [38, 40–43]. Both the environment and the active

site are completely relaxed. Therefore, it can accommodatethe framework distortions

caused by the adsorbate-adsorbent interactions.

• In the embedding scheme of the QM-Pot model (cf. AppendixB.2 for imple-

mentation details) the system (S) is divided into two regions : (i) inner region (I)

which is the active site treated at the QM level, (ii ) outer region (O) includes the

rest of the periodic system which is described using a polarizable ion-pair-shell

model potential. S = I + O

• Partitioning of the whole system creates dangling bonds which are saturated by

H atoms (link atoms L). The inner part along with the terminating L atoms form

the cluster (C): C = I + L.

• The QM-Pot energy is expressed in a subtractive scheme as follows:

E(S) = E(C)QM + E(S)Pot − E(C)Pot + ∆ (2.66)

with,

∆ = −EQM(L)−EQM(I − L) + EPot(L) + EPot(I − L). (2.67)

In the above equation,EQM(I − L) andEPot(I − L) are the QM and potential

function interaction energies between the inner part and link atoms. If the analyt-

ical potential function mimics the QM energy contribution connected to the link
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region ideally, then the influence of the link atoms can be neglected. With∆ = 0,

the Eq.2.66becomes,

E(S) = E(C)QM + E(S)Pot − E(C)Pot (2.68)

• This scheme substantially depends on the potential function used for MM calcula-

tion. The parameterization of the potential function couldbe performed by quan-

tum mechanical calculations. To maintain consistency, theQM level of theory

used for the parameterization should be employed for the embedding calculation

also.

• Note that, from Eq.2.66, the double counting of the contribution from MM po-

tential and QM energy of the inner part is eliminated, and theinfluence of the L

atoms which are not part of the real system is eliminated as well.

• Polarization of the QM wave function by the charge distribution of the outer part

is not included. Thefree gas-phasecluster is different from theembeddedcluster,

in a way that the structural changes take place when it is embedded with the outer

part ,i.e., the relaxation of the nuclei on interaction is constrainedwhen cluster is

a part of the solid lattice.
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Zeolites

Voids with molecular dimensions can manipulate, separate,arrange, and activate molec-

ules. In a porous solid, the shape and size of voids control these processes, while the

chemical identity of functionals and reactive sites control sorptive selectivity and cat-

alytic reactivity. The ordered arrays of atoms lining the pore walls can be thought of

as designating a surface internal rather than external to the solid. The best established

examples of porous materials with these functions are aluminosilicate zeolites [44].

3.1 Structure and Functionality

What are zeolites?Zeolites are abundant in nature and were discovered by the Swedish

mineralogist Cronstedt in 1756 [45]. He observed that a new class of minerals released

water while heated rapidly and appeared to boil. Therefore Cronstedt called them “ze-

olite” originating from two Greek words “zeo” and “lithos” meaning “to boil” and “a

stone”.

Zeolites are three-dimensional, crystalline, microporous solid materials with orderly-

defined structures consisting of Al, Si, O atoms in their regular framework, with the

following formula:

Mx/n[(AlO 2)x(SiO2)y]·zH2O

M is an exchangeable cation with valencyn. Cations and water molecules are located

inside the pores. Si and Al atoms (known as T atoms) are tetrahedrally coordinated with

each other through O atoms to form a three-dimensional network (Fig. 3.1). These TO4

35
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tetrahedral units (called primary building units) are linked and form polyhedral units

which are further linked and build up the entire framework ofa zeolite. Different zeolite

frameworks may consist of finite or infinite,i.e., chain- or layer-like polyhedral units.

Although zeolites are naturally available, synthetic zeolites are scientifically as well as

industrially interesting because of their immense applicability to chemical processes.

FIGURE 3.1: A simple aluminosilicate chain.

What properties do zeolites make so special?The question arises, what makes a ze-

olite so special as compared to other crystalline inorganicoxide materials? The answer

lies in combination of several properties of zeolites:

• microporous character with uniform pore dimensions,

• shape-selectivity,

• ion-exchange properties,

• ability to develop internal acidity,

• high thermal stability.

Microporous character with uniform pore dimensions: The situation is quite dif-

ferent in zeolites than in non-porous inorganic oxide solids where a small fraction of

metal-oxygen atoms in the bulk is exposed. In zeolites, all atoms of the internal micro-

pore surface are accessible. Further, the internal surfaceof the zeolite is intrinsically

more rigid because the zeolite structure is built up by aluminosilicate tetrahedra, and

consequently the pores are formed by corner-connected tetrahedra.

Shape-selectivity:The shape-selectivity as the phrase says, is a delicate matching of

size and shape of the reactant, transition state, and product molecules with the size and

shape of the pores of the crystalline zeolites. The reactantselectivity allows certain

sized (or shaped) molecules to enter into the pore volume of the zeolite, while the prod-

uct selectivity typically controls diffusion of the reaction products from the confined

space of the zeolite pore. The transition state selectivityexcludes formation of several
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possible configurations, and the most appropriate one is formed depending on the spa-

tial configuration around a transition state located insidea pore of zeolite. All these

properties together influence the rate of a chemical reaction.

Ion-exchange properties:Ion exchange is an intrinsic property of most zeolites, which

is reversible as well. This ability arises as a consequence of an isomorphous replace-

ment of a tetravalent framework cation (i.e., silicon) by a cation of lower charge (nor-

mally aluminum). This imposes a net negative charge on the framework (Si4+→ Al 3+)

neutralized by cations held within the cavities and channels. These cations can be any

metal cations, or alkylammonium cations, and it is the widest variety in nature, and the

extent of cation-exchange which may occur in zeolites that provides the richness of its

chemistry.

Ability to develop internal acidity:

(a) (b) (c) (d)

Si OH Al OH AlSi

FIGURE 3.2: Schematic representation of different types of hydroxyl groups and acid
sites in zeolites. (a) Brønsted acid site; (b), (c) Terminalacid sites (silanol groups, OH
gr. at extra-framework aluminum species; (d) Lewis acid sites.

As each Al atom introduces one negative charge, a metal cation (univalent/divalent) or

a hydroxyl proton forms a weak Lewis acid site or a strong Brønsted acid site, respec-

tively. Brønsted acid sites,i.e., as proton donors, are located at oxygen bridges connect-

ing a tetrahedrally coordinated silicon and aluminum cation on aluminosilicate frame-

work positions (Fig.3.2, (a)). These OH groups are commonly referred to as structural

or bridging OH groups (Si−OH−Al). The aluminum site distribution is considered to

be the primary factor controlling the acid strength of SiOHAl groups [46]. The key rea-

son is the lower electronegativity of aluminum atoms in comparison to silicon atoms.

Next nearest neighbors (NNNs) concept can be illustrated byFig. 3.3. According to

the NNN concept, the acid strength of SiOHAl groups in aluminosilicate-type zeolites

is affected by the number of framework aluminum atoms on NNN positions. Upon dea-

lumination, on one hand the total acidity of zeolites decreases, on the other hand the

strength of the acid sites associated with the remaining aluminum atoms increases in

order 3-NNN< 2-NNN< 1-NNN< 0-NNN [47]. See Fig.3.3.
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FIGURE 3.3: Next nearest neighbour (NNN) concept.

High thermal stability: Silica-rich zeolite materials often exhibit high thermal and

hydrothermal stabilities which allow their use as catalysts at high temperatures, and

their oxidative regeneration even in the presence of steam.

3.1.1 Application

There are several applications where the ion-exchange properties of zeolites are directly

exploited. These include:

− as water softeners (or “builders”) in detergents

− in waste water treatment (including municipal, industrial, agricultural waste water)

− in radioactive waste treatment

The prime catalytic applications are in petrochemical processes especially in fluid cat-

alytic cracking (FCC) process. Zeolites are used as drying agent, as desiccant in gas

purification, in separation process. See Table3.1, which relates a particular property

with its application.

3.2 Catalysis

As shown in Fig.3.4, catalysis is not the largest market segment of the application of

zeolites, but for synthetic zeolites the highest market value lies in catalytic purposes

[48]. The FAU-type zeolite covers more than 95% of the catalysismarket [49, 50]. In
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TABLE 3.1: Properties and applications of zeolites.

Property Natural zeolites Synthetic zeolites
Adsorbing agent Drying of gases and fluids
Catalyst Cracking processes,

synthesis of fine chemicals
Filler Pozzolan cement

Paper additive
Soil improvement
Cat litter

Ion exchanger Sewage treatment Detergent builder

petrochemical processing, zeolites (mainly zeolite Y) areused as catalysts for Fluid Cat-

alytic Cracking (FCC process), a process which transforms long-chain alkanes (heavy

oil) into shorter ones (petrol), and to enhance the octane number of the petrol by pro-

ducing branched species.

FIGURE 3.4: Estimated annual zeolite consumption (wt% of total 1.8million met-
ric ton) by the major individual applications, excluding China’s annual> 2.4 million
metric tons of natural zeolite consumption [48].

3.3 Faujasite Zeolite

Faujasite zeolite is categorized as a frameworktypecalledFAU by the Structure Com-

mission of the International Zeolite Association (http://www.iza-structure.org/) accord-

ing to rules set up by an IUPAC Commission on Zeolite Nomenclature published in the

Atlas of Zeolite Framework Types[51] and in the internet at

http://www.iza-structure.org/databases/.

Early history: Faujasite zeolite was named in honor of the French geologistBarthelemy

Faujas de Saint-Fond in 1842. The zeolite X and Y are isomorphs or isostructural with

http://www.iza-structure.org/
http://www.iza-structure.org/databases/
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the naturally occurring mineral faujasite. The founding father of synthetic zeolites, Dr.

Robert M. Milton had synthesized zeolite X in high purity by 1950, and in 1954, he

discovered zeolite Y together with Dr. Donald W. Breck [52, 53]. The removal/dea-

lumination of framework aluminum leads to “ultrastableY” zeolite which is thermally

and hydrothermally stable, thus making it almost the prime commercial hydrocracking

catalyst. Starting from 1960s, several methods have been developed to prepare highly

siliceous faujasite structures [54], but it is important to understand that dealumination

of framework aluminum results in a decrease of the number of acid sites, and thus effec-

tively show low catalytic activity in cracking reactions. Therefore, to prepare a optimum

catalyst, a compromise must be reached between high thermalstability and sufficient

acid sites to maintain activity. Selectivity is highly important commercially, regardless

of the methods used. For the past four decades, transition metal ion exchanged zeo-

lites have attracted great interest. Cu−exchanged Y zeolites are investigated in terms of

their structural aspects, and catalytic activities [55–60]. Several chemical reactions have

been studied in order to know the catalytic behavior, and optimized for their potential

environmental applications. The removal reaction of undesired NO as byproduct from

chemical plant exhaust gases always holds the attention. Numerous studies have been

reported on interaction of NO with CuY zeolite, and on the transformation of NO into

N2, O2 with or without reductants [61–67].

Chemical composition and framework structure: The unit cells of faujasite and zeo-

lites X and Y are cubic,a0 ∼ 25 Å, and each of them contains 192 silicon- or aluminum-

centered oxygen tetrahedra which are linked through sharedoxygen atoms. Because of

the presence of net negative charge on each of the aluminum-centered tetrahedra, each

unit cell contains an equivalent number of charge-balancing cations (H+, Na+, Cu+, etc

. . . ). These are exclusively Na+ ions in zeolites X and Y in their synthesised form, and

a complex distribution of several cations such as sodium, potassium, magnesium, and

calcium in naturally-occurring faujasite. Typical cell compositions for the three zeolites

in the hydrated form are:

faujasite : (Na2, K2, Ca, Mg)29.5[(AlO 2)59(SiO2)133],(H2O)235

X zeolite : Na86[(AlO 2)86(SiO2)106],(H2O)264

Y zeolite : Na56[(AlO 2)56(SiO2)136],(H2O)250

Zeolites X and Y are conventionally distinguished on the basis of the relative number

of silicon and aluminum atoms, and the consequent effects onstructural properties and

related chemical and physical properties. The aluminum atoms in the unit cell of zeolite
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X vary from 96 to 77 giving a Si : Al ratio between 1 and 1.5, whereas for zeolite Y

they vary from 76 to 48 giving a Si : Al ratio between 1.5 and 3.0[68]. The primary

building units are the TO4 tetrahedra, where T is any tetrahedrally coordinated cation,

and the secondary building units are sodalite cages (orβ-cage) and double 6-rings (or

hexagonal prism) (Fig.3.5). Sodalite cages are connected via double 6-rings and form

the so-called supercage (orα-cage) with four tetrahedrally oriented 12-ring pore open-

ings. A 12-ring has a diameter or pore width of 7.4 Å. Theα- andβ-cages together

create∼ 50% void volume of the dehydrated X and Y zeolite.

FIGURE 3.5: Structure of Y zeolite (faujasite) consisting of sodalite cages and hexag-
onal prisms forming the supercage.

Cation position: Zeolite Y has three dimensional periodic crystalline structure, and

cations are distributed at variety of crystallographic positions. Crystallographic studies

have presented at least 6 potential positions for Cu [68–71]. According to the nomen-

clature of Smith [71], cations are mainly located at site I, I′, II, II ′, III (Fig. 3.6). The

cation sites are:

Site I at the center of an hexagonal prism;

Site I′ in the β-cage adjacent to an hexagonal face shared by a sodalite unitand an

hexagonal prism;
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Site II in theα-cage adjacent to an unshared hexagonal face of a sodalite unit;

Site II′ in theβ-cage adjacent to an unshared hexagonal face of a sodalite unit;

Site II∗ as II, but displaced further into theα-cage;

Site III in theα-cage adjacent to a four-membered ring of a sodalite unit

O
O

O

O

O

FIGURE 3.6: Copper sites (black balls) in Y zeolite: vertices are occupied by T (Si/Al)
atoms; the light and dark grey balls represent T atoms and crystallographic oxygen
positions (O1, O2, O3, O4), respectively.

Cations located at site I are octahedrally coordinated by 6 framework oxygens, be-

cause of that highly populated by cations. Therefore those are practically inaccessible

for guest molecules. Site I′ cations are tri-coordinated (three oxygens of the base of

the prism). They are accessible only to molecules which can penetrate through a 6-

membered ring from the supercage into the sodalite cage. CO and N2 molecules [72]

cannot penetrate, although H2 [73] can do that.

Sites II and II′ are coordinated to three framework oxygens. The simultaneous occupa-

tion of adjacent I, I′ sites and II, II′ sites is forbidden, because of Coulombic repulsion.

Palomino et al. [74] reports that site III is occupied by Cu only at low Si/Al ratios (X

zeolite). Maxwell and Boer [70] describes Cu at sites I, I′, II, II ′, III in dehydrated Y

zeolite, on the other hand in the hydrated form only the copper ions at site I′ have been

located with certainty. They also report that site III cations are favorably located for the
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interaction with the adsorbate molecules. In the dehydrated form, the relatively strong

Cu(II) binding to the zeolite framework causes a large framework deviation particularly

lengthening of the Si(A1)−O bonds.

3.3.1 Characterization Techniques for Zeolites

Characterization of zeolite materials are aimed at elucidating the exact structure, in par-

ticular the location, coordination, and valence states of transition metal ions which are

thought to be the active species. Such information are of high importance, as they help

to modify or develop sorbents, catalysts. Several authors have published articles on

spectroscopic studies of Cu(II) and Cu(I) locations in Y zeolite, such as X-ray diffrac-

tion (XRD), electron paramagnetic resonance (EPR), and infrared spectroscopy (IR)

[69, 70, 74–76].

Individual analysis techniques probe particular aspects of a zeolite material. Therefore,

for an overall characterization of a zeolite, a combinationof experimental as well as

theoretical methods is highly required.

Before going into infrared spectroscopy in detail, just a brief overview should be given

as, how some of the most important experimental techniques have been applied to fur-

nish information about the 3-dimensional crystal structure of zeolite. Table3.2shows a

brief outline of some characterization techniques, and their usage in zeolites.

X-ray diffraction (XRD): X-ray diffraction experiments are the most widely used

methods for analyzing long-range ordered structures of crystalline zeolite materials.

They yield precise information about structural details atthe atomic level, including the

locations of the exchangeable cations. The minimum set of information one can get

from diffraction experiments is:unit cell size,space group(gives information about

lattice type and thesymmetry), and a list of relevant atomic coordinates. One limitation

of XRD in structure determination of Y zeolite is that there is no distinction between Si

and Al atoms. As a result, the symmetry is overestimated and structures show equivalent

Si−O and Al−O bond lengths as well as O−Si−O and O−Al−O angles.

X-ray absorption spectroscopy (XAS):The chemical composition of Cu(I)/Cu(II) can

be obtained by XAS. In addition, the EXAFS (Extended X-ray Fine Absorption Spec-

troscopy), the XANES (X-ray Absorption Near-Edge Structure) techniques have also

been used to characterize the local environment and bond distances, oxidation states of

Cu, and the extent of disorderness present in the vicinity ofCu. Palomino et al. [74]
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TABLE 3.2: A brief outline of characterization techniques

Technique Abbreviation Structure Pore size Chemical Functional
composition groups

X-ray XRD
diffraction • •

X-ray XAS
absorption • •
spectroscopy
Infrared IR
spectroscopy • •

Nuclear NMR
magnetic • • •
resonance
Electron EPR
paramagnetic •
resonance

observed Cu(I)−O bond distance of∼ 2.02 Å and Cu(I) has around three-fold (2.8− 3)

coordination in Cu(I)−Y zeolite. Whereas, similar results have been reported in case of

partially exchanged Cu(I) (∼ 70%) from Na−Y sample [77] indicating that Cu(I) has

slightly lower coordination than Cu(II).

Electron paramagnetic resonance (EPR):An alternative way of gaining coordination

information of transition metal exchanged zeolite is EPR, provided the sample is para-

magnetic. EPR spectra are obtained with low Cu(II) loadingsto avoid magnetic dipole

interactions between Cu(II) centers. A characteristic EPRspectrum providesg tensor

values and hyperfine coupling constants which allow for a correlation between the co-

ordination number of transition metals in the framework [76]. Pierloot et al. [78] have

reported that the different aluminum distributions in the six-ring site give rise to two

different sets of g-factors, which is consistent with the presence of two different signals

in the EPR spectra of CuNa-FAU. Those signals at g|| = 2.32 and g|| = 2.37 were tenta-

tively assigned to Cu2+ ion on the six-ring site with one or two Al and to Cu2+ on the

six-ring site with more than two Al, respectively. Even adsorbate-adsorbent interaction

in partially copper ion exchanged Na−Y zeolite (CuNa−FAU) were measured by EPR

technique in the presence of paramagnetic gases such as nitrogen monoxide (NO) and

oxygen (O2) [79].
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Nuclear magnetic resonance (NMR):NMR can measure the framework Si/Al ratio

in zeolite. High-resolution solid-state29Si NMR technique was used to determine de-

tail information about Si, Al ordering in faujasite zeoliteby Ramdas et al. [80]. The

geometry and the location of the bridging hydroxyl (Si−OH−Al) groups in the zeolite

framework was examined by1H MAS NMR measurements [81].

3.3.2 IR Spectroscopy of Y Zeolite

Infrared spectroscopy is a very useful and common techniquefor investigations of zeo-

lites even inin situexperiments. It gives information about structures, strength of bonds,

and adsorbed molecules. The spectral range of absorption infrared (IR) spectroscopy is

approximately subdivided into three parts:

Wavenumber Wavelength

far-IR ∼ 10 - 400 cm−1 1 - 0.025 mm

mid-IR ∼ 400 - 4000 cm−1 25 - 2.5µm

near-IR ∼ 4000 - 12500 cm−1 2.5 - 0.8µm.

Framework vibrations: Framework vibrations of zeolites typically give rise to bands

in the mid and far infrared region depending on the frameworkcomposition and on

the manner in which the individual tetrahedra ( TO4/2) are interlinked. Table3.3gives

an overview of the framework infrared bands [82]. The bands showing up in the mid

infrared region were grouped into two main categories: (i) bands due to internal vi-

brations of TO4/2 tetrahedra (T = Si or Al) named asIntra-tetrahedral bands, and

(ii ) external vibrations of tetrahedral linkagese.g. double rings or pore openings de-

fined asInter-tetrahedral bands. Intra-tetrahedralvibrational bands appeared in the

ranges 1250−950, 720−650 and 500−420 cm−1 which were assigned to the asym-

metric stretching (←OT→←O) mode, the symmetric stretching mode (←OTO→), and

the T−O bending of TO4/2 tetrahedra respectively. Similarly bands in the region of

650−500 and 420−300 cm−1 were assigned to vibrations of double four-membered

rings (D4R) or double six-membered rings (D6R), and pore opening vibrations respec-

tively. It was found out by a comparison between spectral andstructural features that the

Intra-tetrahedralvibrations are greatly structure insensitive whereasInter-tetrahedral

vibrations are often sensitive to structure. For example,Intra-tetrahedralmodes are

only little affected when the zeolite structure is partially collapsed by a thermal treat-

ment or so, but theInter-tetrahedralmodes decrease in intensity and finally disappear

upon the destruction of the characteristic zeolitic structure. A theoretical investigation
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studied by de Man and van Santen [83], gives an excellent comparison between frame-

work structure and vibrational spectra.

TABLE 3.3: Assignment of zeolite framework vibrations.

Intra-tetrahedral bands (structure insensitive)
Asymmetrical stretch ∼ 950−1250 cm−1

Symmetrical stretch ∼ 650−720 cm−1

O−T−O bending ∼ 420−500 cm−1

Inter-tetrahedral bands (structure sensitive)
Double ring ∼ 500−650 cm−1

Pore opening ∼ 300−420 cm−1

Symmetrical stretch ∼ 750−820 cm−1

Asymmetrical stretch ∼ 1050−1150 cm−1

Hydroxyl groups: IR spectroscopy is the most direct and useful method to studyhy-

droxyl groups of a zeolite. The OH stretching vibration (νO−H) depends on several fac-

tors, such as, chemical composition of the zeolite, Si−O, Al−O bond lengths, T−O−T

bending angle, location in the framework, and the coordination of the framework oxy-

gen of the OH group,i.e., a terminal versus a bridging hydroxyl oxygen can have differ-

ent effects. Bridging hydroxyl groups ((Si−OH−Al) groups, Brønsted-type acid sites)

show up in most types of zeolites between 3550 and 3680 cm−1. For HY zeolite, two

bands appear at 3570 and 3650 cm−1, assigned to−OH group in six-ring windows

of the sodalite cages, and−OH group pointing into the supercages respectively [84].

Complexity arises in assigning the hydroxyl group, while itforms hydrogen-bonds with

the framework oxygen atoms. TypicallyνO−H is lowered for hydroxyl groups in the

six-ring windows than in supercages while forming H-bond with the framework oxy-

gen atoms in the sterically crowded environment. In addition to the strong Brønsted

acidic bridging hydroxyl groups, non-acidic terminal silanol groups Si(OH) in zeolite

are observed in the high-frequency region (∼ 3740 cm−1). However the presence of

hydrogen-bonding interaction shifts the band to∼ 3500 cm−1 [84].

Cation vibrations: The frequencies of stretching vibrations of the charge balancing

cations relative to the zeolite lattice depend on the charge, mass and location of the

cations in the zeolite lattice. For example for Na+ in faujasite, bands at 160, 108, 190

and 80 cm−1 were observed, which were assigned to cations in I, I′, II and III positions,

respectively [84]. However Cu+, Cu2+ in CuHY zeolite show up at 979 and 918 cm−1

[1].
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Probe molecules-adsorbates:IR spectroscopy is extensively employed to characterize

zeolite-adsorbate interactions. If the goal is to study a particular property of a zeolite

such as sorption, catalysis, acid strength, cation positions etc. then it is advantageous to

use the reactants or target molecules as probes. Adsorptioncan take place at different ac-

tive sites of a zeolite like Brønsted acidic sites, cation exchanged positions (Lewis acid

sites). IR spectroscopic studies of O2, CO, H2 adsorption onto zeolite have been studied

by several authors [85–87]. Brønsted acidic sites (Si−OH−Al) and Lewis acidic groups

are differentiated [88] using a probe molecule such as pyridine which is the most fre-

quently used base. The frequency of the ring deformation vibration of pyridine allows

to distinguish whether it is adsorbed on Brønsted acid sitesin the form of pyridinium

ions (1544 cm−1) or coordinatively adsorbed on Lewis acid sites (1455−1442 cm−1 )

[84]. A similar distinction is made for the adsorption of NH3 ligand where the forma-

tion of NH+
4 ions (band at 1450 cm−1) indicates the presence of Brønsted acid sites,

while the coordinative adsorption of NH3 on Lewis acid sites results in a band at 1640

cm−1 [84]. When CO is adsorbed to a cation-exchanged zeolite the C atom of the CO

molecule interacts with cations and leads to a blue shifted CO stretching vibration (νCO)

compared to the gas phase value (2143 cm−1). The adsorption of CO on M−Y zeolite

(M = alkali metal ion) shows that the highest frequency forνCO is observed for Li−Y,

and a continuous decrease down to 2145 cm−1 for Cs−Y is observed [89].
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Benchmark Studies

4.1 Computational Details

QM methods: Quantum chemical calculations have been performed using density

functional theory (DFT). A combined quantum mechanics and molecular mechanics

(QM/MM) approach has been employed. The Becke-Perdew-1986(BP86) density

functional [28–32] within a resolution-of-identity (or density fitting) implementation

has been used throughout [90, 91]. In addition, the Becke3-Lee-Yang-Parr (B3LYP)

[28–30, 92, 93] hybrid functional has been used in some particular cases.

Basis sets used:For DFT calculations, two different all electron basis setshave been

tested for the treatment of all atoms (H, O, C, Si, Al) but copper: the valence double-ζ

SVP basis and the valence triple-ζ TZVP basis [94]. For copper the relativistic small

core ECP10MDF pseudopotential [95] (replacing the 10 innermost electrons) in com-

bination with the cc-pVDZ-PP and cc-pVTZ-PP basis sets has been used [96].

QM-Pot: QM/MM calculations have been performed using the QM-Pot program which

couples the TURBOMOLE [97, 98] program for quantum mechanical calculations with

the GULP [34, 35] program for lattice energy minimization. As discussed in Section

2.3.1, it makes use of a subtractive QM/MM scheme. In this embedding scheme, a sys-

tem is divided into two parts, (i) an active part treated at the QM level which contains the

Cu+−adsorbate (either O2 or C6H6 or both C6H6 and O2) moiety and the zeolitic frame-

work in the vicinity of this moiety, and (ii ) the environment described by interatomic

potential functions which includes the rest of all the atomsof the periodic cell.

49
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The QM-Pot program provides optimizers for minima, saddle points as well as the

computation of the Hessian matrix,i.e., the 2nd derivatives of energy with respect to

all atomic coordinates. The optimization strategy followstwo key steps: (i) A mini-

mum or transition structure is searched using the interatomic potential functions alone.

The Hessian matrix is obtained for the stationary point (structure) found. (ii ) A search

on the QM-Pot potential energy surface is done using the structure and Hessian ma-

trix obtained in step (i) [99]. The QM-Pot gradients are used to update the Hessian

matrix. Proton transfer reactions in zeolite catalysts studied by Sierka and Sauer [99]

demonstrate the combined QM-Pot approach as a tool for investigating potential energy

surfaces in extended systems like zeolites. In the present work, a similar combined

QM-Pot approach is used to study the oxidation reaction of benzene to phenol using

dioxygen in Cu−Y zeolite describing the reaction center as accurate as possible with

modest computational expense.

MM parameters: The interatomic potential functions (also called force fields) provide

a theoretical prediction of the structure of the whole system, thereby producing an ana-

lytic approximation to the potential energy surface of the system. Traditionally, empir-

ical interatomic potentials have been used, and they are system specific, even property

specific. However, as long as parameters are transferable within a particular kind of

systems, one can use them. Sierka and Sauer [43] developed an ion-pair shell-model

potential with functional parameters using quantum mechanical DFT calculations for

aluminosilicates which are the building blocks of zeolites. These DFT parametrized po-

tentials are used to describe structures and vibrational properties of silica polymorphs

with a reliable agreement with experimental data. Structural parameters are presented

for faujasite zeolite in Ref. [43] using different approaches: DFT and HF free clus-

ters, DFT- and HF-derived shell-model potentials, and alsowith the combined QM-Pot

approach. The parametrization of ion-pair shell-model potential based on DFT calcula-

tions gave reliable predictions for structures and properties of zeolites [43]. Therefore

those parameters from DFT calculations are used in the present study. (MM parameters

are described in Appendix,B.3. A Cut-off radius of 10 Å is chosen for calculating the

summation of the short-range interactions. The interaction parameters for Cu(I) are:

ACu(I)O = 2676.727189 eV andρCu(I)O = 0.24243 Å [100].) The QM cluster was

cut out in such a way that the cluster terminates with OH groups. The hydrogen link

atoms are kept fixed at a distance of 96.99 pm (for DFT) from terminating oxygens of

the cluster.

Within the QM/MM calculations van der Waals interactions between molecular oxygen
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(benzene) and the zeolite framework oxygens are modeled by aLennard-Jones 6-12

potential solely in the MM region with parameters taken fromRef. [101, pages 1111

& 1112]. Periodic boundary conditions are imposed in order to account for long-range

electrostatic effects.

FIGURE 4.1: QM/MM model for Cu−Y zeolite: cluster treated at the quantum me-
chanical level is depicted as balls and sticks; site II is modelled by 12 Si/Al atoms.

System set-up:Interactions of adsorbates (O2, C6H6, and both simultaneously) with the

Cu(I) ion at site II, which is located above the 6-membered rings of sodalite cages and at

site III, which is located in the fold between two 4-memberedrings in the supercages of

Y zeolite (faujasite zeolite) (Fig.3.6), are studied in this work. The full unit cell (Fd3̄m)

of faujasite zeolite contains 192 Si/Al atoms (called T atoms because of their tetrahedral

coordination) and 384 O atoms (in dehydrated Y zeolite), buta smaller rhombohedral

unit cell containing just 48 Si/Al atoms and 96 O atoms (Figs.4.1 & 4.2) is taken in

the present work. Y zeolite has only one symmetry distinct crystallographic position of

T atoms, whereas it has four different O positions (O1, O2, O3, O4). As discussed in

Section3.3, 6 types of possible cation sites can be distinguished. An aluminosilicate

ring consisting ofnT (Si, Al) atoms is represented asnT ring or cluster.
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The QM part of the Y zeolite model contains one or two Al atoms,whereas the embed-

ding part of it is pure silica. In case of clusters containing2 Al atoms, an additional H+

ion is incorporated in order to neutralize the charge of the zeolite. Distribution of the

second Al atom follows the Loewenstein rule [102], i.e., Al−O−Al connectivity is ex-

cluded. Model clusters of Y zeolite (representing the QM of the QM/MM calculations)

are set up by 12 Si/Al atoms and 33 O atoms in case of site II,i.e., site II is modeled by

a 12T cluster which consists of one 6T ring and three 4T rings (see Fig.4.1). Site III is

described by an 8T cluster model, consisting of three 4T clusters. 8 Si/Al atoms and 22

O atoms in case of site III, (Fig.4.2) are treated at the DFT level. After introduction of

the 2nd Al into the model clusters (which are embedded within the zeolite framework),

each of these two sites gives 9 isomers depending on the position of the two Al atoms

to each other.

FIGURE 4.2: QM/MM model for Cu−Y zeolite: cluster treated at the quantum me-
chanical level is depicted by balls and sticks; site III is modelled by 8 Si/Al atoms.

There are many more different model clusters chosen for checking the convergence in

the cluster size. In order to limit the computational effortin some of the benchmark
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calculations, a small cluster has been used for site II, comprising only 6 Si/Al atoms

and 18 O atoms - this will be mentioned explicitly in the corresponding section.

4.2 Basis Set Effects

The computational demands of the QM/MM calculations are dominated by the DFT

calculations of the active sites. In order to reduce the computational cost, the basis set

should be kept as small as possible while it should be able to represent the structural

parameters as accurately as possible. All geometries of adsorption complexes of O2 and

C6H6 in zeolite at both sites II and III are optimized using an SVP and a TZVP basis

set for studying basis set effects. Within these test calculations, a smaller QM region

comprising only 6 T atoms for site II is used, and site III consists of an 8T cluster. As an

example, Table4.1shows selected structural parameters of dioxygen adsorbedto site II

containing only one Al atom. (In AppendixA.1, the geometrical parameters of all the

bare Cu−complexes containing 2 Al atoms using both basis sets are given.) While the

bond lengths of the CuO2 moiety are in fairly nice agreement, rather large deviations

of up to 0.5 Å can be seen for the distances between the copper atom and the oxygen

atoms of the zeolite framework. This indicates that the position of the Cu(I) ion within

the zeolite framework is very sensitive to small effects,i.e., the potential energy surface

is very flat and the Cu atoms “float” within the oxygen basin. Consequently, the basis

set requires sufficient flexibility to describe this situation properly. Since the SVP basis

does not contain diffuse functions which are needed for an appropriate description of

this situation all further calculations of the study refer to the more accurate TZVP basis.

TABLE 4.1: Basis set dependence of some selected geometrical parameters of O2 ad-
sorbed to site II with one Al atom. Bond lengths are given in Å.For the numbering of
the atoms see Fig.5.1.

SVP TZVP
O′−O′′ 1.260 1.271
Cu−O′ 1.883 1.828

Cu−O4a 2.565 2.185
Cu−O2a 2.224 2.555
Cu−O2b 2.434 2.982
Cu−O2c 1.988 1.984
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4.3 QM/MM Calculations vs. Molecular Fragment

Calculations

The impact of environmental effects on structural parameters of the active site was stud-

ied by comparing results from DFT/MM calculations and DFT calculations on the QM

cluster. For cluster fragment calculations at the QM level,initial geometries are taken

from QM/MM optimized calculations. There are at least threesources of inherent errors

for cluster fragment calculations. (i) Difficulties arise while optimizing the geometry of

the fully relaxed cluster fragment due to the formation of the artificial intra-molecular

hydrogen-bonds between the cluster terminating OH groups.(ii ) The wavefunction is

perturbed near the cluster boundary. (iii ) Long-range interactions are neglected.

Because the cluster is cut out from the zeolite structure, artificial “dangling bonds” are

created at the cluster boundaries and those are saturated with hydrogen atoms. Hy-

drogen atoms are kept along the direction to the neighboringframework atoms. The

influence of the zeolite framework on the active site was mimicked by freezing either

OH-bonds or H atoms to the positions obtained from the DFT/MMcalculations. Ta-

ble 4.2 shows the same set of geometrical parameters as has been chosen for studying

the basis set effects. Environmental effects appear to be less pronounced than basis set

effects.

TABLE 4.2: Dependence of some selected geometrical parameters ofO2 adsorbed to
site II with one Al atom on the computation scheme. Bond lengths are given in Å. For
the numbering of the atoms see Fig.5.1.

H frozen OH frozen QM/MM
O′−O′′ 1.269 1.272 1.271
Cu−O′ 1.828 1.833 1.828

Cu−O4a 2.033 2.147 2.185
Cu−O2a 2.717 2.539 2.555
Cu−O2b 3.402 3.015 2.982
Cu−O2c 2.029 1.962 1.984

However, within the frozen cluster models an ambiguity shows up:

Here, from Table4.2 one can see that OH-constrained cluster gives results whichare

close to the QM/MM results compared to the H-constrained ones. Therefore a ques-

tion arises to which position should the terminating H atoms(or the corresponding OH
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bonds) be frozen in order to mimic the zeolite framework. Since the initial geome-

tries for the frozen cluster model calculations are provided by the QM/MM results, the

effects shown do not include the error introduced by fixing the coordinates to some es-

timated values (in the absence of QM/MM results). Consequently, without relying on

QM/MM data the overall error of frozen cluster models must beexpected to be even

larger. In order to limit the error and to avoid this ambiguity, the QM/MM scheme has

been chosen for calculations of the interaction energies ofO2, C6H6 with Cu−Y zeolite,

and vibrational frequencies of O2, C6H6, and barrier heights of the oxidation reaction

of benzene to phenol.

In spite of all the problems mentioned above, cluster modelsare used advantageously

for performing some special tasks in zeolite modeling. Using a smaller cluster size,

post-HF methods, even state-of-the-art CCSD(T) method areemployed for benchmark

calculations. In any case, cluster model calculations bring information about the detail

topology of zeolite structure and properties of the active sites.

4.4 Size of the Embedded Cluster

A sensitive parameter within the QM/MM calculations is the size of the QM region.

A QM region being too small may result in artifacts. Consequently, rather large QM

regions have been suggested by other authors [103, 104], but usually at the cost of the

quality of the basis set.

Therefore, calculations were performed with different sized QM clusters. For site II,

two different sized clusters consisting of 6 and 12 T atoms are used, while QM regions

of 8T and 10T clusters are chosen for site III. Tables4.4 & 4.6 show the results of

differently sized clusters.

For site II, the maximum difference in the relative energiesbetween 6T- and 12T-

adsorption complexes is∼ 6 kcal mol−1 whereas in the case of bare Cu−complexes, it

is ∼ 10 kcal mol−1. These results indicate that a model comprising 6 T atoms is too

small, and thus, the 12T cluster model should be considered.On the contrary, for site

III, the maximum difference in the relative energies of 8T- and 10T-adsorption com-

plexes is only∼ 0.5 and in the case of bare Cu−complexes, it is∼ 1.1 kcal mol−1. This

suggests a QM region of 8 T atoms can be used for calculating molecular properties.

Moreover, the O2 stretching mode, which will be used for analyzing the zeolite is a
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FIGURE 4.3: Quantum mechanically treated zeolite fragment (12T cluster and 6T clus-
ter with 1 Al) without adsorbate at cationic site II. The second Al atom replaces any of
the Si atoms except the neighbouring ones.

TABLE 4.3: Site II: labeling of Cu−Y zeolite model complexes (with/without adsor-
bates) according to the replacement of a Si atom by a second Alatom and the position
of the additional H atom sitting on a zeolite framework oxygen atom. For the number-
ing of the atoms see Fig.4.3/12T cluster.

Isomers 2nd Al atom H atom is
replaces connected to

A Si2 O2a
N1 Si2 O1b
B Si2 O4b
C Si3 O4b

N2 Si3 O1c
D Si3 O2b
E Si4 O2b
E’ Si4 O2b
N3 Si4 O1d
F Si4 O4c

rather local quantity which is mainly affected by a correct position of the copper atom

rather than the outer regions of the cavities. Nachtigallet al. [105] also discussed the

effect of the opposite zeolite channel wall on the CO stretching frequency in ZSM-5

zeolites. The effect becomes non negligible once the CO−wall distance is less than 6

Å. However, the large supercage in Y zeolites leads to distances of about 6 and 9 Å (for

sites III and II, respectively) and thus this effect must be considered rather small.
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TABLE 4.4: Comparison between 12T and 6T QM cluster models at site II of Cu−Y
zeolite: relative stabilities (Erel) of different complexes (with/without adsorbate) and
binding energies (Eb) of O2. The results in the first line refer to the case of 1 Al-
complexes, the others to the various isomers containing 2 Alatoms. Isomers (cf. Table
4.3) A, B, C, D, E, E’, F contain the H atom on 6T ring O atom (of 12T and 6T clusters),
whereas the additional H atom of isomers N1, N2, N3 is positioned at the 4T ring O
atom of 12T cluster. For the numbering of the atoms see Fig.4.3. All the quantities are
given in kcal mol−1.

Isomers 12T cluster 6T cluster
Ea

rel Eb Eb
rel Ea

rel Eb Eb
rel

1 Al – -10.5 – – -10.9 –
A 23.2 -12.0 25.2 23.8 -9.1 22.2
N1 0.9 -10.2 1.0
B 7.1 -12.1 9.0 2.1 -12.9 4.4
C 4.5 -13.0 7.4 0.0 -14.9 4.3

N2 0.3 -9.8 0.0
D 22.0 -17.3 29.2 17.5 -18.1 25.0
E 24.3 -24.7 38.9 18.9 -19.7 27.9
E’ 22.1 -26.9 38.9 16.1 -22.1 27.9
N3 0.0 -12.0 1.9
F 4.3 -8.3 2.5 0.8 -9.8 0.0

a for O2 adsorption complexes;b for bare complexes

TABLE 4.5: Site III: labeling of Cu−Y zeolite model complexes (with/without adsor-
bates) according to the replacement of a Si atom by a second Alatom and the position
of the additional H atom sitting on a zeolite framework oxygen atom. For the number-
ing of the atoms see Fig.4.4/10T cluster.

Isomers 2nd Al atom H atom is
replaces connected to

A Si2 O1a
B Si2 O2a
C Si3 O2a
D Si3 O1b
E Si4 O1b
F Si4 O3a
G Si4 O4b
H Si6 O1c
I Si6 O2b
J Si8 O3c
K Si8 O1e
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FIGURE 4.4: Quantum mechanically treated zeolite fragment (10T cluster and 8T clus-
ter with 1 Al) without adsorbate at cationic site III. The second Al atom replaces any
of the Si atoms except the neighbouring ones.

TABLE 4.6: Comparison between 10T and 8T QM cluster models at site III of Cu−Y
zeolite: relative stabilities (Erel) of different complexes (with/without adsorbate) and
binding energies (Eb) of O2. The results in the first line refer to the case of 1 Al-
complexes, the others to the various isomers (cf. Table4.5) containing 2 Al atoms. For
the numbering of the atoms see Fig.4.4. All the quantities are given in kcal mol−1.

Isomers 10T cluster 8T cluster
Ea

rel Eb Eb
rel Ea

rel Eb Eb
rel

1 Al – -28.3 – – -28.6 –
A 13.3 -28.7 13.2 13.6 -29.0 13.3
B 0.9 -28.6 0.8 1.0 -28.9 0.6
C 1.2 -29.1 1.5 1.1 -29.5 1.3
D 7.5 -27.7 6.4 7.5 -27.9 6.2
E 7.1 -29.1 7.4 6.6 -29.5 6.9
F 31.1 -28.1 30.4 30.2 -28.4 29.4
G 10.8 -28.4 10.5 10.3 -28.7 9.8
H 0.0 -28.8 0.0 0.0 -29.3 0.0
I 3.4 -27.6 2.3 4.9 -27.8 3.4
J 21.6 -27.3 20.2
K 0.7 -28.5 0.4

a for O2 adsorption complexes;b for bare complexes



Chapter 4.Benchmark Studies 59

4.5 Verification of DFT Results by MRCI Calcula-

tions

To evaluate the ability of the chosen BP86 functional for correctly representing and

predicting the electronic and structural properties of CuO2 moieties, high-levelab ini-

tio calculations have been performed on a simple CuO+
2 model system. Comparative

studies on the geometrical parameters of this benchmark system have also been per-

formed by other authors [106–108]. However, in some of the work, the geometry of the

CuO+
2 triplet was not fully optimized, or only a limited set of methods was invoked for

the comparison. Thus, these calculations were extended to fully optimized geometries

and other state-of-the-art methods. Theab initio calculations performed here are of the

single-reference coupled-cluster type, with single and double substitutions and a pertur-

bative account of triples CCSD(T) [109, 110] and of the multi-reference configuration-

interaction type with single and double substitutions and aDavidson correction for the

effect of higher substitutions MRCISD+Q [111, 112]. While the former method is size-

consistent and should give a reliable account of the geometrical parameters of the triplet

state, as well as of its binding energy with respect to Cu+ + O2, the latter method is well

suited to describe the multi-reference character of the singlet state, and should give a

reliable account of singlet-triplet splittings.

TABLE 4.7: DFT/BP86 andab initio CCSD(T) and MRCISD+Q results for geometri-
cal parameters, binding energies Eb with respect to Cu+ + O2, and singlet-triplet split-
tings ∆ES−T of the CuO+

2 complex. Numbers in parentheses are symmetry-broken
results in the DFT case; they denote a second minimum in the MRCISD+Q case. Basis
sets are aug-cc-pVTZ and cc-pVTZ-PP for O and Cu, respectively.

BP86, RKS (UKS) CCSD(T) MRCISD+Q
singlet triplet triplet singlet triplet

R(O1−O2) [Å] 1.226 (1.235) 1.235 (1.235) 1.208 1.223 (1.228) 1.215
R(Cu−O1) [Å] 1.864 (1.861) 1.867 (1.869) 2.024 2.076 (2.057) 2.073
∠ Cu−O1−O2 123.6 (124.8) 124.6 (124.6) 130.7 130.0 (118.8) 130.4
Eb/eV -0.06 (-0.66) -0.98 (-0.97) -0.51 – -0.36
∆ES−T /eV 0.92 (0.31) – – 0.99 (0.98) –

The results listed in Table4.7 refer to calculations with triple-zeta quality basis sets

throughout: for O, Dunning’s aug-cc-pVTZ basis set [113] is used, while for Cu the

ECP10MDF pseudopotential and corresponding cc-pVTZ-PP basis set mentioned in

Section4.1 are applied. The orbitals for the MRCI calculations are taken from a
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full-valence complete-active-space self-consistent-field (CASSCF) calculation, with a

O 2sp/Cu 3d active space. The full set of valence electrons in the O 2sp/Cu 3d orbitals

has been correlated in the CCSD(T) and MRCI calculations.

For the triplet state, differences between spin-restricted Kohn-Sham (RKS) calculations

and spin-unrestricted ones (UKS) are negligible. Comparison with the CCSD(T) results

shows that the Cu−O bond length is substantially underestimated by DFT with the BP86

functional (by 0.15 Å), while a slight overestimation is found for the O−O distance (by

0.03 Å). Also, DFT predicts a too small∠Cu−O−O angle (by 6◦). The underestimation

of ther(Cu−O) bond length with DFT is in line with a too large binding energy with

respect to the separation into Cu+ + O2; the CCSD(T) value is smaller by nearly a

factor of 2 (i.e. by 0.5 eV). On the other hand, the agreement between the twoab initio

methods, CCSD(T) and MRCI, is satisfactory. The approximate treatment of higher

substitutions (and especially the neglect of connected triples) leads to slightly larger

bond lengths (by 0.05 Å forr(Cu−O)) in the latter scheme. Also, the binding energy

becomes slightly smaller in MRCI, when evaluated with respect to isolated fragments,

due to size-consistency errors. Note that the difference between DFT and CCSD(T)

becomes significantly smaller with a hybrid functional (B3LYP); in that case the binding

energy differs by only 0.2 eV, bond lengths by less than 0.06 Å, and bond angles by

less than 1◦ from the CCSD(T) value. However, due to the increased computational

demands of such functionals, their application to the largeclusters (selected cases) used

in this study was computationally expensive and thus BP86 calculations are presented

throughout.

Turning now to the discussion of the singlet state, larger differences are seen between

RKS and UKS results than for the triplet case, but still a quite similar end-on geometry

is obtained in both cases (which is also quite similar to the triplet one). However, the

binding energy with respect to Cu+ + O2 is different for RKS and UKS, indicating

the heavy admixture of triplet to singlet in the symmetry-broken UKS solution. In

the MRCI case, two nearly degenerate singlet states of different spatial symmetry are

obtained. The first one has nearly the same geometry as the MRCI triplet one, while in

the second one the∠Cu−O−O is reduced by around 10◦. Still, the differences for the

Cu−O bond lengths of the two spin states are smaller, both in the MRCI case as well

as in the DFT one, than the difference for a given spin state between the two methods.

On the other hand, the singlet-triplet energy difference issimilar between the MRCI

calculations and the spin-restricted DFT/BP86 ones, with values between 0.9 and 1.0

eV. The significantly smaller S-T splitting of 0.3 eV for the UKS solution with respect
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to the RKS one is most probably due, to the major part, to the singlet-triplet mixing in

the symmetry-broken UKS singlet state.

Summarizing the results so far, an overall good agreement between the DFT results and

more accurateab initio CCSD(T), MRCI ones are obtained, which supports the use of

the chosen DFT treatment. Also, since the triplet state comes out to be lower in energy

than the lowest singlet ones, subsequent DFT calculations are restricted to the triplet

state only. The latter statement is based, of course, on the assumption that electronic

effects of the zeolite on the Cu atom do not change this order.To corroborate this as-

sumption, some additional calculations are performed. A comparison is made between

the energies of the triplet and broken-symmetry singlet states, in their respective equi-

librium structures determined in DFT/MM calculations withthe TZVP basis set, for O2

adsorption on Cu zeolites with one Al atom. For adsorption atsite II comprising only

6 T atoms, the singlet-triplet separation is 0.23 eV; the corresponding value for site III

is 0.14 eV. These values are lower than the singlet-triplet splitting of the CuO+
2 model

system, by up to a factor of 2, but the triplet is still lowest in energy. MRCISD+Q

calculations for zeolites are very time consuming, and someapproximations are intro-

duced, therefore. A smaller SVP basis set is used and the calculations are restricted

to the singlet-triplet splitting at the fixed DFT/MM tripletequilibrium geometries. In

the Pipek-Mezey localization, all the localized orbitals were fixed with the exception

of the Cu 3d-like orbitals and the valence orbitals of the adsorbed O2 molecule. The

localization was performed starting with the DFT wavefunction. The latter orbital sets

were then re-optimized in CASSCF calculations with a small active space of 2 orbitals

(the O−O π∗ ones). The localized Cu and O2 orbitals were finally correlated at the

MRCISD+Q level. At this level of approximation, singlet-triplet splittings of 0.06 eV

and 0.14 eV are obtained for II (with 6T QM model cluster) and for III, respectively.

This is in reasonable agreement with the DFT results discussed above.





Chapter 5

Single Adsorption

5.1 Adsorption of Dioxygen

5.1.1 Local Structure of Bare Cu(I) Ion Sites

Site II: Table 5.1 shows structural parameters for the Y zeolite model containing a

Cu(I)1 cation at site II (cf. Fig. 4.1). The maximum coordination radius for Cu to

framework oxygens (Cu−O) is taken to be 2.5 Å. All of the Cu−Y zeolites (containing

1 or 2 Al atoms) show a Cu+ ion with three coordinated O2 type framework oxygen

atoms except isomers A, D and E. Cu(I) in isomer D is 3-fold coordinated, two of

the oxygens are of O2 type while the other is an O4 type oxygen.In this isomer an

additional H atom is located at an O2 type O atom, which more orless forms a linear

bond (∠ O2b−H−Cu = 162.7◦) with the Cu center in the 6-ring of the sodalite cage.

Isomer E has a two-fold coordinated Cu center− one framework oxygen is of O2 type,

and another one is of O4 type. Isomer A shows also a two-fold coordination of the Cu

atom, but both the framework oxygens are solely of O2 type.

A three-fold coordination of the Cu(I) center in Y zeolite nicely agrees with the com-

putational results of Rejmak et al. [103] and Jardillier et al. [104]. However, due to

bonding to the Cu atom, the framework O2 type oxygens of site II move towards the

plane of the 6-rings, so that the Cu atom, the T (Si/Al) atoms,as well as the O2 atoms

are practically within the same plane. Again, this finding issimilar to that of Sierka,

1See AppendixD to compare the results of Cu(I) containing Y zeolite with Cu(II).

63
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TABLE 5.1: Cu−O coordination at bare site II in Y zeolite (12T QM cluster): Cu−O
bond distances (Å) to the nearest-neighbour O atoms, and thecrystallographic positions
of the coordinated O atoms; for the numbering of the atoms seeFig. 5.1.

Isomers 2nd Al atom H atom is RCu−O

replaces connected to
1 Al – – O2(2.010, 2.226, 1.948)
A Si2 O2a O2 (1.935, 1.893)
N1 Si2 O1b O2 (1.983, 2.223, 1.961)
B Si2 O4b O2 (1.905, 2.499, 1.898)
C Si3 O4b O2 (2.115, 2.018, 1.984)
N2 Si3 O1c O2 (2.039, 2.125, 1.992)
D Si3 O2b O2 (1.921, 1.872); O4(2.319)
E Si4 O2b O2 (2.009); O4 (2.043)

N3 Si4 O1d O2 (2.128, 2.071, 1.953)
F Si4 O4c O2 (2.081, 2.024, 2.000)

TABLE 5.2: Cu−O coordination at bare site III in Y zeolite (8T QM cluster): Cu−O
bond distances (Å) to the nearest-neighbour O atoms, and thecrystallographic positions
of the coordinated O atoms; for the numbering of the atoms seeFig. 5.2.

Isomers 2nd Al atom H atom is RCu−O

replaces connected to
1 Al – – O1 (1.982); O4 (2.035)
A Si2 O1a O1 (1.947); O4 (2.095)
B Si2 O2a O1 (2.000); O4 (2.023)
C Si3 O2a O1 (1.984); O4 (2.034)
D Si3 O1b O1 (1.975); O4 (2.054)
E Si4 O1b O1 (1.989); O4 (2.026)
F Si4 O3a O1 (1.976); O4 (2.067)
G Si4 O4b O1 (2.018); O4 (2.009)
H Si6 O1c O1 (1.965); O4 (2.067)
I Si6 O2b O1 (2.024); O4 (2.013)

Sauer and co-workers [103] who observed thatin all cases equilibrium Cu(I) ion posi-

tions are found almost exactly in the plane of the 6T rings.Isomer E shows a different

topology around the Cu center as compared to other ones. In this isomer, the addi-

tional proton located at O2b forms a H-bond (R(O..H) = 2.644 Å and∠ O2b−H−O2a

= 146.4◦) with the O2a framework atom. As a result the Cu atom tries to move out of

the plane of T atoms of the 6-ring. In all other Cu−complexes at site II, the Cu atom

tends to move slightly below the plane of the 6-ring,i.e. into the sodalite cage, due to



Chapter 5.Single Adsorption 65

the presence of the additional proton. Cu−O bond distances lie in the range of 1.9−2.3

Å for all Cu−complexes at site II. Finally regarding site II, in Cu−complexes where a

proton is located at the O2 type oxygen, Cu to zeolitic oxygencoordination is lowered

from 3 to 2.

Site III: For site III (see Table5.2), two-fold coordination is favored. Introduction of

the second Al atom into the unit cell, hardly brings about anychange for the immediate

surroundings of the Cu atom at site III. In all these structures, the Cu(I) ion is bound to

O1 and O4 type crystallographic oxygens (at the edge of the hexagonal prism) which

are lying above the plane of the T atoms and the Cu atom is well above (cf. Fig.4.2)

the planes of the 4-rings. The Cu−O bond lengths vary between 1.9 and 2.0 Å, which

are in the same range as for the CuO+
2 model complex discussed in Section4.5.

5.1.2 Cu(I) Binding Energies

The Cu(I) binding energy is defined as the energy of the reaction scheme below:

Cu−Y zeolite→ Cu+ + Y zeolite−

Table5.3 shows the Cu(I) binding energies for site II. While the additional proton is

located at an O2 type oxygen atom, much weaker binding energies are obtained than

the other ones. Binding energies of Cu(I) in energetically low-lying isomers (B, C, F)

of site II vary in the range between∼ −146 and∼ −152 kcal mol−1. For site III, Cu(I)

is found to be more weakly bound than at site II, within the range between∼ −132 and

∼ −142 kcal mol−1 (see Table5.4).

A comparison of the relative stability of various isomers arising from the introduction

of a 2nd Al atom in the bare site II and III clusters, without adsorbed O2, is discussed

in the following section.

1. For site II (Table4.4, 12T cluster), the most stable isomers without adsorbed

dioxygen are those where the additional proton is located inan adjacent 4-ring

(connected to an O1 type oxygen), in particular, isomers N1 and N2 differ by just

1 kcal mol−1. Once the proton is bonded to an O4 type oxygen and thus resides in

the inner 6T ring, the energy rises by several kcal mol−1. The most unfavorable

isomers are obviously those where an additional proton is bonded to an O2 type

oxygen.
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2. For site III (Table4.6, 8T cluster), the most stable bare cluster with 2 Al atoms

is that where the second Al atom is as close as possible to the first one (which is

separated by only one Si atom) and the additional proton is located at an O1 type

atom. However, there are quite a number of other isomers nearly degenerate in

energy with the latter one.

TABLE 5.3: Relative energies (Erel) and binding energies (Eb) of Cu+ in bare (without
adsorbate) Cu−Y zeolites (6T QM cluster) with different Al contents (1 Al, and 2 Al
atoms) and H distribution at site II; the result in the first line refers to the case of 1
Al-complex, and the others to the various isomers containing 2 Al atoms. For the
numbering of the atoms see Fig.5.1. All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is
replaces connected to Erel Eb

1 Al – – – -148.5
A Si2 O2a 22.2 -130.4
B Si2 O4b 4.4 -151.9
C Si3 O4b 4.3 -147.9
D Si3 O2b 25.0 -133.2
E Si4 O2b 27.9 -136.3
F Si4 O4c 0.0 -146.1

TABLE 5.4: Relative energies (Erel) and binding energies (Eb) of Cu+ in bare (without
adsorbate) Cu−Y zeolites (8T QM cluster) with different Al contents (1 Al, and 2 Al
atoms) and H distribution at site III; the result in the first line refers to the case of
1 Al-complex, and the others to the various isomers containing 2 Al atoms. For the
numbering of the atoms see Fig.5.2. All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is
replaces connected to Erel Eb

1 Al – – – -141.0
A Si2 O1a 13.3 -128.0
B Si2 O2a 0.6 -141.8
C Si3 O2a 1.3 -137.5
D Si3 O1b 6.2 -138.0
E Si4 O1b 6.9 -143.9
F Si4 O3a 29.4 -134.2
G Si4 O4b 9.8 -139.7
H Si6 O1c 0.0 -140.3
I Si6 O2b 3.4 -132.3
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Relative energies of the isomers are classified into three categories as follows:

(i) within 1 kcal mol−1

(ii) from ∼ 3.0 to∼ 7.0 kcal mol−1

(iii) from ∼ 10.0 to∼ 29.0 kcal mol−1

Cu(I) binding energies in bare faujasites (without adsorbate) have very recently been

studied by Sierka, Sauer and co-workers who used an approachvery similar to the

present work. As discussed in Ref. [103] Cu+ at site II is significantly more stable than

at site III, which is also confirmed in the present study.

5.1.3 Geometries

The structural changes associated with the adsorption of O2 onto Cu−containing ze-

olites are discussed here. The present results refer to the triplet state of the complex

which correlates with the3Σ−
g ground state of O2 and the closed-shell zeolite upon

dissociation.

1 Al atom containing complexes:In case of 1 Al atom per unit cell, adsorption leads

to an elongation of the O2 bond, from 1.22 Å for free O2 (the experimental value is

1.208 Å) to 1.27 Å for O2 adsorbed at site II of zeolite, and to 1.32 Å for adsorption

at site III. Thus, activation of O2 is larger at site III, which is consistent with a larger

binding energy at this site (cf. Section5.1.5). There is another important difference

between the two adsorption sites: O2 adsorbs end-on at site II (see Table5.5), with very

different Cu−O′ (O′′) bond distances (1.82 and 2.75 Å), while adsorption at site III can

be characterized as side-on, with quite similar Cu−O′ (O′′) bond distances of 1.94 and

1.97 Å, see Table5.6.

In contrast to the adsorption of CO to Cu−faujasites [103], the angle between the cop-

per atom and dioxygen (∠ Cu−O′−O′′ = 124.6◦ at site II) deviates significantly from

linearity. The average Cu−O bond distance seen experimentally from EXAFS mea-

surements is 1.95± 0.02 Å [114] which is in excellent agreement with the calculated

values for site III Cu−complexes. However, the averaging also includes the oxygen

atoms of the zeolite framework. Within the calculations forsites II and III, there are

Cu−O distances with respect to framework oxygens which are in the same range and

therefore it is hardly possible to judge about the preferredadsorption site on the basis

of the Cu−O distances.
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FIGURE 5.1: Quantum mechanically treated zeolite fragment (12T model) with ad-
sorbed O2 at cationic site II, for the case of the 1 Al-complex.
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FIGURE 5.2: Quantum mechanically treated zeolite fragment (8T model) with ad-
sorbed O2 at cationic site III, for the case of the 1 Al-complex.
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TABLE 5.5: O2 adsorption onto Cu(I) at site II in Y zeolites (12T QM cluster): Cu−O, Cu−O′, Cu−O′′, and O′−O′′ bond distances in Å,
∠Cu−O′−O′′(◦), and binding mode of O2. For the numbering of the atoms see Fig.5.1.

Isomers 2nd Al atom H atom is RCu−O RCu−O′ RCu−O′′ RO′−O′′ ∠Cu−O′ − O′′ Mode of
replaces connected to binding

1 Al – – O2 (1.996), O4(2.103) 1.824 2.750 1.268 124.6 end-on
A Si2 O2a O2 (2.171, 2.027); O4 (2.233) 1.923 2.768 1.278 118.3 end-on
N1 Si2 O1b O2 (2.103, 2.477, 1.998) 1.882 2.792 1.270 123.6 end-on
B Si2 O4b O2 (2.186, 2.079); O4 (2.106) 1.851 2.668 1.284 115.4 end-on
C Si3 O4b O2 (2.244, 1.969); O4 (2.335) 1.880 2.648 1.284 112.2 end-on

N2 Si3 O1c O2 (2.283, 2.312, 2.013) 1.883 2.765 1.270 121.3 end-on
D Si3 O2b O2 (2.103); O4 (1.954) 1.915 2.011 1.311 74.5 side-on
E Si4 O2b O2 (1.955); O4 (2.108) 1.818 2.773 1.268 127.1 end-on
E’ Si4 O2b O2 (2.007); O4 (1.999) 1.956 1.960 1.316 62.1 side-on
N3 Si4 O1d O2 (1.986); O4 (2.032) 1.977 1.950 1.317 69.3 side-on
F Si4 O4c O2 (2.204,2.168,2.096) 1.909 2.783 1.267 121.0 end-on
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Compared to the bare zeolite, O2 adsorption induces significant changes in the geometry

around the Cu(I) center at site II. For site II adsorption, Cumoves out of the plane of

the T atoms towards the supercage and comes closer to the nearest-neighbor Al atom,

by 0.18 Å. Also, the distance of Cu to the nearest-neighbor O atoms connected to the

Al atom in the ring becomes smaller so that these atoms (whichare O2 and O4 type

framework oxygens) become the atoms to which the Cu atom is coordinated, rather

than the O2 atoms solely as in the case of the adsorbate-free zeolite. This amounts to a

change from a three-fold coordinated to a two-fold coordinated Cu atom which has also

been found by Sierka, Sauer and co-workers [103] for the adsorption of CO. For site III,

changes within the zeolite upon adsorption are, rather surprisingly, much smaller, and

the coordination number does not change. The distance of Cu to the nearest-neighbor Al

atom in the ring becomes slightly larger, by 0.06 Å, while thecoordination to the two

O1 and O4 type oxygen atoms of the ring (above the plane of the Tatoms) becomes

stronger, with a decrease of the Cu−O bond distances by∼ 0.02 Å. The optimized

structures for the two adsorption sites are shown in Figs.5.1and5.2.

2 Al atom containing complexes: For site II, the bond length of the adsorbed O2

varies among all 9 adsorption complexes from 1.27 to 1.32 Å. Consequently, there are

significant changes of the O2 binding energy between the different isomers (cf. Table

5.8). Also, different isomers show different modes of O2 to Cu binding patterns: there

is still end-on bonding in most cases, but there are also isomers which bind side-on.

Moreover, in isomer A with end-on bonding, a non-linear hydrogen-bond (R(O..H) =

1.754 Å and∠ O′′ . . .H−O2a= 160◦) is formed between one of the O atoms of the

adsorbed dioxygen to the additional proton attached to one of the ring O atoms (cf. Fig.

5.3).

In all cases, the Cu atom moves out of the plane of T atoms of the6-ring towards the

supercage (as it does with 1 Al per unit cell), but there is considerable flexibility with

respect to coordination of the Cu atoms to the O atoms of the ring: for several of the

isomers a two-fold coordination to one O2 type and one O4 typeatoms appears (as for

the case with 1 Al atom), but there are also isomers with three-fold coordination to O2

type atoms only, and in some cases even the 3-fold coordination to two O2 type and one

O4 type 6-ring oxygens atoms is observed. Displacements toward the supercage were

also observed experimentally for the adsorption of CO and confirmed by corresponding

cluster calculations [74, 115].
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FIGURE 5.3: Quantum mechanically treated zeolite fragment (12T model) with ad-
sorbed O2 at cationic site II, showing an internal hydrogen-bond.

Again, the situation at adsorption site III is much more clear-cut: O2 bonding is side-on

for all isomers resulting from the introduction of a second Al atom. O2 bond lengths

of the adsorbed species vary only slightly between 1.31 and 1.32 Å. Cu−Al nearest-

neighbor bond distances are virtually unchanged as compared to the calculations with

1 Al atom, and the two-fold coordination of Cu to the 2 next-neighboring O ring atoms

is retained. The optimized structures for the energetically lowest isomers of the two

adsorption sites are shown in Figs.5.4and5.5.

The Cu−O′ bond distances with respect to the isomers of site II are systematically

shorter than for the site III isomers, (the average Cu−O′ distance for the site III is 1.956

Å while it is 1.895 Å for site II). Again, the value for site IIIis in better agreement

with the experimental value of 1.95 Å [114]. Besides the better agreement between the

experimental and computed values for site III, a shoulder atabout 1.895 Å (correspond-

ing to the average value of the site II) cannot be seen in the radial distribution function

obtained from the EXAFS experiment [114].
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FIGURE 5.4: The most stable O2 adsorption complex (N3) at site II. Charge neutrality
is conserved by additional proton (Brønsted acid site) at O1d.

FIGURE 5.5: The most stable O2 adsorption complex (H) at site III. Charge neutrality
is conserved by additional proton (Brønsted acid site) at O1c.
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TABLE 5.6: O2 adsorption onto Cu(I) at site III in Y zeolites (8T QM cluster): Cu−O, Cu−O′, Cu−O′′, and O′−O′′ bond distances in Å,
∠Cu−O′−O′′(◦), and binding mode of O2. For the numbering of the atoms see Fig.5.2.

Isomers 2nd Al atom H atom is RCu−O RCu−O′ RCu−O′′ RO′−O′′ ∠Cu−O′ − O′′ Mode of
replaces connected to binding

1 Al – – O1 (1.968); O4 (2.019) 1.971 1.940 1.318 69.0 side-on
A Si2 O1a O1 (1.922); O4 (2.076) 1.998 1.916 1.319 67.0 side-on
B Si2 O2a O1 (1.984); O4 (2.003) 1.957 1.953 1.320 70.1 side-on
C Si3 O2a O1 (1.965); O4 (2.022) 1.974 1.938 1.319 68.8 side-on
D Si3 O1b O1 (1.965); O4 (2.033) 1.973 1.937 1.317 68.8 side-on
E Si4 O1b O1 (1.974); O4 (2.010) 1.966 1.945 1.320 69.4 side-on
F Si4 O3a O1 (1.957); O4 (2.055) 1.987 1.926 1.317 67.8 side-on
G Si4 O4b O1 (2.003); O4 (1.989) 1.946 1.964 1.319 71.0 side-on
H Si6 O1c O1 (1.949); O4 (2.045) 1.992 1.923 1.319 67.5 side-on
I Si6 O2b O1 (1.992); O4 (2.021) 1.946 1.969 1.317 71.3 side-on
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5.1.4 Charges

For the equilibrium structures of the Cu-containing zeolite models with 1 Al atom, a

population analysis using the natural orbital scheme of Reed and Weinhold [116] as

implemented in TURBOMOLE has been performed.

TABLE 5.7: Population analysis results for site II and III, bare Cuand O2 adsorption
complexes containing 1 Al atom.

Adsorption site Atom Charges Orbital Population Spin density
Bare−complex

II Cu 0.85 4s 0.25
3d 9.89

III Cu 0.89 4s 0.17
3d 9.92

O2−complex

II Cu 1.10 4s 0.28 0.35
3d 9.61

O′ -0.24 2s 1.81 0.62
2p 4.43

O′′ -0.04 2s 1.84 0.88
2p 4.19

III Cu 1.20 4s 0.27 0.53
3d 9.51

O′ -0.20 2s 1.86 0.72
2p 4.33

O′′ -0.20 2s 1.86 0.70
2p 4.34

Without O2 adsorption, the Cu(I) ion carries a charge of less than 1,i.e., 0.85 for site

II and 0.89 for site III (cf.5.7). In both cases, there is a 3d hole of about 0.1 and a 4s

occupation of about 0.2. There is a notable change upon O2 adsorption: the adsorbed

O2 withdraws a fractional electronic charge of0.25 · · ·0.3 from the Cu atom, so that the

charge of the latter becomes 1.10 and 1.20 for sites II and III, respectively. Interestingly,

the 4s occupation is practically unchanged (site II) or even increases by 0.1 (site III),

while the 3d hole enlarges to 0.4 (0.5) for site II (site III). Since the adsorbed O2 is in

a triplet state, the Cu 3d hole becomes spin-polarized, and the Cu 3d spin density is

essentially identical with the hole charge (0.35 for site II, 0.53 for site III). The charge

distribution on the adsorbed O2 is almost symmetrical for the site III side-on adsorption
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(−0.20 per atom) while it is rather unsymmetrical for the site II end-on adsorption

(−0.24 and−0.04). The total negative charge acquired by O2 upon adsorption is higher

for site III than for site II, in accordance with the strongerbinding in the former case.

Of course, the spin density on O2 becomes smaller upon adsorption,i.e., it is reduced

from +1 to values between 0.9 and 0.6, due to the spill-out of spin-density towards the

Cu 3d shell.

The zeolite oxygens are more negatively charged than the adsorbed O2, with charges

between−1.1 and−1.4. The highest negative charge appears for the O2-type oxygens

which are directly coordinated to Cu. The negative charges of the oxygens are compen-

sated by positive charges of about 2.4 for Si and about 2.1 forAl atoms. See Appendices

C.1andC.2for charges on Cu and O2 in all the isomers without and with O2 adsorption

at sites II and III.

5.1.5 Energies

Relative energies of dioxygen adsorption complexes of siteII: There are two cate-

gories of adsorption complexes concerning the position of the additional proton ,i.e.,

whether H+ is attached to the framework oxygen of the 6-ring or the 4-ring of the 12T

cluster model which is chosen to be the QM part of the QM/MM calculations. To the

first category belong the complexes where the proton can be located either at the O4

type or at the O2 type oxygen of the 6-ring. The complexes where the proton resides at

the O2 type oxygen are higher in energy than the complexes containing a proton at an

O4 type oxygen. To the second category belong the complexes where H+ is attached to

the O1 framework oxygen of the 4-ring. This 4-ring is the immediate neighbor of the

6-ring. It may be one of the reasons that there is not much repulsion between two posi-

tive centers,i.e., H+ and Cu+. Therefore these complexes are the most stable ones. As

a consequence, there are three regions of relative energiesamong all the O2 adsorption

complexes:

(i) ∼ 22.0 to∼ 23.0 kcal mol−1 : proton at O2 type oxygen atoms of the 6-ring

(ii) ∼ 4.0 to∼ 7.0 kcal mol−1 : proton at O4 type oxygen atoms of the 6-ring

(iii) within 1 kcal mol−1 : proton at O1 type oxygen atoms of the 4-ring

Adsorption energies of dioxygen adsorption complexes of site II: Now, coming to the

adsorption energies of O2 in the adsorption complexes, some simple relations between

the above discussed classification of relative energies of the different complexes, and
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TABLE 5.8: O2 adsorbed at site II in Cu−Y zeolites (12T QM cluster model): relative
stabilities (Erel) of different adsorption complexes, and binding energies (Eb) of O2.
The result in the first line refers to the case of 1 Al−complex, and the others to the
various isomers containing 2 Al atoms. For the numbering of the atoms see Fig.5.1.
All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is
replaces connected to Erel Eb

1 Al – – – -10.5
A Si2 O2a 23.2 -12.0
N1 Si2 O1b 0.9 -10.2
B Si2 O4b 7.1 -12.1
C Si3 O4b 4.5 -13.0

N2 Si3 O1c 0.3 -9.8
D Si3 O2b 22.0 -17.3
E Si4 O2b 24.3 -24.7
E’ Si4 O2b 22.1 -26.9
N3 Si4 O1d 0.0 -12.0
F Si4 O4c 4.3 -8.3

their coordination number around the Cu center, and its corresponding effects on the

adsorption energies of O2 can be provided. First of all, Table5.8 shows that there

are two regions of adsorption energies of O2 − one between∼ −8.0 and∼ −13.0 kcal

mol−1, and the other one between∼−17.0 and∼−27.0 kcal mol−1. The first classified

region of adsorption energies of O2 corresponds to regions (ii ) and (iii ) (see above) and

they lie at the lower end of the relative energies. These are the ones which show a three-

fold coordinated Cu center concerning the framework oxygens (Table5.5), thus the O2

binding weakens, resulting in lower adsorption energies. The second category of the

adsorption energies of O2 is at the higher end of the relative energies ,i.e., region (i).

These complexes show a two-fold coordinated Cu center with respect to the framework

oxygens (Table5.5), implying better binding to O2 which is reflected in their adsorption

energy values.

In spite of all these facts, there are two isomers (A and N3) showing different behavior

than the others discussed in the previous paragraph. IsomerA shows a Cu(I) center with

three-fold coordination, and the additional proton is located at an O2 type oxygen. Both

these facts are reflected truly in the O2 adsorption energy, and relative energy respec-

tively. Introduction of an additional proton at an O2 type oxygen should have enforced

a two-fold coordinated Cu complex, but it was not the fact. Possibly, the topology of

the H-bonding between one of the oxygens of O2 and the proton (see Fig.5.3) caused
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TABLE 5.9: O2 adsorbed at site III in Cu−Y zeolites (8T QM cluster model): relative
stabilities (Erel) of different adsorption complexes, and binding energies (Eb) of O2.
The result in the first line refers to the case of 1 Al−complex, and the others to the
various isomers containing 2 Al atoms. For the numbering of the atoms see Fig.5.1.
All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is
replaces connected to Erel Eb

1 Al – – – -28.6
A Si2 O1a 13.6 -29.0
B Si2 O2a 1.0 -28.9
C Si3 O2a 1.1 -29.5
D Si3 O1b 7.5 -27.9
E Si4 O1b 6.6 -29.5
F Si4 O3a 30.2 -28.4
G Si4 O4b 10.3 -28.7
H Si6 O1c 0.0 -29.3
I Si6 O2b 4.9 -27.8

this isomer to increase its coordination from two-fold in the bare complex to three-fold

in the adsorption complex. Now, the isomer N3 containing two-fold coordinated Cu,

should have the higher O2 adsorption energy. But, in reality, the adsorption energy

value for this complex is−12 kcal mol−1. It may be that the position of the proton at

an O1 oxygen of the next-neighbor 4-ring has an effect. It canbe further noted that the

binding energy for O2 adsorption onto Cu(I) in zeolite with only one Al atom per unit

cell is−10.5 kcal mol−1 , i.e., also at the lower end of the binding energies for the 2 Al

atoms containing adsorption complexes.

Relative energies of dioxygen adsorption complexes of siteIII: A similar kind of

division of relative energies as in the case of bare Cu−complexes (see Section5.1.2) is

observed with little differences. Those are:

(i) within 1 kcal mol−1

(ii) from ∼ 5.0 to∼ 7.0 kcal mol−1

(iii) from ∼ 10.0 to∼ 30.0 kcal mol−1

Adsorption energies of dioxygen adsorption complexes of site III: It is remarkable

that the O2 binding energies for all of the site III isomers are nearly identical, between

−28 and−30 kcal mol−1 (see Table5.9), and also quite similar to the case of the site
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III complex with only 1 Al atom. These values are more than twice as large as the

binding energies at the energetically lowest site II complexes discussed above. Thus,

the preferred site for O2 adsorption definitely is site III rather than site II. In a similar

study [103] of CO adsorption to Cu(I)−Y zeolite, it was found that CO is more strongly

bound to site III than to site II. This is in accordance with the present findings.

5.1.6 Comparison between Computed and Experimentally Ob-

tained Vibrational Frequencies

5.1.6.1 Experimental Results

Oxygen adsorptions on Cu−free and Cu−containing HY zeolite with Cu(I) and Cu(II)

were measured at 80 K by means of FTIR spectroscopy [2]. Upon O2 adsorption onto

the Cu− free HY zeolite two lines appear in the spectrum at 1556 and 1551 cm−1.

Consequently, they are assigned to the weakly adsorbed dioxygen. These bands are

attributed in literature to the adsorption on Brønsted and Na sites under formation of

end-on adducts [117, 118].

FIGURE 5.6: Low frequency range of FTIR spectra at 80 K of O2 on Cu(I)HY, com-
pared with the spectrum of the blank zeolite. The equilibrium pressure amounts to 5
(a), 10 (b), 50 (c) and 100 mbar oxygen (d).

The stretching frequencies of O2 adsorbed in the Cu−containing zeolites lie in a range

of intense absorptions by the zeolite lattice, which makes their detection difficult. The
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TABLE 5.10: Scaled harmonic O2 stretching frequencies (νO−O/cm−1) of various
adsorption complexes (with different Al atom contents) of site II. The scaling factor is
1.02.

Isomers 2nd Al atom H atom is
replaces connected toνO−O

1 Al – – 1319
A Si2 O2a 1278
N1 Si2 O1b 1316
B Si2 O4b 1260
C Si3 O4b 1263

N2 Si3 O1c 1315
D Si3 O2b 1207
E Si4 O2b 1318
E’ Si4 O2b 1195
N3 Si4 O1d 1192
F Si4 O4c 1324

experimental spectrum (Fig.5.6) shows the low frequency spectrum of the Cu(I)HY

zeolite without O2 adsorption and the difference spectra obtained after O2 adsorption

depending on the oxygen pressure. In this range, the Cu−free zeolite does not show

any absorption but Cu(I) and Cu(II) zeolites show identicalresults. Two small peaks

arise upon O2 adsorption: the first one appears at 1256 cm−1 and the second, very

sharp one, at 1180 cm−1. These correspond to frequency shifts of 300 and 376 cm−1,

respectively. Note that the frequency shifts due to adsorption of CO are much smaller

as discussed in Ref. [103].

5.1.6.2 Theoretical Results

The experimental Raman frequency of free dioxygen in the3Σ−
g state is 1556 cm−1

[119]. The corresponding harmonic frequency at the BP86/TZVP level is 1525 cm−1.

The DFT result shows that the O2 stretching frequency is slightly underestimated. This

is a well known trend and has been studied in detail by Neugebauer and Hess [120].

Consequently, a scaling factor of 1.02 is used in order to correlate computed and exper-

imental O2 stretching frequencies.

Free oxygen is IR inactive, but when it is adsorbed, no matterwhether this is end-

on or side-on, its symmetry is broken and its stretching vibration becomes IR active

[117, 118]. The calculated frequencies of the O2 stretching modes for the different
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TABLE 5.11: Scaled harmonic O2 stretching frequencies (νO−O/cm−1) of various
adsorption complexes (with different Al atom contents) of site III. The scaling factor
is 1.02.

Isomers 2nd Al atom H atom is
replaces connected to νO−O

1 Al – – 1188
A Si2 O1a 1164/1157
B Si2 O2a 1184/1185
C Si3 O2a 1185/1183
D Si3 O1b 1189/1191
E Si4 O1b 1182
F Si4 O3a 1190
G Si4 O4b 1187
H Si6 O1c 1184
I Si6 O2b 1190/1193

adsorption complexes are listed in Tables5.10 & 5.11. Calculation of the harmonic

frequency of dioxygen adsorbed to the sites II and III in model clusters containing one

Al atom yield transitions at 1319 cm−1 and 1188 cm−1. The assignment of the oxygen

stretching modes in clusters with two Al atoms is not as clearas in the previous case.

Due to the strong coupling with framework vibrations in manycases there is no distinct

O2 stretching mode observed but a significant O2 stretching contribution to two or more

framework modes instead. As can be seen from Table5.10 the stretching modes for

site II scatter over a range of more than 100 cm−1 and thus do not allow for a definite

assignment. On the other hand, for site III the O2 stretching modes (cf. Table5.11) of

all energetically low lying isomers ,i.e., structures B, C, D, E, H and I (cf. Table5.9)

scatter by less than 10 cm−1.

Under the assumption that the computed stretching modes in Tables5.10 & 5.11are

underestimated as observed for free dioxygen, the theoretical results can be compared

to the experimental spectrum. For site II with one Al atom, the computed frequency

does not match one of the experimental bands. However, the transition for site III with

one Al atom agrees nicely with the sharp peak at 1180 cm−1 in (Fig. 5.6).

For site III with two Al atoms, the stretching modes of all energetically low-lying iso-

mers are in the range of 1183−1193 cm−1 and this supports the experimentally observed

peak at 1180 cm−1. The O2 stretching frequencies of the most stable isomers for site II

scatter tremendously and thus it is very difficult to relate the observed peak to a specific
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isomer although the frequency of the most stable isomer N3 (1192 cm−1) may also be

associated with the observed band. The peak at 1256 cm−1 cannot be explained on the

basis of the adsorption of O2 at site III, while two isomers of site II (B and C) result in

frequencies at 1260 and 1263 cm−1. However, these isomers are significantly higher in

energy than isomer N3 and thus it is rather questionable if these structures are respon-

sible for the observed band. Consequently, the experimental peak at 1180 cm−1 can be

explained on the basis of the DFT calculations for site III but the interpretation for the

band observed at 1256 cm−1 remains open.

Assignment of Brønsted sites:In order to study the adsorption of dioxygen to Brønsted

sites, QM/MM calculations were performed for complexes consisting of dioxygen and

zeolite fragments containing one Al atom and an additional proton attached to one of the

neighboring O atoms,i.e., forming a Si(OH)Al moiety. Copper atoms had to be elimi-

nated from these calculations because of the preferred binding of dioxygen to copper in

comparison to the Brønsted center. In these model calculations, O2 is adsorbed end-on

to the additional proton with an adsorption energy up to 0.6 kcal mol−1, a value much

lower than for the copper complexes. Harmonic O2 stretching frequencies scatter in the

range between 1518 and 1528 cm−1 (1548−1558 cm−1 after scaling). Consequently,

our QM/MM calculations readily explain the occurrence of the new bands in the exper-

imental spectrum due to the adsorption of dioxygen to Brønsted centers in copper−free

cavities. Therefore, these peaks have no relevance for the adsorption process studied

here.

Other bands: Now the bands around 1200 cm−1 in the experimental spectrum are dis-

cussed in detail. One explanation for the origin of the two broad bands about 20 cm−1

above and below the sharp peak at 1180 cm−1 may belong to the rotational sidebands

which may show up due to symmetry breaking. The rotational splitting could not be

detected due to the fact that the expected splitting value ofoxygen adsorbed on sites

II and III lies in the range of the spectral resolution. The combination of pure stretch-

ing vibrations with the bands of vibration-rotational modeis well known in the case of

hydrogen adsorption on alkali metals in Y and X zeolites [121, 122]. The detection of

vibration-rotational bands, their splitting and displacement indicate different hindering

of free rotation of hydrogen depending on the alkali metal. However, the negative am-

plitude at about 1140 cm−1 indicates that the broad band at about 1170 cm−1 cannot

only be due to a rotational sideband but may also involve someframework vibrations.

A combination of these two effects can easily explain the asymmetry of the two bands
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below and above the sharp band at 1180 cm−1. Another explanation of these two broad

bands could be that they arise from different adsorption sites.

End-on vs. Side-on O2 adducts: νO−O stretching vibrations of dioxygen adducts of

M(O2)-type show up in the region of 1200−1100 cm−1, and this type of dioxygen

adducts of metal complexes are called “superoxo” complexes, because their frequencies

are close to that of KO2 [123].

The structures of dioxygen adducts of M(O2)-type can be classified into two types:

Hence, a side-on adduct has two equivalent oxygens (as long as the symmetric environ-

ment is concerned), and an end-on adduct has two non-equivalent oxygens, therefore

isotope substitution technique will be able to distinguishbetween side-on and end-on

adducts. νO16−O18 vibration splits into two bands in case of end-on adduct, whereas

for side-on no splitting will be observed. However, the distinction of dioxygen adducts

is not always clear-cut, because of the environmental effects of complex compounds.

From the calculated harmonic O2 stretching frequencies, finally a conclusion can be

drawn: O2 stretching frequencies in side-on O2 adsorption complexes lie in the fre-

quency region∼ 1160 to∼ 1190 cm−1, and in the case of end-on O2 adsorption com-

plexes, the range is∼ 1200 to∼ 1300 cm−1.
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5.2 Adsorption of Benzene

5.2.1 Geometries

A systematic theoretical study of cluster models for the adsorption of benzene to dif-

ferent cationic sites (II and III) within the zeolite has been performed in full analogy to

the previous study on the O2 adsorption to CuHY zeolite [2] except for the size of the

cluster for site II. A 6T cluster model is chosen for studyingthe adsorption complexes

of C6H6 as the QM part within the QM/MM calculations, while in the case of O2 ad-

sorption, a larger 12T QM model was considered. The adsorption energies of C6H6 in

1 Al atom containing 6T and 12T adsorption complexes are−17, and−19 kcal mol−1,

with a difference of 2 kcal mol−1, which is non-negligible. Nevertheless, considering

the additional computational cost due to the increase of thenumber of atoms, a 6T QM

cluster is taken for QM/MM calculations.
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Al Cu

O4a

O2c
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FIGURE 5.7: Quantum mechanically treated zeolite fragment (6T model) with ad-
sorbed C6H6 at cationic site II, for the case of 1 Al atom containing complex demon-
strating theη2-coordination of benzene to Cu.

Different Si/Al ratios in zeolite complexes based on 1 or 2 Alatoms per unit cell have

been considered. Due to the different substitution patterns for the second Al atom and

the addition of a proton (to neutralize the extra charge) [2], 6 and 9 isomers (adsorption
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FIGURE 5.8: Quantum mechanically treated zeolite fragment (8T model) with ad-
sorbed C6H6 at cationic site III, for the case of 1 Al atom containing complex demon-
strating theη2-coordination of benzene to Cu.

complexes) are obtained for sites II and III, respectively.These isomers are described

in Tables5.12& 5.13.

1 Al atom containing complexes: Upon benzene adsorption onto Cu(I) atom in Y

zeolitewith 1 Al atom per unit cell, the following features have been computed for the

adsorption complexes:

1. At site II (see Fig.5.7), the coordination around the Cu atom changes from three-

fold to two-fold concerning the zeolitic framework oxygen atoms. While in the

bare cluster (without adsorbate) solely O2 type oxygens arebonded to the Cu

atom, after adsorption of benzene O2 and O4 type oxygen atomsare coordinated

to copper. After benzene adsorption the Cu atom moves out of the plane of T

(Si/Al) atoms of the 6-ring and comes closer to the nearest neighboring Al atom

[75].
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TABLE 5.12: Geometrical parameters of various adsorption complexes of benzene at site II with 2 Al atoms. The results in the first line refer to the
case of 1 Al atom in a unit cell. Distances are given in Å. For the numbering of atoms, see Fig.5.7.

Isomers 2nd Al atom H atom is RCu−O RC1−C2
aσC−C

bπC−C RCu−C1 RCu−C2
cRCu−C

replaces connected to
1 Al - - O2 (2.104); O4 (2.098) 1.434 1.420 1.386 2.051 2.036 2.794
A Si2 O2a O2 (1.952) 1.429 1.416 1.393 2.063 2.067 2.690
B Si2 O4b O2 (2.100, 2.121) 1.431 1.420 1.390 2.064 2.076 2.858
C Si3 O4b O2 (2.068); O4 (2.113) 1.435 1.421 1.388 2.048 2.0392.828
D Si3 O2b O4 (1.909) 1.429 1.417 1.392 2.098 2.030 2.725
E Si4 O2b O2 (2.128); O4 (2.064) 1.435 1.421 1.387 2.038 2.0452.782
F Si4 O4c O2 (2.225); O4 (2.051) 1.435 1.419 1.387 2.060 2.0382.778

aσC−C is the average bond length of RC2−C3, RC4−C5, RC6−C1.
bπC−C is the average bond length of RC3−C4, RC5−C6.
cRCu−C is the average Cu−C bond length.
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2. For site III (see Fig.5.8), there is no significant change in the structural parame-

ters of the adsorption complexes with respect to the bare cluster. Though there is

no change in the coordination number (two-fold coordination by O1 and O4 type

oxygen atoms) of the Cu atom concerning the framework oxygens, both Cu−O

(coordinated oxygens) and Cu−Al bond distances are increased.

3. The bonding pattern of benzene to the Cu atom isη2 at both sites (II and III).

The C1−C2 bond, directly connected to the Cu(I) ion, elongates from1.399 Å

in our calculation for free benzene (experimental value is 1.3902± 0.0002 Å

[124]) to 1.434 Å at site II (1.432 Å at site III). There are two similar Cu−C1(C2)

bonds of length∼ 2.0 Å at both sites. The average Cu−C bond distances are

2.794 Å and 2.697 Å at site II and site III, respectively. The averageσ(C−C) and

averageπ(C−C) bond lengths of the adsorbed benzene are 1.420 Å and 1.386 Å

respectively at site II (Table5.12), and 1.419 Å and 1.388 Å respectively at site

III (Table 5.13).

2 Al atom containing complexes:Moving now to the benzene adsorption complexes

with two Al atoms per unit cell(Figs.5.9and5.11), the following features can be noted:

1. For some isomers (A, D, E) of site II, internal hydrogen-bonding (see Fig.5.10)

between an O2 type oxygen atom and the additional proton (located at another O2

type oxygen atom) is observed. The C1−C2 bond length varies from 1.429 Å to

1.435 Å in different isomers, and the Cu−C1(C2) bond distances vary from 2.03

Å to 2.1 Å (Table5.12). The average Cu−C bond distance lies in the range from

2.690 Å to 2.858 Å. Theη2-benzene coordination remains unchanged throughout

all the isomers, but there are significant differences amongthe isomers with re-

spect to the coordination of Cu to the 6-ring oxygens. Several isomers retain their

two-fold Cu coordination (one O2 type and one O4 type) as seenin the 1 Al atom

containing complex, but there is also one isomer with two-fold coordination by

two O2 type oxygens only. Surprisingly there are even two isomers with one-fold

coordination to one of the framework oxygen atoms: in one of them Cu is bound

to an O2 type oxygen atom (isomer A) and in the other to an O4 type oxygen atom

(isomer D). Note that these two isomers belong to those whichestablish an inter-

nal hydrogen-bond on the plane of the 6-ring, and thereby causing the Cu+C6H6

moiety to be repelled from the plane towards the supercage.
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TABLE 5.13: Geometrical parameters of various adsorption complexes of benzene at site III with 2 Al atoms. The results in the first line refer to
the case of 1 Al atom in a unit cell. Distances are given in Å. For the numbering of atoms, see Fig.5.8.

Isomers 2nd Al atom H atom is RCu−O RC1−C2
aσC−C

bπC−C RCu−C1 RCu−C1
cRCu−C

replaces connected to
1 Al - - O1 (2.016); O4(2.165) 1.432 1.419 1.388 2.071 2.024 2.697
A Si2 O1a O1 (1.909) 1.427 1.413 1.399 1.988 2.243 2.630
B Si2 O2a O1 (2.029); O4 (2.125) 1.432 1.420 1.388 2.068 2.0152.700
C Si3 O2a O1 (1.987); O4 (2.243) 1.432 1.419 1.390 2.093 2.0062.687
D Si3 O1b O1 (2.001); O4 (2.174) 1.433 1.421 1.387 2.048 2.0332.745
E Si4 O1b O1 (2.046); O4 (2.082) 1.435 1.421 1.386 2.027 2.0392.774
F Si4 O3a O1 (1.966); O4 (2.353) 1.432 1.418 1.390 2.074 2.0252.691
G Si4 O4b O1 (2.080); O4 (2.070) 1.435 1.421 1.387 2.035 2.0372.763
H Si6 O1c O1 (1.998); O4 (2.173) 1.434 1.421 1.388 2.054 2.0252.771
I Si6 O2b O1 (2.047); O4 (2.159) 1.432 1.420 1.389 2.085 2.0142.704

aσC−C is the average bond length of RC2−C3, RC4−C5, RC6−C1.
bπC−C is the average bond length of RC3−C4, RC5−C6.
cRCu−C is the average Cu−C bond length.
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FIGURE 5.9: Quantum mechanically treated zeolite fragment (6T model) with
adsorbed C6H6 at cationic site II, 2 Al atoms containing complex (isomer C)
demonstrating theη2-coordination of benzene to Cu.

FIGURE 5.10: Quantum mechanically treated zeolite fragment (6T model) with
adsorbed C6H6 at cationic site II (isomer A), showing an internal hydrogen-
bond.

Besides, the movement of the Cu atom from the plane of T atoms towards the

supercage has been observed in rest of the isomers, althoughit was not as strong

as it is observed in case of isomers A and D.

2. At site III, the introduction of the second Al atom does notlead to a signifi-

cant change among the adsorption complexes of benzene. Heretoo η2-benzene
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coordination prevails except isomer A where anη3-benzene is observed (see Fig.

5.12). Two-fold coordination (O1 and O4 type of zeolitic oxygens) around the Cu

atom remains the same in all isomers except for one isomer (A)where one-fold

coordination to the 4-ring O atom is found. This isomer contains the additional

proton located at an O1 type oxygen. This particular proton is oriented towards

the Cu+C6H6 moiety. Both these species, possibly repelling each other,are sit-

uated at the edge of two 4-rings. The Cu+C6H6 moiety is displaced towards the

supercage. The C1−C2 bond distance in benzene varies for different isomers

from 1.427 Å (in isomer A) to 1.435 Å (all other isomers). A little asymme-

try is observed inη2-coordinated Cu−C1(C2) bond lengths for isomer A: 1.988

(2.243) Å. The rest of the isomers have symmetrical Cu−C1(C2) lengths, scatter-

ing between 2.01 Å and 2.09 Å (Table5.13). The average Cu−C bond length lies

between 2.630 Å and 2.774 Å.

FIGURE 5.11: Quantum mechanically treated zeolite fragment (8T model) with ad-
sorbed C6H6 at cationic site III, 2 Al atoms containing complex (isomer H) demon-
strating theη2-coordination of benzene to Cu.

Within experimental studies, different positions of Cu(I)ions in Y zeolite have been

investigated employing XRPD (X-ray Powder Diffraction), XAS (X-ray Absorption
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FIGURE 5.12: Quantum mechanically treated zeolite fragment (8T model) with ad-
sorbed C6H6 at cationic site III, 2 Al atoms containing complex (isomer A) demon-
strating theη3-coordination of benzene to Cu.

Spectroscopy) and IR spectroscopies [74]. In the adsorption complexes, Cu(I) coor-

dination to the framework oxygen atoms is lowered upon adsorption of C6H6, and the

Cu(I) cations show migration towards the supercage. Similar behavior of Cu(I) has been

observed by Kumashiroet al. and Lambertiet al. through EXAFS experiments in case

of CO adsorption in copper−Y zeolite [74], ZSM-5 [125, 126], and theoretically by

Nachtigallet al. in ferrierite [127].

According to the calculations, the length of the C1−C2 bond, (i.e., the bond directly

connected to Cu) lies in the range of 1.429−1.434 Å at site II (1.427−1.435 Å at site

III) in comparison to 1.3902± 0.0002 Å [124] in the case of free benzene. This indi-

cates a slight activation of the C−C bond in benzene by the Cu-exchanged Y zeolite.

According to Datka and co-workers [128] and the results from Hübner et al. [129, 130],

C−C bond activation by Cu+ in zeolites is much weaker in benzene than in alkenes

(ethene, propene,cis-but-2-ene,trans-but-2-ene) and alkyne (acetylene). An EXAFS

experiment shows an average Cu−C bond length of 2.64± 0.03 Å [114], which is in

nice agreement with the values calculated for site III (2.63− 2.77 Å). More precisely,
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C6H6/CuHY zeolite with 2 Al atoms at site III seems to represent the real situation bet-

ter than site II.

5.2.2 Charges

Population analysis can determine and interpret the chargedistribution of associated

atoms of a molecule. To get a deeper insight into the process of activation of benzene in

the Cu−exchanged zeolite matrix, population analysis calculations were performed for

Cu−Y zeolites (sites II and III) containing 1 Al atom per unit cell of interest, with and

without benzene, using the natural population analysis of Reed and Weinhold [116] as

implemented in TURBOMOLE.

TABLE 5.14: Population analysis results for sites II and III: bare−Cu complexes and
C6H6 adsorption complexes containing 1 Al atom.

Adsorption site Atom/molecule Charges Orbital Population
Bare−complex

II Cu 0.85 4s 0.26
3d 9.88

III Cu 0.89 4s 0.17
3d 9.92

C6H6−Complex

II Cu 0.96 4s 0.29
3d 9.74

C6H6 -0.11
III Cu 0.96 4s 0.29

3d 9.74
C6H6 -0.10

Before benzene adsorption, the Cu cation changes its chargefrom +1.0 for the free

cation to+0.85 at site II (+0.89 at site III). There is a 3d hole of charges 0.12 and

0.08 at sites II and III, respectively, whereas the corresponding 4s orbital occupations

are 0.26 and 0.17, respectively. After adsorption of benzene the following results are

obtained: The Cu cation has a net charge of+0.96, (i.e., it is even more positive than

at pre-adsorption) at both sites, and benzene has a net charge of−0.11 at site II (−0.10

at site III). Also, the 3d hole increases by 0.14 and 0.18 at sites II and III, respectively.
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All these mean that there is a net flow of electron density fromCu to the adsorbed

benzene, mainly from the 3d orbitals. However, there is also aσ electron donation

from benzene: the 4s occupation of Cu is increased by 0.03 and 0.12 for sites II and

III, respectively, and there is even a very slight electron donation to the 4p orbitals.

Thus, the Dewar-Chatt-Duncanson [131, 132] model of the synergetic combination of

σ donor andπ acceptor interaction between metal andπ system is applicable. Note that

all these effects are significantly smaller than seen for theO2 adsorption process. Refer

to AppendixC.5for charge analyses of benzene in all isomers of sites II and III.

5.2.3 Energies

As reported by Sierka and co-workers [103] and discussed in the case of adsorption of

O2 [2], Cu(I) is bound stronger to site II than to site III in the bare Y zeolite. Lamberti

et al. reported that Cu(I) occupancy was higher at site II than at site III according to

their XRPD (X-ray Powder Diffraction) [74] and EXAFS [77] studies on Y zeolite.

This situation is reversed in the case of adsorbates [2, 103], i.e., adsorbates bind more

strongly to the lower coordinated copper at the cationic site. As a general rule, weak

coordination of the adsorbate to the strongly interacting Cu(I) site has been observed by

several authors [103, 133], as in the present case of benzene adsorption.

Relative energies of benzene adsorption complexes of site II: As in the case of O2

adsorption complexes of site II, the additional proton can either be located at the O4

or O2 type oxygen atom of the 6-ring. The complexes where the proton is residing

on an O2 type oxygen, are higher in energy than the complexes containing a proton

located at an O4 type oxygen− thus, reflecting the situation of O2 adsorption and bare

Cu−complexes as well. As a consequence, two regions of relativeenergies (Table5.15)

are found among all the benzene adsorption complexes:

(i) lower-end,< 1 kcal mol−1 where the proton is located at the O4 type oxygen atom

of the 6-ring

(ii) higher-end,> 1 kcal mol−1 where the proton is located at the O2 type oxygen

atom of the 6-ring

Adsorption energies of benzene adsorbed complexes of site II: Binding energies of

benzene vary between∼ −11 kcal mol−1 and∼ −35 kcal mol−1 among the isomers

with two Al atoms at site II (Table5.15), and∼ −17 kcal mol−1 is the corresponding
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TABLE 5.15: C6H6 adsorbed at site II in Cu−Y zeolites (6T QM cluster model):
relative stabilities (Erel) of different adsorption complexes, and binding energies (Eb)
of C6H6. The result in the first line refers to the case of 1 Al−complex, and the others
to the various isomers containing 2 Al atoms. For the numbering of atoms, see Fig.
5.7. All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is Erel Eb

replaces connected to
1 Al - - - -16.9
A Si2 O2a 7.0 -27.5
B Si2 O4b 0.1 -16.6
C Si3 O4b 0.0 -16.7
D Si3 O2b 2.1 -35.2
E Si4 O2b 10.5 -29.8
F Si4 O4c 1.1 -11.3

value in CuY zeolite with one Al atom. According to our relative energy classifica-

tion, the lower-end is occupied by isomers B, C, F− the energetically low-lying (most

stable) isomers with the additional proton bonded to O4 typezeolitic oxygens, and the

adsorption energies of benzene vary between∼ −11 and−17 kcal mol−1. On the other

hand, the higher-end of relative energies belong to isomersA, D, and E− where the

additional proton is located at the O2 type oxygen atoms, andthe adsorption energies

of benzene lie in the range of∼ −27 to−35 kcal mol−1. Thus, there are two categories

of adsorption complexes in this case too:

(i) complexes where the proton is located at the O4 type oxygen atom of the 6-ring

with adsorption energies in the range of∼ −11 to−17 kcal mol−1

(ii) complexes where the proton is located at the O2 type oxygen atom of the 6-ring

with adsorption energies in the range of∼ −27 to−35 kcal mol−1

Relative and adsorption energies of benzene at site III:Benzene binds stronger at

site III than at site II with one or two Al atoms. The binding energies of benzene in all

of these adsorption complexes lie between∼ −32 and∼ −38 kcal mol−1 (Table5.16).

There are several low energy isomers (0.0 to∼ 1.4 kcal mol−1) such as B, C, H, I; but

in all these isomers the binding energy is very similar. One isomer (F) is significantly

higher in energy (+28.4 kcal mol−1) than the others, which is a result of an unfavorable

connection of the additional proton to the bridging O3 type (see Fig.5.8) framework

oxygen atom.
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TABLE 5.16: C6H6 adsorbed at site III in Cu−Y zeolites (8T QM cluster model):
relative stabilities (Erel) of different adsorption complexes, and binding energies (Eb)
of C6H6. The result in the first line refers to the case of 1 Al−complex, and the others
to the various isomers containing 2 Al atoms. For the numbering of atoms, see Fig.
5.8. All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is Erel Eb

replaces connected to
1 Al - - - -33.5
A Si2 O1a 7.6 -38.7
B Si2 O2a 0.9 -32.7
C Si3 O2a 0.3 -34.1
D Si3 O1b 4.3 -34.9
E Si4 O1b 5.5 -34.4
F Si4 O3a 28.4 -34.1
G Si4 O4b 7.1 -35.7
H Si6 O1c 0.0 -36.4
I Si6 O2b 1.4 -35.1

The isomer A, which has only one-fold Cu−framework oxygen coordination, Cu−C6H6

shows strong binding. Thus, this isomer has the highest adsorption energy (−38.7 kcal

mol−1) for this isomer. All other adsorption complexes show similar two-fold Cu−O

coordination, and their adsorption energies lie between∼ −32 and∼ −36 kcal mol−1.

Therefore all of these observations support the assumptionthat the position of the ad-

ditional proton, the detailed distribution of Al atoms, thecoordination around the metal

center may play significant roles in catalysis. In the present study, site III appears to be

the preferred adsorption site in CuHY zeolite for benzene.

5.2.4 Frequencies

After adsorption to surfaces, the gas-phase vibrational bands of a molecule may shift

differently depending on the strength of interaction with active sites. For instance, in

the case of X zeolite theν13 mode of adsorbed benzene is shifted from the gas-phase

value of 1484 cm−1 to 1478 cm−1, due to the bonding with Na+ (which is still present in

Cu−X zeolite), and an extra band shows up at 1468 cm−1 corresponding to the bonding

to Cu+ [134]. This differs from the adsorption of benzene to bimetallicPt,CuZSM-

5 zeolite where two new bands emerge [135]. Similar effects in the case of gaseous
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transition metal−benzene complexes are described in IR-REMPD (Infrared resonance-

enhanced multiple-photon dissociation) studies by Duncanet al. [136]; where the fre-

quency shift is explained by charge-transfer between benzene and metal ion. According

to the population analysis results in Section5.2.2, such a charge transfer occurs indeed

in the bonding of benzene to the Cu−Y zeolite. Bothσ donation (and a minuteπ dona-

tion) from benzene to Cu−Y andπ back-donation is observed, and both effects weaken

the C−C bond and result in a large redshift.

5.2.4.1 Computed Frequencies

In this section, calculated harmonic frequencies of adsorbed benzene at two different

cationic sites (II, III) of Cu(I)−Y zeolite are discussed. The frequencies are scaled

by a factor obtained from a comparison of the corresponding experimental [137] and

calculated frequencies (excluding the C−H stretching modes) of free benzene. The

scaling factor is 1.012 at the BP86/TZVP level of theory (0.982 at the B3LYP/TZVP

level). The BP86/TZVP harmonic frequencies, experimentalIR frequencies, frequency

shifts of free benzene and adsorbed benzene are compared in Table5.17(for selected

modes).

The computed IR frequency value of theν13 band (C−C in-plane ring stretching) in

free benzene is 1489 cm−1, at the BP86/TZVP level, as compared to the experimental

value of 1484 cm−1 [137]. After adsorption of benzene to Cu(I),ν13 of benzene in the

adsorption complex containing one Al atom appears at 1463 cm−1 and 1465 cm−1, at

sites II and III, respectively. This particular C−C ring stretching vibration scatters over

a range of 9 cm−1 (from 1461 to 1470 cm−1) at sites II and III (from 1463 to 1472

cm−1) for adsorption complexes with two Al atoms (see Table5.17). Thus, a down-

shift of 19− 28 cm−1 at site II and 17− 26 cm−1 at site III are obtained among all

the adsorption complexes, while the experimental IR spectrum shows a down-shift of

13 cm−1 for ν13. Although calculated and experimental values do not match exactly,

and even some calculated frequency shifts are doubly as large as the experimentally

predicted value, there is good agreement between experiment and theory for some of

the adsorption complexes (e.g. isomer A at sites II and III).

In contrast to theν13 band, the experimentalν14 (C−H bending) andν4 (C−H bending)

modes remain nearly unchanged, while the calculations predict a redshift forν14, and
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TABLE 5.17: Comparison between experimental and calculated harmonic frequencies
ν/cm−1 and frequency shifts∆ν/cm−1 of benzene in gas-phase and in adsorbed state
at two sites II, III of CuHY zeolite with different Al contents (1 Al and 2 Al atoms
per unit cell) at the BP86/TZVP level. Calculated frequencies are scaled by a factor of
1.012.

ν13 - ∆νa
13 ν14 - ∆νa

14 ν4 ∆νa
4

(C−C ring stretch) (C−H bend) (C−H bend)
Exp/Freeb 1484 1038 674

Expc/CuHY 1479 5 1037 1 672 - 2
Expc/CuHY 1471 13
Calc/Free 1489 1048 672

Site II
Calc/Cu-1Al 1463/1459 26/30 1033/1021 15/27 668 - 4
Calc/Cu-2Al

A 1470/1466 19/23 1030/1021 18/27 677 + 5
B 1466/1457 23/32 1030/1021 18/27 649 - 23
C 1462/1458 27/31 1034/1017 14/31 657 - 15
D 1467/1463 22/26 1030/1028 18/20 657 - 15
E 1461/1458 28/31 1031/1020 17/28 670 - 2
F 1464/1460 25/29 1031/1024 17/24 661 - 11

Site III
Calc/Cu-1Al 1465/1458 24/31 1031/1024 17/24 676 + 4
Calc/Cu-2Al

A 1472/1464 17/25 1034/1026 14/22 668 - 4
B 1463/1457 26/32 1031/1023 17/25 676 + 4
C 1467/1458 22/31 1029/1027 19/21 674 + 2
D 1466/1456 23/33 1031/1022 17/26 673 + 1
E 1467/1455 22/34 1032/1021 16/27 676 + 4
F 1465/1460 24/29 1030/1025 18/23 673 + 1
G 1468/1456 21/33 1032/1022 16/26 677 + 5
H 1463/1455 26/34 1030/1021 18/27 671 - 1
I 1464/1459 25/30 1031/1025 17/23 675 + 3

a ∆ν is the frequency shift of benzene from the gas-phase to the adsorbed state.
b Taken from Ref. [137]
c Taken from Ref. [1]
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TABLE 5.18: Comparison between experimental and calculated harmonic frequencies
ν/cm−1 and frequency shifts∆ν/cm−1 of benzene in gas-phase and in adsorbed state
at two sites II, III of CuHY zeolite with different Al contents (1 Al and 2 Al atoms per
unit cell) at the B3LYP/TZVP level. Calculated frequenciesare scaled by a factor of
0.982.

ν13 - ∆νa
13 ν14 - ∆νa

14 ν4 ∆νa
4

(C−C ring stretch) (C−H bend) (C−H bend)
Exp/Freeb 1484 1038 674

Expc/CuHY 1479 5 1037 1 672 - 2
Expc/CuHY 1471 13
Calc/Free 1491 1043 677

Site II
Calc/Cu-1Al 1471/1470 20/21 1032/1020 11/23 673 - 4
Calc/Cu-2Al

B 1474/1469 17/22 1031/1021 12/22 652 - 25
C 1472/1469 19/22 1034/1017 9/26 663 - 14
F 1476/1472 15/19 1031/1026 12/17 682 + 5

Site III
Calc/Cu-1Al 1472/1468 19/23 1030/1022 13/21 681 + 4
Calc/Cu-2Al

B 1471/1468 20/23 1032/1022 11/21 682 + 5
C 1478/1469 13/22 1030/1027 13/16 682 + 5
H 1472/1467 19/24 1030/1021 13/22 679 + 2

a ∆ν is the frequency shift of benzene from the gas-phase to the adsorbed state.
b Taken from Ref. [137]
c Taken from Ref. [1]

an almost regular blue-shift of 3 to 5 cm−1 for ν4 at site III and a less regular shift at

site II (cf. Table5.17).

B3LYP frequencies: The large redshift of theν13 mode is due to the strong interaction

of the C−C bond in benzene with Cu(I). Since pure gradient-correctedfunctionals are

known to overestimate the interaction of molecules (CO, NO)with Cu(I) due to too

small HOMO-LUMO gaps [127, 138, 139], some of the adsorption complexes were

also studied using the B3LYP functional. The geometries of the low-energy adsorption

complexes from BP86/TZVP calculations were re-optimized and harmonic frequencies

were computed again. The B3LYP/TZVP results provided in Table 5.18show lower

values of frequency shifts for theν13 and ν14 modes, but the shifts of theν4 mode

remain unchanged.
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Reasons behind the mismatch with the experimental results:In the present investi-

gation of benzene−CuHY zeolite adsorption complexes, the calculated frequencies do

not match the experimental IR spectra satisfactorily. Plausible explanations would be:

(i) Choice of quantum chemical methods:A strong redshift corresponds to an over-

estimation of the adsorption energy; both the overbinding between C6H6 and Cu+

and the reduction of the strength of the intramolecular C−C bond in benzene are

due toσ electron donation from benzene and back-donation from the Cu 3d or-

bitals. Thus, DFT/TZVP calculations tend to overestimate the interaction energies

as well as the frequency shifts. Therefore, more sophisticated methods are needed

for obtaining accurate results.

(ii) Choice of models:Benzene could be adsorbed to several adsorption sites rather

than our preferred sites of interest. In different kinds of faujasites Barthomeuf and

co-workers observed high adsorption on cationic sites (strong Lewis acidity) as

well as low adsorption in the 12T ring window (weak oxygen basicity) of a su-

percage [140–143].

5.2.4.2 Comparison with Related Systems

The strong redshift of the calculated frequenciesν13 andν14 in the adsorbed state in

comparison to free benzene demonstrates the strong interaction of benzene molecules

with copper. Similar effects in the case of gaseous transition metal−benzene complexes

were described in previous IR-REMPD studies by Jaeger et al.[136]. In Ref. [136], the

frequency shift is explained by a charge-transfer between benzene and metal ions, anal-

ogous to those in metal−carbonyl complexes. Consequently, the C−C bonds become

weaker and result in the appearance of vibrational bands at lower frequencies. In the

present study on the adsorption of benzene to Cu−Y zeolite, a population analysis re-

veals a large charge-transfer from copper(I) to benzene, and the C−C bond elongates

from 1.399 Å in free benzene to 1.434 and 1.432 Å at sites II andIII, respectively. The

reported binding energies for one benzene molecule (32.1−37.1 kcal mol−1) and Cu−C

bond length (2.434 Å) in Cu(benzene)+
2 by Jaeger et al. [136], are comparable with the

present calculated results in the case of benzene adsorption at site III and the EXAFS

study of the same system [114]. The results of di-benzene copper complexes in the gas
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phase are compared with the present benzene adsorption study under the assumption

that the zeolite six-ring window of the sodalite cage may play a similar role in the ge-

ometry as the second benzene ring. Moreover the Cu(benzene)+
2 complexes described

by Jaeger et al. [136], show similar copper dislocation away from the benzene 6-fold

axis, whereas copper is located at the axis in the structure of monomer in Cu(benzene)+.

The benzene−copper adsorption complexes at sites II and III with direct coordination

of copper to the C1−C2 bond demonstrate the displacement of the copper ion from the

benzene-6-fold axis as well, so that the obtained geometry can probably be explained

by the repulsion of the benzene molecule and the zeolite ringwindow. As mentioned

before, despite the lower copper occupancy at site III, benzene seems to be preferen-

tially adsorbed at site III rather than at site II (Tables5.15& 5.16). The average Cu−C

bonds also show shorter distances at site III, and they are comparable with the EXAFS

measurements [114].

The earlier studies on adsorption of ethylene to CuNaY zeolite [129] give a detailed as-

signment of different vibration bands of ethylene. In the FTIR spectrum a C−H stretch-

ing mode appears at∼ 3011 cm−1 which is IR-silent in gas-phase ethylene. Ethylene

binds to Cu asη2-ethylene-copper adsorption complex as in this study. A well known

example in the literature [144] showed a detailed characterization of ethane adsorption

complexes on copper sites of Cu−ZSM-5 zeolites. The appearance of C−H IR-bands

at room temperature with a frequency redshift of more than 300 cm−1 compared to

gaseous ethane was established through the formation ofη1- andη2-ethane-copper ad-

sorption complexes, which lead to the weakening of the C−H bonds. On the other hand,

in the experimental FTIR spetra of benzene adsorbed onto Cu−HY zeolite by Archipov

et al. [1], IR-forbidden C−H stretching bands were not detected, because the copper

ions interact directly with the carbon atoms of benzene (π-bonds) so that the formation

of C−H−Cu (σ-bonds) is not possible.

5.2.4.3 Splitting of Degenerate Modes

The computed splitting of the degenerateν13 andν14 bands due to symmetry breaking

upon adsorption could not be confirmed by experimental results of Archipov et al. [1].

According to the DFT/MM calculations this splitting variesbetween 2 and 17 cm−1

(Table5.17) depending on the adsorption on different sites and should be detectable

at the experimental resolution of 2 cm−1. The appearance of only one band for each

adsorption on Brønsted sites and on copper at room temperature may be explained by
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the rotational motion of the benzene molecules about the 6-fold (pseudo-6-fold) axis

[145] or/and by the re-orientational jumps of benzene moleculesto other active sites

within the super cage [146, 147].

According to Archipov et al. [1], the IR spectra were measured at room temperature and

at 80 K to search for a splitting of the 1471 cm−1 band. At 80 K the intensity of the band

at 1479 cm−1 increases whereas the intensity of the copper band at 1471 cm−1 remains

unchanged. This fact could lead to the conclusion that the splitting of the copper band

may exist and overlap with the band at 1479 cm−1, which is responsible for Brønsted

sites.

Interestingly, in previous IR-REMPD experiments the splitting of these bands was also

not detected [136]. When benzene is adsorbed to the zeolites of the BEA family,the

frequencies of the in-plane C−C/C−H stretching bands match with the characteristic

vibration bands of liquid-phase benzene, but the out-of-plane bending vibrations un-

dergo splitting [148].



Chapter 6

Simultaneous Adsorption of

Dioxygen and Benzene

6.1 The Motivation

The motivation behind the present work is to investigate thereaction: 2C6H6+ O2
Cu−Y−→

2C6H5OH (See Section1.3). To study the mechanistic steps involved in this reaction,

first one has to determine the precursor complex which shouldinitiate the reaction.

The main requirement of the precursor complex is that both O2 and C6H6 should be

simultaneously adsorbed on the zeolite. Since the Cu centeris the strongest reactive

site in the zeolite, it is possible to limit the structural variations when searching for a

possible precursor complex:

1. The sites at disposal are site II, site III and the slightlydisplaced cationic sites (I′,

II ′, III ′).

2. In order for O2 and C6H6 to be simultaneously adsorbed, a single Cu center is

sufficient where simultaneous adsorption occurs. The O2 and C6H6 could even be

located at different Cu centers (at different sites) as longas the distance permits

the adsorbates to interact with each other and become activated to perform the

reaction.

The “lone” adsorptions of O2 and C6H6 provide important electronic and structural

information which certainly can contribute to think about the initial geometry of the

model precursor complexes.

101
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The following conclusions can be drawn from the Cu−Y zeolite complexes containing

a single Al atom:

Conclusions from the interaction of O2 with Cu(I) in Y zeolite : O2 is stronger bound

to Cu(I) at site III (cf. Table5.9) than at site II (cf. Table5.8). Site III adsorption com-

plexes show side-on bonded O2, whereas at site II, O2 prefers to bind Cu from end-on.

Conclusions from the interaction of C6H6 with Cu(I) in Y zeolite : C6H6 also binds

more strongly to site III Cu compared to site II Cu center, both in η2-coordination (cf.

Tables5.16& 5.15).

In the case of “lone” O2 adsorption at site II, Cu increases its natural charge from 0.85

(0.89 at site III) in bare Cu−complexes to 1.10 (1.20 at site III) in the adsorbed states

(see Table5.7) whereas, C6H6 causes a little (∼ 0.10) increase in charge of Cu upon

adsorption (see Table5.14). In any case, there is a net flow of electrons from the 3d

orbital of Cu towards the adsorbates. The larger the electron donation from Cu+, the

stronger it activates the adsorbed molecule byπ-back donation.

Previous studies [1, 2, 103, 149] have shown that the most important adsorption sites

in Cu−Y zeolite are sites II and III. Evidently, Cu(I) is bound stronger at site II than

at site III. As a consequence, site III is more flexible towards the uptake of external

molecules. All these observations point towards site III being the most important site

for the reaction to happen on. Datka et al. [150] studied the co-adsorption of organic

molecules (alkenes, acetylene, benzene, acetone) and CO with Cu+ sites in Cu−zeolites

(X, Y, ZSM-5) using IR spectroscopy. They reported that there are Cu+ centers, which

are able to bind simultaneously to both organic molecules and CO at relatively high CO

pressure. In another theoretical study, Kozyra and Datka [151] had suggested that the

co-adsorption of NO together with organic molecules (acetone, formaldehyde, ethene,

acetylene) on the same Cu+ site of CuZSM-5 zeolite was possible. Simultaneous ad-

sorption of O2 and C6H6 on the same Cu+ center at both sites II and III of Y zeolite is

investigated in the present work.

6.2 Geometries

6.2.1 Van der Waals Complexes at Sites II and III
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TABLE 6.1: Selected geometrical parameters of vdW complexes at sites II & III (6T cluster & 8T cluster) in triplet electronic state: Cu−O
(framework) coordination and bond lengths (Å).

Site RCu−O RCu−O′ RCu−O′′ RO′−O′′ RC−O′(O′′) RC1−C2
aσC−C

bπC−C RCu−C1 RCu−C2

II/1 Al/Dioxygenc O2 (1.978, 2.321, 2.435) 1.852 2.755 1.266> 3.0
II/1 Al/Benzenec O2 (2.074, 2.342, 2.460) 1.227 > 3.0 1.431 1.419 1.389 2.077 2.079
III/1 Al/Benzenec O1 (2.021); O4 (2.116) 1.229 > 3.0 1.434 1.422 1.390 2.058 2.016

a σC−C is the average bond length of RC2−C3, RC4−C5, RC6−C1.
b πC−C is the average bond length of RC3−C4, RC5−C6.
c directly connected to Cu center.
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For computing the van der Waals complexes the BP86-D densityfunctional [152, 153]

was used for the QM calculations within the QM/MM framework.

Site II: In the present work, “simultaneous” adsorption complexes at site II contain only

one Al atom per unit cell. At site II, van der Waals complexes are formed due to the

adsorption of both adsorbates simultaneously. There is no direct concurrent attachment

of both molecules to the Cu center. One of the molecules is attached directly to the Cu

center, and the other one just stays on top of the attached one. Thus two types of van

der Waals complexes are obtained:

1. complexes which show a direct O2 to Cu coordination and C6H6 resides on top it

(cf. Fig. 6.1[A])

2. complexes which show a direct C6H6 to Cu coordination and O2 resides over it

(cf. Fig. 6.1[B]).

[A] [B]

FIGURE 6.1: Quantum mechanically treated part of vdW complexes at site II (mod-
elled by 6T cluster): [A] direct connection of O2 to Cu, [B] direct connection of C6H6

to Cu. [B] is∼ 12 kcal mol−1 lower in energy than [A].

It is evident from Table6.1 that in both types of complexes, Cu(I) increases its coor-

dination to zeolite-oxygen from two-fold in “lone” O2 or C6H6 adsorption complexes

to three-fold in vdW complexes. When O2 is directly connected to the Cu center (see

Fig. 6.1[A]), the O′−O′′ bond distance is similar to that of “lone” adsorption complex,

and it still sustains its end-on bonding. In this case, the C6H6 behaves very much like

a gas-phase entity. On the other hand when C6H6 is directly attached to Cu, benzene

is coordinated with hapticity 2 (η2-C6H6). In this case, O2 behaves as a free gas-phase
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molecule (population analysis: the spin density on each O ofO2 is∼ 1, see Table6.2).

In both types, the mutual distance between two molecules is> 3.0 Å.

The only notable difference between “lone” adsorption complexes and vdW “simultane-

ous” adsorption complexes is that Cu to oxygen (framework) coordination is two-fold in

case of “lone” and three-fold in case of “simultaneous” adsorption. This may be an over-

estimation of the dispersive energy correction of the BP86-D functional. I performed

single-point energy calculation at the BP86/TZVP level using the BP86-D/TZVP op-

timized geometries to estimate on the dispersive energy correction. I found that the

∆E(BP86− BP86-D) values are 52.3, and 63.7 kcal mol−1 for the [A], and [B] “si-

multaneous” adsorption complexes, respectively. This clearly tells that the dispersive

energy correction can change the energy profile significantly.

FIGURE 6.2: Quantum mechanically treated part of a vdW complex at site III (mod-
elled by 8T cluster): direct connection of C6H6 to Cu.

Site III: In the vdW complex (cf. Fig.6.2) formed at site III, C6H6 is directly connected

to Cu, and O2 remains on top of C6H6. The coordination number (see Table6.1) with

respect to the framework oxygen atoms is the same as in the case of “lone” O2 or C6H6

adsorption complexes.

Population analysis results given in Table6.2 do not show any significant change in

comparison with “lone” adsorptions (Tables5.7 & 5.14). All these findings show that

the interaction between C6H6 and O2 is rather small,i.e., they are not able to activate

each other. In this type of vdW complexes, instead of activating each other, the activity

of one decreases in presence of another.

At site III, I do not find any vdW complex where O2 shows a direct coordination to Cu

and C6H6 resides over O2.
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TABLE 6.2: Population analysis results for different vdW adsorption complexes of
sites II and III.

Adsorption site Atom/molecule Charges Orbital PopulationSpin density
Bare Cu−complex

II Cu 0.85 4s 0.25
3d 9.89

III Cu 0.89 4s 0.17
3d 9.92

O2 directly connected to Cu−complex

II Cu 1.09 4s 0.26 0.32
3d 9.64

O′ -0.24 2s 1.81 0.67
2p 4.42

O′′ -0.04 2s 1.84 0.87
2p 4.20

C6H6 0.02
C6H6 directly connected to Cu−complex

II Cu 0.96 4s 0.24 0.01
3d 9.79

O′ -0.02 2s 1.83 0.97
2p 4.18

O′′ 0.00 2s 1.83 0.99
2p 4.17

C6H6 -0.10

III Cu 0.97 4s 0.28 0.02
3d 9.74

O′ -0.02 2s 1.83 0.97
2p 4.18

O′′ -0.02 2s 1.83 0.97
2p 4.17

C6H6 -0.08

6.2.2 Co-adsorption of O 2 and C 6H6 at the Same Cu + Center

While either C6H6 or O2 is directly attached to Cu+ in vdW complexes, there are com-

plexes where both the adsorbates are connected to the same Cucenter (Fig.6.3), and

energetically with higher relative stabilities.
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Nomenclature of the “simultaneous” adsorption complexes of O2 and C6H6 at the

same Cu+ center: When C6H6 is oriented towards (closest to) the zeolite framework,

the complex is referred to asendo-complex, and when C6H6 is oriented away from

(farthest to) the zeolite framework, the complex is referred to asexo-complex. For an

illustration see Fig.6.3, where each of theendo- andexo-complexes contains only 1 Al

atom in its QM fragment.

endo exo

FIGURE 6.3: Quantum mechanically treated part of “simultaneous” adsorption com-
plexes at site III (modelled by 8T cluster) of Cu−Y zeolite: endo, exo.

6.2.2.1 Endo-Complexes

Cu−O coordination number: Table6.3shows detailed information of the geometrical

parameters concerning theendo-“simultaneous” adsorption complexes for the triplet

cluster containing one and two Al atoms in the unit cell of Cu−exchanged Y zeolite. For

comparison, the corresponding structural parameters of clusters with “lone” dioxygen or

benzene can be seen from Tables5.6& 5.13. The Cu−O coordination number is two-

fold. However, in O2 “ lone” adsorption complexes, two symmetric Cu−O bonds are

observed (Table5.6), and in the “simultaneous” adsorption complexes two asymmetric

Cu−O bond lengths (∼ 2.0 Å and∼ 2.2 Å) are observed. This is surprisingly similar to

those of “lone” benzene adsorption complexes (Table5.13).

Changes in O2: The most prominent change with respect to the cluster containing

“ lone” dioxygen as an adsorbate is the change of a side-on coordination in favor of

an end-on coordination. Thus, O2 in “simultaneous” adsorption environment behaves

like end-on O2 in “ lone” adsorption complexes of site II (Table5.5) only, the O′−O′′
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bond length in O2 decreases as compared to the corresponding “lone” dioxygen adsorp-

tion complexes. Cu−O′ bond lengths are still equivalent to “lone” dioxygen adsorbed

complexes at site III.

Changes in benzene:The bonding pattern of benzene isη2. In this case the Cu−C

bond distance is longer when compared to “lone” benzene adsorbed complexes by∼
0.2 Å. C1−C2 (the distance between the C atoms of benzene that are directly connected

to Cu),σ(C-C), andπ(C-C) are basically the same as in the case of complex with single

adsorbed benzene.

6.2.2.2 Exo-Complexes

In this section theexo-“simultaneous” adsorption complexes are discussed (Fig.6.3,

Table6.5). Theexo-“simultaneous” adsorption complexes look quite similar to theendo

ones. Here too, O2 is end-on, and C6H6 is η2-coordinated to Cu+. There is probably

flipping or rotation of the C6H6 ring either in theendo- or exo-complex, which causes

the change in the topology of the C6H6 ring near the Cu center.

The two C atoms that are directly connected to Cu and the two C atoms that are far

from the Cu center in theendo-complex exchange their positions in theexo-complex

(Fig. 6.3endoandexo). This is the only considerable difference between theendo- and

theexo-“simultaneous” adsorption complexes.

The exo-“simultaneous” adsorption complexes behave like theendoones considering

the two-fold Cu−O coordination, end-on O2 and η2-benzene binding pattern to Cu.

However, there are some minute differences in bond lengths which are discussed below.

Cu−O Coordination number: Here Cu is two-fold coordinated to the framework

oxygens. However, in contrast to O2 “ lone” adsorption complexes, two asymmetric

Cu−O bond lengths are observed in various “simultaneous” adsorption complexes−
with ranges 2.0− 2.1 Å, and 2.2− 2.3 Å. This situation is quite similar to those of

endo-“simultaneous” adsorption complexes, and “lone” benzene adsorption complexes

(Table5.13).



C
h

ap
ter

6
.S

im
u

lta
n

e
o

u
s

A
d

so
rp

tio
n

o
fD

io
xyge

n
a

n
d

B
e
n

ze
n

e
1

0
9

TABLE 6.3: Selected geometrical parameters ofendo-“simultaneous” adsorption complexes (with 1 Al and 2 Al atoms) of site III intriplet electronic
state: bond lengths (Å) and bond angles.

Isomers 2nd Al atom H atom is RCu−O′ RCu−O′′ RO′−O′′ ∠Cu− O′ − O′′ Hc −O′′ RCu−O

replaces connected to
1 Al – – 1.978 2.882 1.262 124.1 2.618 O1 (2.053); O4(2.207)
A Si2 O1a 1.980 2.872 1.258 123.5 2.829 O1 (1.983); O4(3.405)
B Si2 O2a 1.989 2.887 1.260 123.8 2.591 O1 (2.071); O4(2.127)
C Si3 O2a 1.966 2.865 1.264 123.6 2.652 O1 (2.044); O4(2.250)
D Si3 O1b 2.043 2.932 1.255 123.7 2.609 O1 (2.047); O4(2.200)
E Si4 O1b 1.966 2.871 1.263 124.0 2.613 O1 (2.054); O4(2.194)
F Si4 O3a 1.965 2.860 1.262 123.4 2.750 O1 (2.021); O4(2.365)
G Si4 O4b 2.013 2.904 1.258 123.6 2.573 O1 (2.111); O4(2.126)
H Si6 O1c 1.996 2.894 1.261 123.8 2.607 O1 (2.030); O4(2.221)
I Si6 O2b 1.985 2.885 1.260 124.0 2.649 O1 (2.137); O4(2.176)

Isomers 2nd Al atom H atom is RC1−C2
aσC−C

bπC−C Cu− C1 Cu− C2 C1−O′′ C2− O′′

replaces connected to
1 Al – – 1.424 1.413 1.392 2.208 2.137 3.303 3.627
A Si2 O1a 1.426 1.413 1.395 2.178 2.121 4.271 3.367
B Si2 O2a 1.424 1.413 1.392 2.218 2.117 3.288 3.653
C Si3 O2a 1.425 1.412 1.393 2.228 2.132 3.333 3.685
D Si3 O1b 1.427 1.415 1.390 2.137 2.129 3.289 3.518
E Si4 O1b 1.422 1.412 1.392 2.245 2.131 3.283 3.569
F Si4 O3a 1.425 1.412 1.393 2.205 2.150 3.369 3.546
G Si4 O4b 1.425 1.414 1.391 2.163 2.131 3.303 3.895
H Si6 O1c 1.425 1.411 1.392 2.179 2.138 3.276 3.497
I Si6 O2b 1.425 1.411 1.392 2.214 2.115 3.337 3.788

a σC−C is the average bond length of RC2−C3, RC4−C5, RC6−C1.
b πC−C is the average bond length of RC3−C4, RC5−C6.
c this H atom of benzene is the nearest to the dioxygen.
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Changes in O2: Both the Cu−O′ and Cu−O′′ bonds are systematically shorter than in

theendo-“simultaneous” adsorption complexes− with ranges 0.02− 0.09 Å and 0.02

− 0.08 Å, respectively. End-on bonded O2 has similar O′−O′′ bond lengths in both

endo- andexo-“simultaneous” adsorption complexes.

Changes in benzene:Benzene is bonded to Cu inη2-fashion. The Cu−C bond dis-

tance is longer as compared to the “lone” benzene adsorbed complexes by∼ 0.2 Å.

The C1−C2 (the directly connected C atoms of benzene to Cu),σ(C-C), andπ(C-C)

distances are basically the same as in the singly benzene adsorbed complex.

TABLE 6.4: Population analysis for “simultaneous” adsorption complexes (endo&
exo) containing 1 Al at site III compared with “lone” adsorption complexes.

Complex Atom/ Charges Occupation Spin density
molecule

Bare Cu 0.89 3d9.924s0.17 0.0
O2 Cu 1.20 3d9.514s0.27 0.53

O′ -0.20 2s1.862p4.33 0.72
O′′ -0.20 2s1.862p4.34 0.70

C6H6 Cu 0.96 3d9.744s0.29

C6H6 -0.10
Endo- Cu 1.11 3d9.614s0.25 0.31

complex O′ -0.17 2s1.822p4.34 0.74
O′′ -0.08 2s1.842p4.24 0.85

C6H6 0.00
Exo- Cu 1.10 3d9.634s0.25 0.29

complex O′ -0.18 2s1.822p4.35 0.74
O′′ -0.05 2s1.842p4.21 0.87

C6H6 -0.01

Population analysis (Table6.4) shows in a net flow of electron density from Cu mainly

to O2 in the “simultaneous” adsorption process. The Cu 3d hole is larger than in the

“ lone” C6H6 adsorption complex, but smaller than in the “lone” O2 case. The spill-

out of spin density from 2p orbital of O2 towards 3d orbital of Cu occurs. Population

analyses of different isomers are given in AppendicesC.6& C.7.
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TABLE 6.5: Selected geometrical parameters ofexo-“simultaneous” adsorption complexes (with 1 Al and 2 Al atoms) of site III intriplet electronic
state: bond lengths (Å) and bond angles.

Isomers 2nd Al atom H atom is RCu−O′ RCu−O′′ RO′−O′′ ∠Cu− O′ − O′′ Hc −O′′ RCu−O

replaces connected to
1 Al – – 1.962 2.855 1.259 123.4 3.688 O1 (2.052); O4(2.226)
A Si2 O1a 1.950 2.827 1.258 122.1 3.445 O1 (1.983); O4(3.395)
B Si2 O2a 1.960 2.865 1.259 124.3 3.682 O1 (2.053); O4(2.232)
C Si3 O2a 1.949 2.842 1.260 123.2 3.619 O1 (2.045); O4(2.249)
D Si3 O1b 1.954 2.848 1.258 123.4 3.701 O1 (2.023); O4(2.327)
E Si4 O1b 1.953 2.856 1.260 124.1 3.669 O1 (2.045); O4(2.224)
F Si4 O3a 1.954 2.845 1.259 123.1 3.660 O1 (2.036); O4(2.350)
G Si4 O4b 1.964 2.873 1.258 124.7 3.552 O1 (2.096); O4(2.179)
H Si6 O1c 1.929 2.826 1.263 123.2 3.671 O1 (2.014); O4(2.325)
I Si6 O2b 1.952 2.858 1.259 123.4 3.641 O1 (2.107); O4(2.226)

Isomers 2nd Al atom H atom is RC4−C5
aσC−C

bπC−C Cu− C4 Cu− C5 C1−O′′ C2− O′′

replaces connected to
1 Al – – 1.423 1.413 1.391 2.189 2.154 3.364 3.321
A Si2 O1a 1.425 1.413 1.394 2.214 2.141 4.089 4.809
B Si2 O2a 1.423 1.412 1.391 2.152 2.201 3.309 3.312
C Si3 O2a 1.423 1.414 1.391 2.184 2.179 3.385 3.292
D Si3 O1b 1.414 1.412 1.391 2.174 2.179 3.334 3.349
E Si4 O1b 1.423 1.412 1.391 2.174 2.187 3.298 3.308
F Si4 O3a 1.424 1.412 1.392 2.173 2.172 3.322 3.369
G Si4 O4b 1.424 1.412 1.391 2.152 2.198 3.230 3.424
H Si6 O1c 1.422 1.412 1.391 2.203 2.194 3.374 3.308
I Si6 O2b 1.423 1.412 1.391 2.161 2.210 3.341 3.293

a σC−C is the average bond length of RC1−C2, RC3−C4, RC5−C6.
b πC−C is the average bond length of RC2−C3, RC1−C6.
c this H atom of benzene is the nearest to the dioxygen.
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All these data indicate that “simultaneous” adsorption complexes of both benzene and

dioxygen molecules show much more similarities to the “lone” benzene adsorption

complexes than to the “lone” dioxygen adsorption complexes (except the structural pa-

rameters which are related to dioxygen). Probably the most important finding is that the

second Al atom does not bring dramatic changes into the adsorbate−adsorbent interac-

tion.

6.3 Energies

6.3.1 Energies of the Endo-Complexes

Three sets of geometry optimizations are performed for the different electronic states

such as triplet, closed-shell singlet and broken-symmetrysinglet states. For each elec-

tronic state, the number and the position of aluminum atoms and of the corresponding

charge-conserving protons are varied. This resulted in a total of 27 structures which

are summarized in Table6.6. Consequently, the most relevant structure of this study

appears to be cluster C, in which the the additional proton isconnected to an O2 type

oxygen (cf. Table6.6). Cluster H is still very close in energy (within 1 kcal mol−1),

while all other systems are off by at least 2.0 kcal mol−1. These results appear to be

independent of the electronic state: structure C is the minimum, which is the lowest in

energy for the closed-shell and broken-symmetry singlet states.

The binding energy is computed according to Eq.6.1. In all the cases, the binding

energy of the clusters in the triplet state are significantlylower than the corresponding

closed-shell singlet state species.

Ei
b(C6H6 +O2) = Ei(co-adsorption)− E(without adsorption)

−Etriplet
free (O2)−Esinglet

free (C6H6) (6.1)

In Eq. 6.1 i refers to each electronic state: triplet, singlet and broken-symmetry singlet.

The binding energy of the broken-symmetry singlet states isalways close to the triplet

states. A significant admixture of triplet contributions tothe singlet states is observed.

However, these results support the principal restriction to triplet states, and thus, further

considerations focus exclusively on triplet state calculations. This is in line with the
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high-level benchmark calculations (cf. Section4.5) at the coupled-cluster and multi-

reference configuration interaction level [2].

TABLE 6.6: Co-adsorption of O2 and C6H6 at site III in Cu−Y zeolites (8T QM
cluster model): relative stabilities (Erel) of different adsorption complexes, and binding
energies (Eb) of (C6H6+O2) in endo-complexes. The result in the first line refers to the
case of 1 Al−complex, and the others to the various isomers containing 2 Al atoms.
All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is Triplet BS Singlet Singlet
replaces connected toErel Eb Erel Eb Erel Eb

1 Al - - -37.0 -31.0 -15.8
A Si2 O1a 5.9 -44.6 6.1 -38.6 5.3 -24.9
B Si2 O2a 2.2 -35.6 2.5 -29.6 3.4 -14.0
C Si3 O2a 0.0 -38.5 0.0 -32.7 0.0 -18.2
D Si3 O1b 6.8 -36.6 7.3 -30.3 9.2 -13.9
E Si4 O1b 9.6 -34.4 9.7 -28.6 10.1 -13.6
F Si4 O3a 28.3 -38.3 28.3 -32.5 28.9 -17.3
G Si4 O4b 10.9 -36.1 11.2 -29.9 12.4 -14.2
H Si6 O1c 0.6 -36.7 0.7 -30.7 1.1 -15.7
I Si6 O2b 2.0 -38.6 2.3 -32.5 3.6 -16.7

6.3.2 Energies of the Exo-Complexes

The exo-“simultaneous” adsorption complexes are also computed for the three elec-

tronic states− singlet, broken-symmetry singlet, and triplet states (Table 6.7). All these

calculations were performed by following the same procedure as in the case of the

endo-“simultaneous” adsorption complexes. The open-shell triplet states are always the

lowest energy states, and the closed-shell singlet ones arethe highest ones whereas the

broken-symmetry singlet electronic states are again closely related to the triplet ones.

Therefore, again the behavior of theexo-“simultaneous” adsorption complexes is found

similar to theendoones. The relative energies of different isomers vary in thesame

order as in case of “lone” dioxygenor benzene adsorption complexes. Considering the

relative energies of the different isomers, theexo-“simultaneous” adsorption complexes

differ very little from theendoones. Here, the most stable complex is isomer H (it was

C for endo). Although isomers B, C, H are again within 1.7 kcal mol−1− this situation is

again in line with the observations made in the case ofendo- “simultaneous” adsorption

complexes.
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Binding energies are calculated according to Eq.6.1. The most stable “simultaneous”

adsorption complex H has a binding energy of−36 kcal mol−1 in the triplet state.

Endo- vs. exo-“ simultaneous” adsorption 1Al-complex: In the triplet (broken-symmetry

singlet) state, theexo-“simultaneous” adsorption complex is 0.6 (0.9) kcal mol−1 higher

in energy than theendo-complex. But, in the singlet state, theendo-“simultaneous” ad-

sorption complex is 4.5 kcal mol−1 higher in energy than theexo-complex. In any case

the triplet states are always the lowest energy states for both endo- andexo-complexes.

TABLE 6.7: Co-adsorption of O2 and C6H6 at site III in Cu−Y zeolites (8T QM
cluster model): relative stabilities (Erel) of different adsorption complexes, and binding
energies (Eb) of (C6H6+O2) in exo-complexes. The result in the first line refers to the
case of 1 Al−complex, and the others to the various isomers containing 2 Al atoms.
All the quantities are given in kcal mol−1.

Isomers 2nd Al atom H atom is Triplet BS Singlet Singlet
replaces connected toErel Eb Erel Eb Erel Eb

1 Al - - -36.3 -30.2 -20.4
A Si2 O1a 6.3 -43.4 8.1 -37.2 5.8 -27.5
B Si2 O2a 0.8 -36.2 2.6 -30.0 1.1 -19.5
C Si3 O2a 1.7 -36.1 3.4 -29.9 1.3 -20.0
D Si3 O1b 6.7 -35.9 8.5 -29.7 4.5 -21.6
E Si4 O1b 8.7 -34.6 10.4 -28.4 6.8 -20.1
F Si4 O3a 16.8 -48.9 18.6 -42.8 28.3 -21.1
G Si4 O4b 9.9 -36.3 11.7 -30.1 12.2 -17.5
H Si6 O1c 0.0 -36.4 0.0 -32.0 0.0 -20.0
I Si6 O2b 2.3 -37.6 4.0 -31.4 4.5 -18.9

6.4 Frequencies

6.4.1 Frequencies of the Endo-Complexes

Harmonic frequencies are calculated for the “simultaneous” adsorption complexes in

the triplet state. In Table6.8the computedνO−O of O2 andν13 of benzene are tabulated.

In the following section, the changes that occur in the O2 stretching and C−C stretching

(ν13) vibrations due to the adsorption of both the adsorbates simultaneously to the same

Cu+ center at site III are discussed in detail.



Chapter 6.Simultaneous Adsorption of Dioxygen and Benzene 115

TABLE 6.8: “Simultaneous” adsorption of C6H6 and O2 at site III of Cu−Y zeolite:
endo-complexes. Comparison of the experimental and calculatedharmonic frequencies
ν/cm−1, frequency shifts∆ν/cm−1 of benzene and O2 in gas-phase and adsorbed state.
Geometries and analytic force constants are calculated at BP86/TZVP level; within the
RI-J approximation. Scaling factors are 1.012 and 1.02 for C6H6 and O2, respectively.

C6H6 O2

ν13 −∆νa
13 νO−O −∆νc

O−O

(C-C ring stretch) (O-O stretch)
Exp/Free 1484b 1556
Calc/Free 1489 1556
Site III

Calc/Cu-1Al 1473/1471 16/18 1335 221
Calc/Cu-2Al

A 1473/1469 16/20 1345 211
B 1473/1470 16/19 1341 215
C 1476/1473 13/16 1329 227
D 1473/1467 16/22 1359 197
E 1474/1471 15/18 1330 226
F 1474/1472 15/17 1334 222
G 1472/1468 17/21 1350 206
H 1472/1469 17/20 1337 219
I 1472/1471 17/18 1343 213

a ∆ν is the frequency shift of benzene from the gas-phase to the adsorbed state.
b Taken from Ref. [137].
c ∆νo−o is the frequency shift of O2 from the gas-phase to the adsorbed state.

O2 stretching mode (νO−O): The value of the gas-phase O2 stretching mode vibration

is 1556 cm−1 [119]. In the present case the O2 stretching mode vibration lies in the

range of 1330 to 1359 cm−1 depending on the aluminum distribution patterns in all

the “simultaneous” adsorption complexes. Thus a down-shift of 197− 227 cm−1 with

respect to free dioxygen in the gas phase is obtained. In end-on “lone” O2 adsorption

complexes of site II, the down-shift lies between 232− 296 cm−1. This reveals that the

interaction of O2 with Cu+ in the “simultaneous” adsorption is slightly weaker than in

the case of “lone” O2 adsorption where end-on coordination of O2 is observed.

C−C stretching mode (ν13): In free benzene, the computed value of the degenerate

ν13 mode is at 1489 cm−1. The degeneracy of this IR inactive mode is lifted by the

symmetry-breaking due to the adsorption process, which should result in certain IR

activity. Consequently, symmetry splitting of the degenerate ring stretching mode may

arise, which should be seen in calculations. Indeed, the calculated values (cf. Table
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6.8) show a pair of transitions for theν13 mode (see Table6.8). One ranges from 1472

to 1476 cm−1 and the other from 1467 to 1472 cm−1, thereby causing a down-shift of

13− 17 cm−1 (for the other one from 16− 22 cm−1) with respect to the calculated

gas-phase value. All these results show that frequency shifts in benzene are lowered in

the case of “simultaneous” adsorption than in the case of “lone” C6H6 adsorption [1].

Even the maximum splitting of this degenerate mode is only 6 cm−1 (for isomer D),

and the minimum is 1 cm−1 (for isomer I)− which are lower than that of “lone” C6H6

adsorption.

All these facts indicate that both the molecules are activated in the “simultaneous” ad-

sorption environment although not as strong as in the case of“ lone” adsorption. Nev-

ertheless, one would expect so. Since now two molecules simultaneously have to be

bonded to the same Cu center overcoming the steric and electronic effects; even the size

of the pore matters whether the reactant selectivity criterion (see Section3.1) has been

satisfied or not. However, in these “simultaneous” adsorption complexes, the O2 stretch-

ing mode is more sensitive than the C−C stretching mode of benzene with respect to

the topology around the Cu center.

6.4.2 Frequencies of the Exo-Complexes

The harmonic frequencies of theexo-complexes are calculated for the optimized ge-

ometries of the “simultaneous” adsorption complexes in the triplet state, as in the case

of theendo-complexes. Table6.9shows the values of computedνO−O mode of O2 and

the C−C ring stretchingν13 mode of benzene. The fact that the geometrical and en-

ergetic parameters of theexo-“simultaneous” adsorption complexes do not differ much

from theendoones is reflected in the harmonic frequencies. Consequently, harmonic

frequencies do not deviate much. Here the focus is on the comparison of the O2 and

C−C stretching vibrations of benzene in theexo- andendo-complexes.

O2 stretching mode (νO−O): Here the most stable “simultaneous” adsorption complex

is isomer H which shows an O2 stretching mode at 1330 cm−1, which is quite similar

to the most stable “simultaneous” adsorption complex (isomer C) of theendotype. In

other cases, O2 stretching modes show up at 1341− 1348 cm−1. Table6.9results show

a down-shift of 208− 226 cm−1 in O2 stretching vibration in various “simultaneous”

adsorption complexes with respect to free dioxygen in the gas phase which are even,

much less down-shifted than the “lone” adsorption case of O2. The major difference
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TABLE 6.9: “Simultaneous” adsorption of C6H6 and O2 at site III of Cu−Y zeolite:
exo-complexes. Comparison of the experimental and calculatedharmonic frequencies
ν/cm−1, frequency shifts∆ν/cm−1 of benzene and O2 in gas-phase and adsorbed state.
Geometries and analytic force constants are calculated at BP86/TZVP level; within the
RI-J approximation. Scaling factors are 1.012 and 1.02 for C6H6 and O2, respectively.

C6H6 O2

ν13 −∆νa
13 νO−O −∆νc

O−O

(C-C ring stretch) (O-O stretch)
Exp/Free 1484b 1556
Calc/Free 1489 1556
Site III

Calc/Cu-1Al 1475/1471 14/18 1346 210
Calc/Cu-2Al

A 1477/1472 12/17 1346 210
B 1477/1473 12/16 1345 211
C 1477/1473 12/16 1341 215
D 1475/1474 14/15 1348 208
E 1474/1473 15/16 1342 214
F 1476/1473 13/16 1348 208
G 1475/1472 14/17 1348 208
H 1475/1475 14/14 1330 226
I 1481/1474 8/15 1345 211

a ∆ν is the frequency shift of benzene from the gas-phase to the adsorbed state.
b Taken from Ref. [137].
c ∆νo−o is the frequency shift of O2 from the gas-phase to the adsorbed state.

in O2 stretching vibrations between theendo- andexo-“simultaneous” adsorption com-

plexes is that, most of the complexes (1 Al-complex, isomersB, C, E, F, I) in the latter

case show less down-shiftedνO−O than theendoones which indicates that, the dioxy-

gen molecules inexo-“simultaneous” adsorption complexes are less activated than the

endoones.

C−C stretching (ν13): The symmetry-breaking of the degenerateν13 mode due to the

adsorption process, is also observed for theexo-complexes. Table6.9 shows a pair of

transitions forν13 mode for each isomer. One varies from 1474− 1481 cm−1 and the

other one from 1471− 1475 cm−1 thereby causing a down-shift of 8− 15 cm−1 (for

the other one from 14− 18 cm−1) with respect to the calculated gas-phase value ofν13

mode. All these show that frequency shifts in benzene are lowered in case of “simulta-

neous” adsorption complexes in comparison to “lone” C6H6 adsorption complexes [1].

The maximum splitting of this degenerate mode is only 7 cm−1 (for isomer D), and even
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the most stable adsorption complex does not show any splitting. The frequency down-

shift values ofν13 decreases here in comparison to theendo-“simultaneous” adsorption

complexes.

Thus all the findings indicate that the activation of both themolecules is quite similar

for the endo- andexo-“simultaneous” adsorption complexes. However, which one of

them will behave better as reactant complex/precursor complex or which one would be

effective in predicting the low-barrier reaction pathwaysin comparison to other is to be

addressed in next chapter.



Chapter 7

A Possible Mechanism for the

Oxidation of Benzene to Phenol

In the heterogeneous catalysis making use of transition metal ion exchanged zeolites,

one of the most widely studied reactions is selective oxidation of hydrocarbons. Such

a catalyst has to perfom a dual function: on one hand it has to activate the dioxygen

and generate a reactive catalyst-bound oxygen species, andon the other hand it has to

activate the organic molecule to form the product. In the present study of the oxidation

of benzene in Cu−Y zeolite, such an activation is desired,i.e., Cu−Y zeolite has to ac-

tivate O2 and C6H6 simultaneously. Such types of reactant/precursor complexes which

are thought to be the initial activated species have been characterized in the previous

chapter. In this chapter, a possible pathway for phenol production will be discussed

based on these precursor complexes.

The potential energy surface (PES) of a chemical reaction provides key information

about electronic energies and structures of reactants, products, and transition states

(TSs). Therefore the determination of the PES of the reaction of interest is needed.

The structural parameters of the precursor complexes can beseen from Tables6.3 &

6.5. The next question would be, how to activate the benzene molecule, in particular

the activation of one of the C−H bonds of benzene by the CuO+
2 adduct? Most of the

transition metal exchanged catalysts produce an oxygen species that carries a negative

chargee.g.O−, O2−, O−
2 and oxidize benzene via an electrophilic reaction mechanism

[154]. It is most likely that one of the oxygen atoms in the adsorbed dioxygen will bind

119



Chapter 7.A Possible Mechanism for the Oxidation of Benzene to Phenol 120

to the nearest C atom of benzene (which is also adsorbed in zeolite to the same Cu cen-

ter1 where O2 is adsorbed). Such anoxygen-insertioninto the C−H bond of benzene

forms aσ-complex, which involves a synchronous O−H bond formation and C−H bond

breaking; consequently a phenol-complex is generated. Aσ-complex formation for the

gas-phase hydroxylation of benzene by bare FeO+ was demonstrated by Schröder and

Schwarz [155], too. The present investigation conducts a possible mechanistic pathway

for the catalytic oxidation of benzene using O2 over Cu−exchanged Y zeolite.

7.1 QM/MM Partitioning

Theendo- andexo-simultaneousadsorption complexes mentioned in the previous chap-

ter are renamed here,old precursor 1 andold precursor 2, respectively. Although, the

characterization of these precursors has been done in the previous chapter, for perform-

ing the QM/MM calculations regarding reaction pathways, a small change has been

introduced in the QM cluster. The 2 Si and 5 O atoms (shown in Fig. 7.1/old by ar-

rows), which were QM-atoms in theold setup, are now treated as MM-atoms, while 2

different Si atoms and 5 different O atoms (shown in Fig.7.1/newby arrows) are now

added to the QM part. This leads to a more symmetric environment of the Al atom.

old new

FIGURE 7.1: old andnewQM cluster of precursor complex 1: showing the increment
of the cluster size around the AlO4 tetrahedra.

The geometry and the energetics of theold precursor 1 and thenewprecursor 1 are

compared in Table7.1. Both theold precursor 1, and thenew contain the same 8T

cluster as the QM cluster for QM/MM computations. The selected structural parameters

1Benzene and dioxygen may get adsorbed at different active Cu−sites of the zeolite also, as long as
they are able to interact with each other.
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(See Table7.1) of both the precursors agree quite satisfactorily with each other. In

the present study the active catalytic center is the cuprousion which is located at the

ion-exchangeable Al site (the so-called Brønsted acid site). The new QM cluster is

symmetric with respect to the Al site. Therefore, thenewQM cluster will introduce

a smaller error due to the truncation of the cluster for the QM/MM embedding, and

include all the short range interactions symmetrically between the adsorbed molecules

(onto the Cu center) and the zeolite within the inner part. Therefore thenewQM cluster

is considered in the following.

TABLE 7.1: Geometrical parameters (bond distances/Å and angles/◦) of the old and
new8T QM clusters of 1 Al containing precursor complex 1 found atsite III; relative
energies (Erel), binding energies (Eb) of (C6H6 + O2) in kcal mol−1; C1, C2 carbon
atoms are directly connected to the Cu center; O′′ is the terminal oxygen of O2 and O′

is directly coordinated to Cu.

Parameters Old New
precursor 1 precursor 1

RCu−O O1 (2.053); O4(2.207) O1 (2.063); O4(2.192)
RCu−O′ 1.978 1.984
RCu−O′′ 2.882 2.881
RO′−O′′ 1.262 1.260
∠Cu−O′ − O′′ 124.1 123.7
RC1−C2 1.424 1.425
σC−C 1.413 1.413
πC−C 1.392 1.392
Cu− C1 2.208 2.197
Cu− C2 2.137 2.129
C1− O′′ 3.303 3.337
C2− O′′ 3.627 3.725
H − O′′ 2.618 2.650
Erel 0.0 0.9a

Eb -37.0 -37.7

a The relative energy of thenewprecursor 1 is calculated with respect to theold precur-
sor 1.

7.2 Optimization and Transition State Search

The QM/MM calculations consist of geometry optimizations for the local minima (inter-

mediates) and saddle points (transition states) along the reaction path for triplet, singlet,
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broken-symmetry singlet potential energy surfaces. Aftereach optimization, a vibra-

tional analysis has been performed to confirm the minimum (noimaginary frequency)

or the transition state (single imaginary frequency). For transition states, IRC (Intrinsic

Reaction Coordinate) calculations were also done in order to verify that the transition

states really connect the desired minima (corresponding reactants and products).

Constrained TS search: The conversion of one minimum-energy structure into an-

other may sometimes occur primarily along just one or two coordinates. In such cases,

an approximation to the reaction pathway can be obtained by gradually varing the coor-

dinate(s), allowing the system to relax at each step using minimisation while keeping the

chosen coordinate(s) fixed. The point of highest energy on the path is an approximation

to the saddle point and the structures generated during the course of the calculation can

be considered to represent a sequence of points on the interconversion pathway [33].

This approach for locating a transition state on the potential energy surface is known as

constrainedTS search.

In the present study of the oxidation reaction between benzene and dioxygen− as the

first step in finding a TS− a constrainedTS search approach is used. According to

the assumption regarding the reaction mechanism stated above, an apparently obvious

reaction coordinate would be the distance between the O′′ of O2 and C1 (nearest to

O2) of C6H6. The C1−O distance is 3.3 Å in the precursor 1 (Fig.7.2). Therefore,

the C1−O distance was decreased with a step size of∼ 0.1 Å until a region for the

formation of the phenol-zeolite complex (Fig.7.2) was found. For each value of the

C1−O distance, an energy minimization is performed by relaxingall the others degrees

of freedom. Thus, an energy profile for the constrained search calculation as a function

of the reaction coordinate C1−O is obtained (see Fig.7.3).

TS optimization: The geometries corresponding to the maximum energy region which

is marked by a rectangle in Fig.7.3 are considered for the approximate TS structures.

The force constant matrices are computed for these particular structures without any

constraints. Then a TS search is performed for each of these geometries by relaxing all

the coordinates, using the pre-calculated Hessian matrix follwing the transition vector

(with negative eigenvalue)− the so-calledeigenvector followingmethod. Among these

three geometries, the one which show a C1−O bond length of 1.8 Å finally leads to a

TS (TS1 in Fig.7.5).
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Precursor 1 Phenol-complex

FIGURE 7.2: Precursor 1 and phenol-complex: showing the C1−O bond distance.

FIGURE 7.3: Energy profile as a function of C1−O bond distance for theconstrained
TS search.

Intrinsic reaction coordinate(IRC) calculations have been performed from the TS to-

wards each minima, such as precursor 1 and phenol-complex (see Fig. 7.2). Surpris-

ingly backward IRC calculation leads to an another precursor complex (Precursor com-

plex in Fig. 7.5) instead of precursor 1, and forward IRC calculation results in an

another intermediate (which is found out later asσ-complex in Fig. 7.5) instead of

phenol-complex. However, theconstrainedsearch was started from the precursor 1 and

the phenol-complex was obtained too. This indicates that there must be, at least another

transition state which will end up with the formation of the phenol-complex. In fact,

a TS for the phenol-complex formation has been traced along the pathway (see TS2 in
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Fig. 7.5).

7.3 Reaction Mechanism

Scheme 1

Z structure of the ion-exchangable Al site in Y zeolite

[Cu(O2)(C6H6)]Z precursor complex

[CuOOC6H6]Z σ-complex

[CuO(C6H5OH]Z phenol-complex

[CuO]Z CuO+ complex

Although several theoretical investigations were carriedout concerning the hydroxy-

lation of benzene by various iron-oxo species [17, 155–158], the mechanism of the

aerobic oxidation of benzene to phenol in Cu−Y zeolite is still unknown. Therefore,

a plausible mechnistic pathway is proposed in the present work. The present mecha-

nistic model for Cu−Y zeolite catalyzed oxidation of benzene at the molecular level

is depicted in Scheme 1. In this mechanism, thesimultaneousadsorption of molecular

oxygen and benzene leads to formation of the precursor complex. O-atom insertion

from copper-di-oxo species results in theσ-complex which undergoes simultaneous

C−H bond cleavage and O−H bond formation to the phenol-complex. The release of
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phenol produces the copper-oxo complex2. To complete the catalytic cycle a second

benzene molecule is added, and eventually the Cu−exchanged Y zeolite is regenerated

by the production of phenol.

For the CuO+2 moiety the possible electronic states are triplet and singlet states. The

broken-symmetry singlet calculations are also performed in order to account for the

small singlet-triplet energy separation. The computationof potential energy surfaces

for triplet, singlet and broken-symmetry singlet states isa time demanding task for the

quantum mechanical calculation within a QM/MM methodology.

7.3.1 Reaction Intermediates and Transition States

The four reaction intermediates and three transition states along the reaction pathways

on the triplet potential energy surface are shown in Fig.7.5. The geometries of the

reaction intermediates and the transition states are quitesimilar for the triplet- and the

broken-symmetry singlet spin states.

TABLE 7.2: Geometrical parameters for precursor complex; H atom is the nearest to
the terminal oxygen (O′′) of O2.

RCu−O′ RO′−O′′ C1−O′′ O′′−H ∠Cu−O′−O′′

Precursor
Triplet 1.963 1.257 3.284 3.638 123.9
Bs-singlet 1.933 1.265 3.630 3.270 122.7
Singlet 1.830 1.299 2.344 2.678 123.6

1. Precursor complex: In the computed geometry of the precursor complex, O2

and C6H6 are simultaneously adsorbed to the same Cu center. The precursor com-

plex hasη2-coordinated benzene to Cu, and the total coordination number around

the Cu center is 5 including three copper−oxygen coordinations− one coming

from the dioxygen, and the other two from zeolite framework oxygen atoms (see

precursor complex in Fig.7.5). The directly connected carbon atoms of the ben-

zene ring to Cu are denoted as C1 and C2. The two Cu−C1 and Cu−C2 bond

lengths are 2.143 and 2.198 Å (2.160 and 2.216 Å) in the triplet state (broken-

symmetry singlet state). In the singlet state, only one carbon atom is directly

2The experimental bond dissociation energy value of CuO+ is 37± 3 kcal mol−1 [155].
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FIGURE 7.4: Potential energy diagrams for the oxidation of benzeneto phenol by
dioxygen in Cu−Y zeolite in the triplet, singlet, and broken-symmetry singlet states.
Relative energies are given in kcal mol−1. Reactants are Cu−Y zeolite (singlet), O2
(triplet), and C6H6 (singlet).

connected to Cu (RCu−C1 = 2.122 Å). In the precursor complex, the benzene ring

remains nearly planar. The O′−O′′ bond distance is about 1.3 Å (Table7.2) for

the different potential energy surfaces.

2. TS1: The first transition state, which connects the precursor complex and the

σ-complex, exhibits an imaginary frequency of 132i, 180i and 323i cm−1 in the

triplet, broken-symmetry singlet and singlet states, respectively. In TS1 a strong

bond formation occurs between the terminal oxygen atom (O′′) of O2 and a single

carbon atom of C6H6. For the geometrical parameters of TS1 refer to Table7.3.

The C1−O′′ bond distance is 1.584 Å (1.620 Å) in the triplet (broken-symmetry

singlet), and 1.70 Å in the singlet state, resulting in a decrease in Cu−O′ bond

distance by∼ 0.1 Å, and increase in the O′−O′′ bond distance by∼ 0.1 Å. The

O′−O′′ bond length is about 1.37 Å, which is still shorter than an O−O single

bond3. The∠ H−C−O′′ angle is in the range of∼ 88◦ − 94◦, thus indicating

a tilted C−H bond from the plane of the benzene ring and the presence of a

3The O−O bond length in H2O2 which is a measure of a typical O−O single bond, isR(O−O) =

1.475 Å [159].



Chapter 7.A Possible Mechanism for the Oxidation of Benzene to Phenol 127

TABLE 7.3: Geometrical parameters for TS1, theσ-complex, and TS2; H and
C1 atoms are the nearest ones to the terminal oxygen (O′′) of O2.

RCu−O′ RO′−O′′ C1−O′′ C1−H O′′−H ∠ H−C−O′′

TS1
Triplet 1.813 1.377 1.584 1.105 1.995 94.1
Bs-singlet 1.812 1.369 1.620 1.102 2.011 93.3
Singlet 1.799 1.374 1.700 1.104 1.991 87.7
σ-complex
Triplet 1.903 1.370 1.554 1.104 2.027 98.0
Bs-singlet 1.826 1.484 1.408 1.116 2.015 105.4
Singlet 1.823 1.462 1.428 1.123 2.081 108.7
TS2
Triplet 1.731 1.957 1.399 1.210 1.442 66.7
Bs-singlet 1.731 1.902 1.403 1.240 1.388 63.0
Singlet 1.818 1.441 1.588 1.289 1.299 52.4

tetrahedral carbon. Therefore, the oxygen atom insertion into the C−H bond of

benzene leads to a deformation of the benzene ring from a plane, and forms an

activated C−H bond.

3. σ-complex: Theσ-complex is likely to play an important role in the reaction

pathway for the benzene to phenol conversion. The population analysis results of

the precursor complex, TS1, and theσ-complex (cf. Tables7.4, 7.5, 7.6) show a

net charge flow from benzene→ dioxygen→ Cu center making the benzene ring

more positive, and the O′′/O′ atoms more negative. The Cu 3d hole is increased

from the precursor complex to TS1 and is further increased inthe σ-complex

indicating aπ-back-donation from the Cu 3d orbital.

4. TS2: The second transition state is a three-centered transitionstate in which

C−H bond breaking and O−H bond formation occur simultaneously to form the

phenol-complex. It exhibits an imaginary frequency of 1150i, 1294i and 1390i

cm−1 in the triplet, broken-symmetry singlet and singlet states, respectively. The

high frequency of this vibrational mode is a direct consequence of the C−H bond

cleavage and the O−H bond formation, and the high energy barrier (cf. Fig.7.4).

In the triplet and the broken symmetry singlet states the O′−O′′ bond lengths in

TS2 are 1.957 Å and 1.902 Å (cf. Table7.3), which are longer than a O−O

single bond distance. In the singlet PES the O′−O′′ bond length in TS2 is slightly

shorter: 1.441 Å. The C−H and O′′−H bond lengths are in the range of∼ 1.2
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Precursor complex TS1

σ-complex TS2

Phenol-complex TS3

Phenoxo-complex

FIGURE 7.5: Reaction intermediates and transition states for the oxidation re-
action of benzene to phenol using dioxygen in Cu−Y zeolite in the triplet state.
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TABLE 7.4: Population analysis results for the precursor complex. C1, C2
carbon atoms are directly connected to Cu center and H1, H2 are hydrogen
atoms of benzene ring forming C1−H1, C2−H2 bonds respectively.

Atom/molecule Charges Occupation Spin density
Triplet

Cu 1.10 3d9.634s0.25 0.28
O′ -0.18 2s1.822p4.35 0.74
O′′ -0.04 2s1.842p4.20 0.88
C1 -0.32
C2 -0.35
H1 0.28
H2 0.26

C6H6 -0.01
Broken Symmetry

Singlet
Cu 1.12 3d9.614s0.25 -0.12
O′ -0.20 2s1.822p4.37 0.10
O′′ -0.07 2s1.842p4.22 0.10
C1 -0.32
C2 -0.35
H1 0.28
H2 0.26

C6H6 0.01
Singlet

Cu 1.10 3d9.564s0.32

O′ -0.32 2s1.812p4.51

O′′ -0.16 2s1.852p4.30

C1 -0.36
H1 0.27

C6H6 0.23

− 1.3 Å, and∼ 1.3− 1.4 Å. Nevertheless, these are quite reasonable for bond

cleavage and bond formation situations.

5. Phenol-complex: The phenol-complexes have almost equal Cu−O′ bond lengths

(about 1.7 Å, see Table7.7) on all three PESs. In the triplet and broken-symmetry

singlet PESs, the O′−O′′ bond is broken, although the singlet PES has an O′−O′′

bond length of 1.846 Å.

6. TS3: The transition state TS3 is responsible for the migration ofthe phenolic H

atom to the oxygen (O′) of the Cu−O′ moiety. In TS3, the O′−O′′ bond length

decreases to∼ 2.6 Å on the triplet and broken-symmetry singlet PESs (Table
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TABLE 7.5: Population analysis results for TS1. The C1 carbon atomdirectly
forms the C1−O bond and the H1 hydrogen atom is attached to the C1 carbon
of the benzene ring.

Atom/molecule Charges Occupation Spin density
Triplet

Cu 1.10 3d9.574s0.32 0.42
O′ -0.42 2s1.832p4.58 0.34
O′′ -0.13 2s1.772p4.36 0.33
C1 -0.10
H1 0.23

C6H6 0.29
Broken Symmetry

Singlet
Cu 1.10 3d9.574s0.32 0.36
O′ -0.41 2s1.832p4.58 0.35
O′′ -0.14 2s1.782p4.35 0.10
C1 -0.10
H1 0.23

C6H6 0.29
Singlet

Cu 0.89 3d9.614s0.48

O′ -0.43 2s1.832p4.59

O′′ -0.17 2s1.812p4.36

C1 -0.14
H1 0.28

C6H6 0.57

7.7), which makes it easier to move the H atom from the phenolic oxygen to the

Cu−O′−zeolite moiety. It has an imaginary frequency of 88i, 145i and 355i cm−1

in triplet, broken-symmetry singlet and singlet states, respectively. The vibra-

tional mode of TS3 shows, arocking motionof O−H bond which is responsible

for this process and the low frequency.

7. Phenoxo-complex: The phenoxo-complex is the most stable intermediate in the

proposed mechanistic pathway. In this phenoxo-intermediate the Cu−O′ bond

distance is around 1.8 Å on all three PESs.



Chapter 7.A Possible Mechanism for the Oxidation of Benzene to Phenol 131

TABLE 7.6: Population analysis results forσ-complex. The C1 carbon atom
directly forms the C1−O bond and the H1 hydrogen atom is attached to the C1
carbon of the benzene ring.

Atom/molecule Charges Occupation Spin density
Triplet

Cu 1.15 3d9.554s0.28 0.43
O′ -0.34 2s1.852p4.49 0.42
O′′ -0.11 2s1.752p4.35 0.35
C1 -0.07
H1 0.23

C6H6 0.14
Broken Symmetry

Singlet
Cu 1.18 3d9.484s0.31

O′ -0.50 2s1.882p4.61

O′′ -0.23 2s1.722p4.51

C1 -0.04
H1 0.23

C6H6 0.35
Singlet

Cu 1.07 3d9.534s0.39

O′ -0.50 2s1.872p4.63

O′′ -0.22 2s1.722p4.49

C1 -0.07
H1 0.26

C6H6 0.49

7.3.2 Energetics of the Reaction Pathway

The computed energy of the precursor complex in the triplet state is taken as the ref-

erence energy and in the following only the relative energies of all the intermediates

and transition states in the different electronic states are discussed with respect to this

reference energy.

Step 1: Fig. 7.4 shows the computed triplet, broken-symmetry singlet and singlet po-

tential energy diagrams along the proposed pathway of benzene to phenol formation

using dioxygen as the oxidant and Cu−Y zeolite as the catalyst.

The terminal oxygen (O′′) of the precursor complex is directly forming a C−O bond via

the transition state (TS1), and leads to theσ-complex. The singlet state of the precursor

complex is 16.7 kcal mol−1 above the triplet electronic state. The broken symmetry
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TABLE 7.7: Geometrical parameters for the phenol-complex, TS3, and the
phenoxo-complex; H and C1 atoms are the nearest ones to the terminal oxygen
(O′′) of O2.

RCu−O′ RO′−O′′ C1−O′′ O′′−H ∠ H−C−O′′ Cu−O′′

Phenol-complex
Triplet 1.721 3.180 1.391 1.004 113.0 2.153
Bs-singlet 1.717 3.177 1.385 1.006 112.9 2.179
Singlet 1.732 1.846 1.378 1.043 112.9 non-bondeda

TS3
Triplet 1.711 2.614 1.364 0.981 110.6
Bs-singlet 1.709 2.599 1.358 0.985 111.4
Singlet 1.712 2.095 1.356 0.997 113.6

RCu−O′ RO′−O′′ C1−O′′ O′−H Cu−O′′

Phenoxo-complex
Triplet 1.791 3.114 1.296 0.975 1.905
Bs-singlet 1.793 3.112 1.291 0.975 1.920
Singlet 1.778 2.154 1.278 0.977 non-bondeda

a The phenoxide moiety is not coordinated to the Cu atom.

solution lies between singlet and triplet states. The trendof these three potential energy

surfaces is conserved in the vicinity of TS1. The relative energies for TS1 in the triplet,

broken-symmetry singlet, and singlet states are 31.2, 31.9, and 37.3 kcal mol−1, respec-

tively. For the individual spin states (triplet, broken-symmetry singlet, and singlet), the

activation energies of TS1 are 31.2, 25.6, and 20.6 kcal mol−1. It indicates that TS1 on

the low-spin surface has a low energy barrier. Theσ-complex in the triplet, singlet and

broken-symmetry singlet states lie 29.2, 27.7, and 22.2 kcal mol−1, respectively, above

the precursor complex in the triplet state. This indicates aspin inversion between dif-

ferent electronic states in a crossing region of the potential energy surfaces (Fig.7.4).

Indeed, the facile interconversion of various electronic states is quite probably the most

crucial issue for the particular reactivity of transition-metal compounds[155].

Step 2:Theσ-complex rearranges to a phenol-complex by breaking the activated C−H

bond and forming the O−H bond via TS2. The relative energies of TS2 lie at 50.4,

52.5 and 56.8 kcal mol−1 in the singlet, triplet and the broken-symmetry singlet with

respect to the precursor complex in the triplet state. The activation energy for TS2 is

22.7 kcal mol−1 in the singlet state, whereas it is 23.3 kcal mol−1 in the triplet state

and the broken-symmetry singlet has the highest activationenergy for TS2: 34.6 kcal

mol−1. The singlet (broken-symmetry singlet) potential energy surface is 32.5 (33.4)

kcal mol−1 exothermic, while the triplet one is 48.3 kcal mol−1 exothermic in this step.
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Step 3: The phenolic-H atom of the phenol-complex is migrated to theoxygen atom

(O′) of the O−Cu zeolite moiety via TS3 and a phenoxo-intermediate is formed. This

process is a low-barrier one compared to the others. The activation energy for TS3 in

the singlet state is 6.3 kcal mol−1, and in the triplet state it is 4.7 kcal mol−1, and 1.9

kcal mol−1 in the broken-symmetry singlet surface. This process is 19.5 kcal mol−1

exothermic in the singlet potential energy surface, and 26.7 (20.1) kcal mol−1 for the

broken-symmetry singlet (triplet) state.

The dissociation energy of the phenol-complex in the singlet state is 11.9 kcal mol−1

with respect to the precursor complex in the triplet state, whereas for the triplet state the

dissociation energy of the phenol-complex is 8.7 kcal mol−1 below the reference energy.

In any case, dissociation energies of the phenol-complexesare always higher than the

activation energies of the formation of the phenoxo-complex. Therefore, the formation

of the phenoxo-complex is preferred over the formation of phenol as the product. The

phenoxo-complex is the most stable complex in the above mentioned reaction pathway.

The phenoxide moiety in the phenoxo-intermediate again gains the close proximity of

the active Cu center keeping a Cu−O′′ distance of about 1.9 Å on the triplet and the

broken-symmetry singlet PESs. Therefore, one could think further of a transition state

which would again form a different phenol-complex other than the presently found one.

The favorable phenol-zeolite complex should have a different topology in the minimum

of the PES that will prefer elimination of phenol rather thanmoving to the phenoxo-

complex. In that case, elimination of phenol will result in acopper-oxo-zeolite complex,

and possibly another benzene molecule will be needed to complete the catalytic cycle

of benzene to phenol conversion.

7.3.3 Single-Point ab initio Calculations

The single-point QM calculations were performed employingonly the QM region4 of

the BP86(TZVP)/GULP optimized geometries of the reaction intermediates and the

transition states of the closed-shell singlet PES. Given the size of the QM region (57

atoms) in Cu−Y zeolite, high-level correlatedab initio QM calculations are only pos-

sible with local correlation methods (see Section2.1.10) in a reasonable computation

time. All the ab initio wave function based single-point energies are calculated with

4In the QM/MM scheme of the QMPOT program, each (QM or MM) energy computation is indepen-
dent of others. Therefore, the single-point energies of theQM fragment at different theoretical levels can
be compared.



Chapter 7.A Possible Mechanism for the Oxidation of Benzene to Phenol 134

the MOLPRO quantum chemistry program [160]. The Table7.8 shows the calculated

relative energies of all the intermediates and the transition states at the following QM

methods: BP86, Hartree-Fock (HF), local MP2 (LMP2), local coupled cluster variants

(LCCSD, LCCSD(T0)), and B3LYP.

TABLE 7.8: The relative energies (w.r.t. precursor complex) in kcal mol−1 of all
the intermediates and the transition states at different levels of theory. Density fitting
approximations are used throughout.

Structures BP86b HFa LMP2a LCCSDa LCCSD(T0)a B3LYPb

TS1 19.9 -0.6 45.0 19.4 29.0 18.8
σ-complex 9.5 -9.7 19.5 -1.8 1.4 7.4
TS2 32.8 10.1 45.5 24.8 33.0 30.2
Phenol-complex -24.4 -51.1 2.5 -28.5 -23.2 -28.4
TS3 -18.2 -30.0 17.6 -11.8 -14.9 -18.8
Phenoxo-complex -42.2 -53.4 -22.9 -34.3 -30.0 -45.7

a AO basis: cc-pVTZ for Al, Si, framework O, link H, Hbenzene except nearest to dioxy-
gen; aug-cc-pVTZ for Cu, Hbenzene(nearest to dioxygen), C, dioxygen
b For basis sets, refer to Section4.1.

The BP86/TZVP results in Table7.8should be taken as the reference, and those are sup-

ported by the high-level electron correlation methods. TheLMP2 results show that the

transition states and the reaction intermediates are substantially destabilized. Because,

usually LMP2 overestimates the long-range correlation effects. The triple correction

to the LCCSD result lowers the barrier height by∼3 kcal mol−1 for TS3, however,

increases the barrier height by∼10 kcal mol−1 for TS1, and TS2. The reaction inter-

mediates are destabilized at about 5 kcal mol−1 by the triple correction to the LCCSD

result. The B3LYP results are fairly close to the BP86 values. Mata and Werner [161]

reported that calculations of the smooth PESs using the local approximations are chal-

lenging tasks. The accuracy of the local electron correlation methods strongly depend

on the heart of the domain and the pair approximations on the model system to be in-

vestigated [162]. The situation can be more complicated, if the electronic structures

of the reactants, products, and the transition states are quite different from each other.

The domain sizes can be very different, and this can lead to unbalanced results. The

local electron correlation results presented here are priliminary ones, therefore yet to be

refined and determined in future.
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Summary

The aim of this investigation was to study the oxidation reaction of benzene using

molecular oxygen as an oxidant and Cu−exchanged Y zeolite as a catalyst to form

phenol as the product. Phenol is a versatile chemical which is used in the synthesis of

petrochemicals, agrochemicals, and plastics. Most of the worldwide production of phe-

nol is based on the cumene process which is a three-step process. The main advantage

of the cumene process is the conversion of two relatively inexpensive starting materi-

als, benzene and propylene into the chemicals such as phenoland acetone. However,

the cumene process has certain disadvantages such as the production of an explosive

intermediate (cumene hydroperoxide), the formation of acetone as a byproduct with

1:1 stoichiometry. Therefore, in spite of the great successof the cumene process, an

environment-friendly alternative process is sought for. For producing phenol, a new

route based on the aerobic oxidation of benzene in zeolites as catalysts is a well dis-

cussed area of current research. Mainly zeolites containing transition metals are used

as heterogeneous catalysts, in particular Cu−containing Y zeolites are one of the prime

concerns in that direction. The Cu centers are the most probable active sites in the Y

zeolite. Certainly, all these facts support the motivationof the present work.

This thesis presents a theoretical study for understandingthe adsorption processes in

Cu−Y zeolite, which in turn give important information about the reaction between

benzene and molecular oxygen in zeolites. Model calculations are performed using the

QM/MM approach, a computationally efficient method which treats the active part of

a system at the QM level and the remainder at the MM level. Within the QM/MM

framework, the QM and MM calculations are performed using the BP86 and B3LYP

density functionals, and a polarizable ion-pair shell-model potential, respectively. In the

135
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QM calculations, triple zeta quality basis sets are employed. High-level benchmarkab

initio (MRCI, CCSD(T)) calculations are performed for a simple CuO+
2 model complex

in order to evaluate the chosen BP86 functional. Satisfyingagreement is found between

the DFT results and the more accurateab initio methods.

One of the major objectives of this thesis is to investigate the lone adsorption processes

of dioxygen, benzene and the co-adsorption of both, dioxygen and benzene, in Cu−Y

zeolites. Y zeolite has a large cavity (7.4 Å), called supercage, consisting of sodalite

cages and hexagonal prisms. Among the 6 different well knowncationic sites of a Y

zeolite, sites II and III are chosen to host the cuprous ion. Sites II and III are situated on

the plane of a 6-membered ring and at the edge of a 4-membered ring of a supercage,

respectively. Adsorption processes are studied using different model zeolites containing

one or two Al atoms and their different substitution patterns. In Cu−exchanged Y

zeolite, the copper ion shows three-fold and two-fold coordinations with respect to the

framework oxygens at sites II and III, respectively.

Adsorption of O2 to Cu−Y zeolite shows mainly end-on coordination of O2 to Cu at

site II whereas site III shows side-on coordination of O2. Molecular oxygen is bound

stronger to Cu at site III than at site II. Triplet states are the lowest-lying states as

confirmed by high-levelab initio benchmark calculations for the model system. In all

the adsorption complexes of site III, O2 stretching vibrations are spread over a narrow

range of∼ 40 cm−1, which supports the fact that site III adsorption complexesshow

solely side-on coordination of O2. In contrast to that, the O2 stretching modes for site

II adsorption complexes scatter over a range of more than 100cm−1, because site II

adsorption complexes show both, end-on and side-on coordination of O2. The calcu-

lated harmonic frequency of dioxygen adsorbed at site III agrees quite nicely with the

experimental IR result. Calculated O2 stretching frequencies show a strong coupling

with framework vibrations which make their assignment difficult.

Adsorption of benzene onto Cu in Y zeolite shows anη2-coordination of benzene to

Cu in all adsorption complexes containing one or two Al atoms. The benzene-Cu-

zeolite interaction is stronger for site III than for site II. The benzene−copper complexes

show higher binding energies than the O2 complexes. Theν13 C−C ring stretching

mode of benzene is selected for the comparison between experimental IR results and

calculated harmonic frequencies, and a reasonable agreement is found. The calculated

splitting of theν13 mode is not observed in the FTIR spectrum of adsorbed benzeneto

Cu−Y zeolites. In the adsorbed state, frequency shifts are found to be much smaller for

benzene than dioxygen.
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In the co-adsorption processes of O2 and C6H6, at site II, no complexes where both the

adsorbates are connected simultaneously at the same Cu center are identified, instead

some van der Waals complexes have been determined. Therefore, the main focus was

at site III as far as the activation of both the adsorbates is concerned. Both O2 and C6H6

are coordinated to the same Cu(I) center at site III. O2 changes its bonding pattern from

side-on in the single adsorption to end-on in the co-adsorption process, whereas C6H6

binds to Cu asη2 as in the case of single adsorption.

A three-step reaction mechanism is found for benzene to phenol conversion using dioxy-

gen as oxidant and Cu−Y zeolite as catalyst. The catalytic reaction has been investi-

gated on the triplet, broken-symmetry singlet, and singletpotential energy surfaces.

Oxygen is inserted to the benzene ring, and a C−O bond is formed. A phenol-zeolite

complex is formed by breaking the activated C−H bond of benzene and by forming

the phenolic O−H bond. Instead of phenol elimination, a phenoxo-zeolite complex is

found to be the most stable complex in the whole catalytic cycle.

Overall, this thesis presents a contribution to understandthe fundamental aspects of

adsorbate-Cu-zeolite interactions, and a possible reaction pathway for catalytic conver-

sion of benzene to phenol.





Chapter 9

Zusammenfassung

Das Ziel dieser Studie war die Untersuchung der katalytischen Oxidationsreaktion von

Benzol zu Phenol mit molekularem Sauerstoff in Kupfer-dotierten Zeolithen. Phenol

findet als Ausgangsstoff in der Polymerchemie, der petrochemischen Industrie und der

Synthese von Herbiziden vielseitige Anwendungsbereiche.Der Großteil der weltweiten

Produktion von Phenol basiert auf dem dreistufigen Cumol-Prozess. Ein erheblicher

Vorteil dieses Prozesses liegt in der Verwendung der beidenverhältnismäßig günsti-

gen Ausgangsstoffe Benzol und Propen, welche in Phenol und Aceton umgewandelt

werden. Die Entstehung des explosiven Intermediates, Cumolhydroperoxid und die

Bildung des Nebenproduktes Aceton machen diesen Prozess nicht optimal. Deshalb

wird trotz des großen Erfolges des Cumol-Prozesses an der Entwicklung einer um-

weltfreundlicheren Darstellungsmethode gearbeitet. In der aktuellen Forschung wird

ein neues Verfahren zur Phenolgewinnung, basierend auf derOxidation von Benzol

in Anwesenheit von Luftsauerstoff mittels eines Zeolithkatalysators diskutiert. Hier

werden zumeist Übergangsmetallzeolithe, insbesondere Kupfer-dotierte Y-Zeolithe als

heterogene Katalysatoren eingesetzt. Die Kupferzentren sind die aktiven Plätze des

Y-Zeoliths.

Diese Arbeit legt eine theoretische Studie zum Verständnisdes Adsorptionsvorgangs in

CuY-Zeolithen dar, welche wichtige Informationen über dieReaktion zwischen Ben-

zol und molekularem Sauerstoff in Zeolithen gibt. Die Modellrechnungen wurden mit

einer rechentechnisch effizienten Methode, dem QM/MM-Ansatz durchgeführt, wobei

der reaktive Bereich des Systems auf QM und die Umgebung auf MM Niveau berechnet

wurde. Die QM und MM Rechnungen wurden mit den Dichtefunktionalen BP86 und

B3LYP sowie einem polarisierbaren Ionen-Paarpotential (shell-model) durchgeführt.
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Für die QM Rechnungen wurdentriple zeta qualityBasissätze verwendet. Aufgrund

der befriedigenden Übereinstimmung der sehr genauenBenchmark ab initioRechnun-

gen (MRCI, CCSD(T)) an einem einfachen CuO+
2 Modellkomplex mit den DFT Ergeb-

nissen wurde das BP86 Funktional ausgewählt.

Ein Schwerpunkt dieser Arbeit stellt die Untersuchung der alleinigen Adsorption von

O2 oder Benzol bzw. die gleichzeitige Adsorption von O2 und Benzol an Cu−Y-

Zeolithe dar. Y-Zeolithe besitzen mit 7.4 Å einen verhältnismäßig großen Porendurch-

messer. Dieser sogenannte Zeolith-Supercage besteht aus Natrium Käfigen und hexa-

gonalen Prismen. Das Cu Ion kann an sechs verschiedenen kationischen Adsorptions-

plätzen des Y-Zeolithen koordinieren, es sind aber nur die Adsorptionsplätze SII und

SIII von wesentlichem Interesse. Die Koordination des Kupfer Ions erfolgt bei dem

Adsorptionsplatz SII über die Fläche eines 6-Ringes und beiSIII über die Ecken eines

4-Ringes eines Zeolith-Supercages. Zur Studie des Adsorptionsprozesses wurden Ze-

olithe mit ein und zwei Aluminiumatomen sowie deren Isomereuntersucht. In Kupfer-

dotierten Y-Zeolithen lagert das Kupfer Ion mit der Koordinationszahl KN=2 am Ad-

sorptionsplatz SIII und mit KN=3 an SII an den Sauerstoffatomen des Zeolithgerüsts

an.

Die Adsorption von O2 an den Cu−Y-Zeolith erfolgt zumeist in einer end-on Koor-

dination von O2 an Cu an SII und einer side-on Koordination an SIII, wobei moleku-

larer Sauerstoff am Adsorptionsplatz SIII im Vergleich zu SII eine stärkere Bindung zu

Kupfer aufweist. Anhand von zuverlässigenab initio BenchmarkRechnungen für das

Modellsystem konnte bestätigt werden, dass Triplettzustände die am tiefst liegenden

Zustände sind. Bei allen SIII Adsorptionskomplexen liegt die O2 Streckschwingung

innerhalb eines engen Bereiches von∼ 40 cm−1; diese Komplexe koordinieren nur

side-on an O2. Im Gegensatz hierzu sind die O2 Streckschwingungen der Adsorption

an SII über einen weiten Bereich von 100 cm−1 verteilt. Demzufolge liegen bei Ad-

sorptionskomplexen am Adsorptionsplatz SII sowohl side-on als auch end-on Koordi-

nationen des O2 vor. Es liegt eine gute Übereinstimmung der berechneten harmonisch-

en Frequenz der O2 Adsorption an SIII mit der IR spektroskopisch ermittelten Bande

vor. Wegen der starken Kopplung der berechneten O2 Streckschwingungen mit dem

Zeolithgerüst ist eine Zuordnung der Schwingungsmoden vergleichsweise schwierig.

Sowohl CuY-Zeolithe mit ein als auch mit zwei Aluminiumatomen adsorbieren das

Benzol über eineη2-Koordination an das Kupfer. Die Benzol-Kupfer-Zeolith Wechsel-

wirkung ist am Adsorptionsplatz SIII stärker ausgeprägt. Die Bindungsenergie liegt bei

Benzol-Kupfer Komplexen höher als bei den entsprechenden Sauerstoff Komplexen.
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Für den Vergleich der experimentellen IR Ergebnisse mit denberechneten harmon-

ischen Frequenzen wurde dieν13 C−C Ringstreckschwingung von Benzol herange-

zogen, hierbei konnte eine vernünftige Übereinstimmung festgestellt werden. Die bei

der Berechnung auftretende Aufspaltung derν13 Mode konnte im FTIR Spektrum von

adsorbierten Benzol an CuY-Zeolithe nicht beobachtet werden.

Im adsorbierten Zustand liegen die Frequenzen des Benzols im Vergleich zum Sauer-

stoff bei niedrigeren Wellenzahlen. Die gleichzeitige Adsorption des Sauerstoffs und

Benzols an SII führte nicht zu Coadsorptionskomplexen, stattdessen konnte ein van der

Waals Komplex, bei dem beide Adsorbate am gleichen Kupferzentrum koordiniert sind,

identifiziert werden. Aus diesem Grund wurde bezüglich der Aktivierung beider Ad-

sorbate das Hauptaugenmerk auf den Adsorptionsplatz SIII gelegt, sowohl O2 als auch

C6H6 koordinieren hier an demselben Kupferzentrum. Sauerstoffändert seine Bindung

von side-on bei einer Einfachadsorption zu end-on in einem Coadsorptions-Prozess,

wohingegen C6H6 bei einer Einfachadsorption überη2 an Kupfer bindet.

Es konnte ein dreistufiger Reaktionsmechanismus für die Umwandlung des Benzols zu

Phenol mit Hilfe des Oxidationsmittels O2 und des CuY-Zeolith Katalysators gefun-

den werden. Die katalytische Reaktion wurde anhand von Triplett, symmetriegebroch-

enen Singulett und Singulett Potentialhyperflächen durchgeführt. Ein Phenol-Zeolith

Komplex entsteht bei dem Bruch der aktivierten C−H Bindung von Benzol und der an-

schließenden Bildung der OH-Bindung des Phenols. Anstatt einer Phenoleliminierung

wird ein sehr stabiler Phenoxy-Zeolithkomplex gebildet.

Diese Arbeit leistet einen Beitrag zum Verständnis der grundlegenden Gesichtspunkte

der Wechselwirkungen von adsorbierten Kupferzeolithen sowie eines möglichen Reak-

tionspfades für die katalytische Umwandlung von Benzol zu Phenol.





Appendix A

Basis Set Studies on Various

Model Complexes of Y Zeolites

TABLE A.1: Basis set dependence of some selected geometrical parameters of various
bare Cu−Y model complexes (6T QM cluster) containing 2 Al atoms at site II. Bond
lengths are given in Å. For the numbering of the atoms see Fig.5.1.

Isomer A
Parameters SVP TZVP

Cu-Al1 3.267 3.253
Cu-Al2 3.646 3.666
Cu-O4a 3.545 3.518
Cu-O2a 2.661 2.701
Cu-O2b 1.919 1.920
Cu-O2c 1.883 1.884

Isomer B
Parameters SVP TZVP

Cu-Al1 2.856 2.851
Cu-Al2 3.193 3.195
Cu-O4a 2.790 2.805
Cu-O2a 1.898 1.899
Cu-O2b 2.460 2.479
Cu-O2c 1.895 1.895

Isomer C
Parameters SVP TZVP

Cu-Al1 3.056 3.063
Cu-Al2 3.120 3.125
Cu-O4a 2.879 2.916
Cu-O2a 2.087 2.096
Cu-O2b 2.006 2.008
Cu-O2c 1.985 1.987

Isomer D
Parameters SVP TZVP

Cu-Al1 2.711 2.723
Cu-Al2 3.676 3.669
Cu-O4a 2.573 2.575
Cu-O2a 1.909 1.912
Cu-O2b 2.762 2.759
Cu-O2c 1.879 1.880

Isomer E
Parameters SVP TZVP

Cu-Al1 2.711 2.725
Cu-Al2 3.751 3.733
Cu-O4a 2.560 2.556
Cu-O2a 1.920 1.920
Cu-O2b 2.763 2.762
Cu-O2c 1.859 1.861

Isomer F
Parameters SVP TZVP

Cu-Al1 3.061 3.066
Cu-Al2 3.169 3.157
Cu-O4a 2.874 2.911
Cu-O2a 2.069 2.079
Cu-O2b 2.011 2.012
Cu-O2c 1.991 1.993
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QM-Pot Machinery

B.1 Convergence Criteria Used Throughout QM/MM

Calculations

energy change 1.0e-5 eV

maximum gradient 1.0e-2 eV/Å

maximum step 1.0e-3 Å

rms gradient 1.0e-2 eV/Å

rms step 1.0e-2 Å
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B.2 QM-Pot Optimizer

Define System S
and Cluster C

Setup for
System S

Setup for
Cluster C

MM
EMM(S)
FMM(S)

MM
EMM(C)
FMM(C)

QM
EQM(C)
FQM(C)

Update 
Structure

Final
Structure

Converged ?
NO YES

Calculate Total Energy E(S)
and Derivatives

MM QM

FIGURE B.1: A flow chart of the implementation of the embedding scheme used in the
QM-Pot program, adapted from Ref. [40].
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B.3 MM Parameters

TABLE B.1: Parameters of the DFT B3LYP derived shell-model potentiald.

charges / e
groupsa core shell
Si 4.0c -
Al 3.0c -
O 1.228 58 -3.228 58
Ob 0.817 53 -2.817 53
Hb 1.0c -
Ht 1.0c -

short-range repsulsion
A / eV ρ / Å

Si-O 1612.459 20 0.299 55
Si-Ob 997.880 97 0.332 12
Al-O 1395.774 63 0.304 49
Al-Ob 1644.881 77 0.291 39
Ob-Hb 368.648 03 0.225 11
O-Hb 7614.580 03 0.199 13
O-Ht 772.068 14 0.185 24

core-shell interaction
k / eV Å−2

O 122.478 53
Ob 70.151 23

three-body interaction
kb / eV rad−2 Θ0 / rad

O-Si-O 0.144 703 109.47c

Ob-Si-O 0.384 711 109.47c

O-Al-O 0.893 930 109.47c

Ob-Al-O 0.686 678 109.47c

a Subscript definitions:b≡bridging,t ≡terminal
c Not adjusted in the fitting procedure.
d Taken from Ref. [43]

Lennard-Jones 6-12 potential parameters:

ǫ/kB σ

(◦K) (Å)

Oe
2 117.5 3.58

C6He
6 440.0 5.27

e Taken from Ref. [101, pages 1111 & 1112]





Appendix C

Population Analyses

TABLE C.1: Population analysis results for Cu in bare−Cu and O2 adsorption com-
plexes containing 2 Al atoms at site II.

Bare 2 Al-Complex O2 2 Al-Complex
Isomers Charges Occupation Charges Occupation Spin

A 0.83 3d9.844s0.32 1.16 3d9.584s0.25 0.43
N1 0.85 3d9.884s0.26 1.14 3d9.614s0.24 0.38
B 0.83 3d9.834s0.33 1.16 3d9.574s0.26 0.42
C 0.86 3d9.894s0.23 1.15 3d9.574s0.27 0.40

N2 0.86 3d9.894s0.24 1.12 3d9.634s0.24 0.36
D 0.84 3d9.754s0.40 1.14 3d9.544s0.29 0.48
E 0.87 3d9.924s0.19 1.08 3d9.594s0.31 0.33
E′ 1.15 3d9.534s0.30 0.50
N3 0.86 3d9.894s0.24 1.18 3d9.524s0.28 0.52
F 0.86 3d9.904s0.23 1.12 3d9.654s0.22 0.36
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TABLE C.2: Population analysis results for O2 adsorption complexes containing 2 Al
atoms at site II.

O′ O′′

Isomers Charges Occupation Spin Charges Occupation Spin
A -0.20 2s1.822p4.37 0.69 -0.13 2s1.842p4.29 0.76
N1 -0.22 2s1.822p4.40 0.67 -0.09 2s1.842p4.25 0.83
B -0.30 2s1.822p4.47 0.58 -0.08 2s1.852p4.22 0.85
C -0.30 2s1.822p4.47 0.58 -0.07 2s1.852p4.21 0.86
N2 -0.25 2s1.822p4.42 0.65 -0.05 2s1.842p4.20 0.87
D -0.20 2s1.852p4.34 0.69 -0.15 2s1.852p4.29 0.77
E -0.25 2s1.802p4.44 0.61 -0.03 2s1.852p4.18 0.89
E′ -0.18 2s1.852p4.32 0.72 -0.19 2s1.852p4.33 0.71
N3 -0.20 2s1.852p4.34 0.71 -0.20 2s1.852p4.34 0.69
F -0.24 2s1.822p4.41 0.67 -0.05 2s1.842p4.20 0.88

TABLE C.3: Population analysis results for Cu in bare−Cu and O2 adsorption com-
plexes containing 2 Al atoms at site III.

Bare 2 Al-Complex O2 2 Al-Complex
Isomers Charges Occupation Charges Occupation Spin

A 0.89 3d9.924s0.17 1.18 3d9.514s0.28 0.52
B 0.89 3d9.924s0.17 1.20 3d9.514s0.28 0.53
C 0.89 3d9.924s0.17 1.20 3d9.514s0.27 0.54
D 0.90 3d9.924s0.17 1.19 3d9.524s0.27 0.52
E 0.89 3d9.924s0.18 1.20 3d9.504s0.28 0.54
F 0.89 3d9.924s0.17 1.19 3d9.514s0.28 0.52
G 0.89 3d9.924s0.17 1.19 3d9.514s0.28 0.53
H 0.88 3d9.924s0.18 1.19 3d9.514s0.28 0.53
I 0.90 3d9.934s0.16 1.19 3d9.524s0.27 0.52
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TABLE C.4: Population analysis results for O2 adsorption complexes containing 2 Al
atoms at site III.

O′ O′′

Isomers Charges Occupation Spin Charges Occupation Spin
A -0.17 2s1.862p4.31 0.74 -0.24 2s1.852p4.38 0.66
B -0.21 2s1.862p4.35 0.70 -0.19 2s1.862p4.33 0.71
C -0.19 2s1.862p4.33 0.72 -0.21 2s1.852p4.35 0.69
D -0.19 2s1.862p4.33 0.72 -0.19 2s1.862p4.33 0.70
E -0.20 2s1.862p4.34 0.71 -0.20 2s1.862p4.34 0.69
F -0.18 2s1.862p4.32 0.73 -0.21 2s1.852p4.35 0.68
G -0.21 2s1.862p4.35 0.69 -0.18 2s1.862p4.32 0.72
H -0.19 2s1.862p4.32 0.73 -0.21 2s1.852p4.35 0.68
I -0.21 2s1.852p4.35 0.70 -0.17 2s1.862p4.31 0.73

TABLE C.5: Population analysis results for benzene adsorption complexes containing
2 Al atoms at site II and III.

site II site III
Charges Occupation Charges Occupation

Isomers Cu C6H6 of Cu Isomers Cu C6H6 of Cu
A 0.85 0.01 3d9.774s0.36 A 0.88 -0.01 3d9.764s0.35

B 0.98 -0.15 3d9.744s0.27 B 0.97 -0.11 3d9.744s0.28

C 0.97 -0.13 3d9.734s0.29 C 0.95 -0.09 3d9.754s0.29

D 0.87 0.00 3d9.754s0.37 D 0.96 0.20 3d9.744s0.29

E 0.94 -0.10 3d9.744s0.31 E 0.98 -0.13 3d9.724s0.29

F 0.95 -0.10 3d9.754s0.29 F 0.94 -0.07 3d9.754s0.30

G 0.97 -0.12 3d9.734s0.29

H 0.96 -0.11 3d9.734s0.30

I 0.95 -0.09 3d9.754s0.28
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TABLE C.6: Population analysis results forendo-“simultaneous” adsorption com-
plexes containing 2 Al atoms at site III.

Isomers Atom/molecule Charges Occupation Spin density
A Cu 1.06 3d9.644s0.29 0.26

O′ -0.17 2s1.822p4.34 0.73
O′′ -0.04 2s1.842p4.20 0.89

C6H6 0.03

B Cu 1.11 3d9.624s0.25 0.30
O′ -0.16 2s1.822p4.33 0.75
O′′ -0.08 2s1.842p4.23 0.85

C6H6 -0.01

C Cu 1.12 3d9.614s0.26 0.32
O′ -0.18 2s1.822p4.35 0.73
O′′ -0.08 2s1.842p4.24 0.84

C6H6 0.01

D Cu 1.09 3d9.634s0.26 0.26
O′ -0.14 2s1.832p4.31 0.78
O′′ -0.07 2s1.842p4.22 0.87

C6H6 -0.02

E Cu 1.12 3d9.614s0.25 0.31
O′ -0.18 2s1.822p4.35 0.73
O′′ -0.09 2s1.842p4.24 0.84

C6H6 -0.01

F Cu 1.10 3d9.624s0.26 0.31
O′ -0.18 2s1.822p4.35 0.73
O′′ -0.08 2s1.842p4.23 0.85

C6H6 0.02

G Cu 1.10 3d9.624s0.26 0.28
O′ -0.15 2s1.832p4.32 0.75
O′′ -0.07 2s1.842p4.23 0.87

C6H6 -0.02

H Cu 1.11 3d9.614s0.26 0.30
O′ -0.17 2s1.832p4.34 0.74
O′′ -0.08 2s1.842p4.24 0.85

C6H6 -0.01

I Cu 1.09 3d9.634s0.26 0.29
O′ -0.17 2s1.822p4.34 0.74
O′′ -0.07 2s1.842p4.23 0.86

C6H6 0.01
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TABLE C.7: Population analysis results forexo-“simultaneous” adsorption complexes
containing 2 Al atoms at site III.

Isomers Atom/molecule Charges Occupation Spin density
A Cu 1.06 3d9.644s0.28 0.26

O′ -0.18 2s1.822p4.35 0.73
O′′ -0.04 2s1.842p4.19 0.89

C6H6 0.02

B Cu 1.10 3d9.634s0.25 0.29
O′ -0.18 2s1.822p4.36 0.74
O′′ -0.05 2s1.842p4.21 0.87

C6H6 -0.01

C Cu 1.10 3d9.624s0.26 0.29
O′ -0.18 2s1.822p4.36 0.73
O′′ -0.05 2s1.842p4.21 0.87

C6H6 -0.01

D Cu 1.10 3d9.634s0.26 0.28
O′ -0.18 2s1.822p4.36 0.73
O′′ -0.05 2s1.842p4.20 0.88

C6H6 0.00

E Cu 1.11 3d9.624s0.25 0.29
O′ -0.18 2s1.822p4.36 0.73
O′′ -0.06 2s1.842p4.21 0.87

C6H6 -0.02

F Cu 1.09 3d9.644s0.26 0.28
O′ -0.18 2s1.822p4.36 0.73
O′′ -0.04 2s1.842p4.20 0.88

C6H6 0.01

G Cu 1.10 3d9.634s0.25 0.28
O′ -0.18 2s1.822p4.35 0.73
O′′ -0.05 2s1.842p4.21 0.88

C6H6 -0.01

H Cu 1.11 3d9.624s0.26 0.31
O′ -0.20 2s1.822p4.38 0.71
O′′ -0.06 2s1.842p4.21 0.86

C6H6 0.00

I Cu 1.09 3d9.644s0.26 0.29
O′ -0.18 2s1.822p4.36 0.73
O′′ -0.05 2s1.822p4.36 0.87

C6H6 0.01





Appendix D

Cu(II)−Y Zeolite Modelling

Palomino et al. [74] reports that“In fact, several reaction mechanisms have been hy-

pothesized, but none of them satisfactorily takes into account the high activity of Cu−ZSM-

5 and Cu−mordenite compared to Cu−Y, where the copper concentration is about 1

order of magnitude larger. This means that the knowledge of the exact location of CuI

and/or CuII cations in different zeolitic frameworks and of their localenvironment in

a vacuum and in the presence of adsorbates is likely a key point in understanding the

reaction mechanism.”

Several groups of researchers have been trying to characterize these materials not only

by experimental works but also, by modelling their structures using theoretical tools.

The present thesis mainly focuses on adsorption processes in Cu(I)−Y zeolite as well

as the aerobic oxidation reaction of benzene to phenol in Cu(I)−Y zeolite.

The adsorption properties of Cu(II)−Y zeolite have also been studied in a similar fash-

ion as it is done in case of Cu(I)−Y. In this appendix, some of the results from Cu(II)−Y

zeolite are presented briefly.

The adsorption processes of O2 and C6H6 in Cu(II)−Y zeolite have been studied at site

II. The charge compensation is taken care of keeping 2 Al atoms in a unit cell with a

Cu2+ cation. No additional H atom is added in the structures of Cu(II)−Y zeolite model

systems. Therefore, a direct nomenclature from Cu(I) modelcomplexes cannot be used

for Cu(II) cases. Here, structures are defined in following manner:

1. when 2 Al atoms are inmetapositions− Meta complexes (cf. Fig.D.1 Meta1,

Meta2)
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2. when 2 Al atoms are inparapositions− Para complexes (cf. Fig.D.1 Para).

Meta1 Para Meta2

FIGURE D.1: Cu(II) at site II of CuY zeolite: QM part contains 12 Si/Al atoms−
Meta1, Para, Meta2 complexes.

TABLE D.1: Site II of Cu(II)−Y zeolite: Cu−O bond distances to the next-nearest-
neighbor framework O atoms, Cu−O′ bond distances of O2, Cu−C1(C2) bond lengths.
C1, C2 carbons of C6H6 are directly attached to the Cu center.

RCu−O RCu−O′ RO′−O′′ Cu−C1 Cu−C1
Bare-Cu-complex
Meta1 O2(1.948, 2.282, 1.943); O4(2.111)
Para O2(2.096, 2.039, 1.961); O4(2.074)
Meta2 O2(2.076, 2.042, 1.962); O4(2.091)
O2-Cu-complex
Meta1 O2(1.951, 2.299, 1.947); O4(2.119 2.714 1.224
Para O2(2.115, 2.044, 1.968); O4(2.078) 2.655 1.225
Meta2 O2(2.083, 2.045, 1.968); O4(2.093) 2.869 1.224
C6H6-Cu-complex
Meta1 O2(2.040, 2.163); O4(2.102) 2.293 2.163
Para O2(2.395, 2.096, 2.035); O4(2.142) 2.476 2.355
Meta2 O2(2.336, 2.114, 2.046); O4(2.163) 2.450 2.368

Geometry optimizations, and harmonic frequency calculations have been performed

using DFT-BP86 functional and TZVP basis sets within the QM/MM framework, sim-

ilarly as it is done in case of Cu(I) complexes. The same MM parameters are used for

these calculations except for the interaction parameters for Cu(II): ACu(II)O = 712.8

eV andρCu(II)O = 0.32698 Å [163]. The doublet electronic state is chosen for all the

calculations.

TableD.1 shows that Cu(II) to framework oxygen coordination is four-fold, which is

larger than Cu(I). Cu(I) has 3-fold coordination with the zeolitic O atoms. Higher Cu(II)

coordination was already reported by computational study of Berthomieu and Delahay

[149], and experimental work of Palomino et al. [74].
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Meta1 Para Meta2

FIGURE D.2: O2 adsorbed to Cu(II) at site II of CuY zeolite: QM part contains12
Si/Al atoms−Meta1, Para, Meta2 complexes.

TABLE D.2: Site II of Cu(II)−Y zeolite: relative stabilities (Erel) of different com-
plexes (with/without adsorbate) and binding energies (Eb) of O2 and C6H6.

O2 C6H6

Ea
rel Erel Eb Erel Eb

Meta1 4.4 2.5 -0.3 4.3 -5.6
Para 0.0 7.3 8.9 0.0 -5.5
Meta2 1.8 0.0 -0.2 2.0 -5.4

a relative stabilities of bare-Cu-complexes

O2 is almost unbound to Cu(II), and that is what is reflected in the negligible binding

energy values of O2 (see TableD.2 and Fig.D.2); whereas, C6H6 is η2-coordinated to

Cu (see TableD.1 and Fig. D.3). TableD.2 shows the relative stabilities of different

Cu(II)−Y zeolite model complexes before and after the adsorption process.

Meta1 Para Meta2

FIGURE D.3: C6H6 adsorbed to Cu(II) at site II of CuY zeolite: QM part contains12
Si/Al atoms−Meta1, Para, Meta2 complexes.

TableD.3 shows calculated harmonic frequencies of O2 stretching vibration and C−C

ring stretching (ν13) in adsorption complexes. O2 behaves more or less like a free gas-

phase entity. Therefore the frequency shift of the O2 stretching mode in Cu(II)−Y

zeolite is negligible as compared to the case of O2 in Cu(I)−Y zeolite adsorption com-

plexes. Benzene adsorption to Cu(II)−Y zeolite lowers the frequency shift value of the
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TABLE D.3: Site II of Cu(II)−Y zeolite: calculated harmonic frequenciesν/cm−1

and frequency shifts∆ν/cm−1 of benzene and O2 in gas-phase and adsorbed state.
Scaling factors are 1.012 and 1.02 for C6H6 and O2 respectively.

C6H6 O2

ν13 −∆νa
13 νO−O ∆νc

O−O

(C-C ring stretch) (O-O stretch)
Exp/Free 1484b 1556
Calc/Free 1489 1556
Meta1 1469/1477 20/12 1546 10
Para 1476/1478 13/11 1581 -25
Meta2 1478/1478 11/11 1551 5

a ∆ν is the frequency shift of benzene from gas-phase to adsorbedstate.
b Taken from Ref. [137]
c ∆νo−o is the frequency shift of O2 from gas-phase to adsorbed state.

C−C ring stretching in comparison with benzene adsorption to Cu(I)−Y, and the split-

ting of this mode is decreasing as well. In the Meta2 complex,no splitting is obtained.
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