
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer.

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a  complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9" black and white 
photographic prints are available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA

800-521-0600

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PHOTOFRAGMENTATION SPECTROSCOPY OF THE ZIRCONIUM AND 

NIOBIUM CLUSTER CATIONS AND AB INITIO STUDIES

by

METIN AYDIN

A dissertation submitted to the Graduate Faculty- in Chemistry in partial fulfillment o f  the 

requirements for the degree o f Doctor o f  Philosophy, The City University o f  N ew  York.

2001

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



UMI Number: 3008807

Copyright 2001 by 
Aydin, Metin

All rights reserved.

___ ®

UMI
UMI Microform 3008807 

Copyright 2001 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



This manuscript has been read and accepted for the Graduate Faculty in Chemistry in 

satisfaction o f  the dissertation requirement for the degree o f  Doctor o f  Philosophy.

( '  t*

Date Chair o f  Examining Committee

Date Executive Officer

Dr. John R. Lombardi 

Dr. Lawrence W. Johnson

Dr. Ronald Birke________

Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



ABSTRACT

LASER SPECTROSCOPY OF TRANSITION METAL CLUSTER CATIONS

AND AB INITIO CALCULATION ON THE NEUTRAL AND IONIC 

TRANSITION METAL CLUSTERS.

by

Metin Aydin

Adviser: Professor John R. Lombardi

This thesis describes research done in the field o f cluster chemistry. It is virtually 

divided into three parts. Virtual part I describes experimental studies o f  metal cluster 

cations in gas phase, and virtual part II describes the ab initio methods; experimental and 

theoretical results are presented in virtual part III.

A metal cluster is a group o f  metal atoms consisting o f  two to several thousand 

metal atoms in gas, liquid, solid, and plasma phase. Chemical physicists studying the 

spectra o f  transition metal clusters produced in supersonic nozzle beams and detected by 

either resonant two-photon ionization or photofragmentation allude in their discussions to 

the metal-metal multiple bonding. In the field o f  cluster chemistry and physics the aim is 

to understand how a chemical process depends on cluster size, how the chemistry o f  a 

metal changes with its state o f  aggregation, and how structural, electronic, optical, and 

magnetic properties vary with cluster size, eventually reaching those o f the bulk metal.
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Even for small transition metal (ionic) clusters, their electronic structures are complexes 

and remain questions. For theory, too. the future holds its challenges. Even cluster as 

small as diatomics may prove difficult species to get right answers for because o f  the 

partially occupied d orbitals. Therefore, it is difficult to calculate the exchange- 

correlation energy contribution to the system in an accurate manner.

Virtual part I consists o f  three chapter. Chapter I is an introduction. Chapter II and 

III describe the instrument and experimental conditions, respectively. Virtual part II 

consists o f  two chapters. In Chapter IV, the theoretical methods are discussed. In Chapter 

V, spin-orbit interaction is discussed. Virtual part HI covers chapters VI to XI. Chapter 

VI shows the experimental and theoretical results for Zx-T. In chapters VII to IX, the 

experimental and theoretical result for Nb2 +, NbsT and Nb.T are given. In Chapter X, the 

electronic spectra o f  the Nbi+ and possible assignments are given. Chapter XI is the 

conclusion.
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1

CHAPTER I

I. INTRODUCTION

From the time o f  John Dalton, when the atomic theory became generally 

accepted, the study o f  how matter behaves has divided into two streams. In the 1930’s, 

one stream led to nuclear physics and then to particle physics. The other stream has 

emphasized the properties o f  very many atoms or molecules together, so many that the 

aggregates they make can be treated as infinite. The realm between these limits 

concerned only a few independent souls until about the late 1970's. Since then, interest 

has grown almost explosively in the study o f what have come to be called clusters.1’3

Clusters are aggregates o f  atoms or molecules, generally intermediate in size 

between individual atoms and aggregates large enough to be called bulk matter. A mole 

particle o f  anything has far too many particles to be a cluster: that much material is 

certainly bulk matter. Even a hundred billion particles stuck together, far fewer than a 

mole, behave in most ways like bulk matter. When we talk o f  small clusters, we mean 

something containing no more than a few hundred or possibly thousands o f  particles. A 

useful distinction classifies clusters as small, medium-sized or large. Small clusters are 

those whose properties vaiy with size and shape so much that no simple, smooth 

dependence can be given for their dependence on number o f  component particles. I f  the 

cluster’s properties are smoothly varying functions o f  the number o f component particles, 

the cluster is medium-sized or large. If those properties vary smoothly but still reflect the 

small size o f  the cluster and the implications o f  that size, the cluster is medium-sized. If 

those properties approach those o f  the corresponding bulk material, the cluster is large.
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Large clusters typically have dimensions on the order a few nanometers; they are 

approximated by spheres with radii between 1 and perhaps 50 nm, or microcrystals with 

sides o f these dimensions.1'3

Aggregates in the small and middle range differ considerably from bulk matter in 

at least two important ways. First, a large fraction o f  their component particles are on the 

surface. For example in a cluster o f  55 atoms o f  argon or sodium, at least 32 are in some 

sense on its surface. But small clusters also differ from bulk matter because the quantum 

states o f bulk matter occur in bands o f  states so close together that we can disregard the 

energy gaps between the bands, such as that between those states. We can not, o f course, 

neglect the gaps between the bands, such as that between filled and empty levels in an 

insulator or semiconductor, the very property that makes the substance an insulator or 

semiconductor. In a molecule or a small cluster, the spacing between the individual 

levels cannot be neglected. The spacings o f the energy levels depend on the size o f  the 

object; the gaps between energy states o f  small clusters are quite like those o f  small and 

medium-sized molecules. Even in large clusters and nanoscale materials, the small 

dimensions o f  the particles give them some properties strongly characterized by quantum 

effects, properties whose counters seem quite classical in large systems.

Clusters differ from conventional molecules because o f composition and 

structure. For the most part, molecules have definite, highly restricted numbers o f atoms 

and specific compositions. Furthermore they almost always have unique structure. 

Clusters may be composed o f  any number N o f  component particles, and, for most kinds 

o f  clusters, as the number o f  particles o f the cluster becomes larger, the number o f locally 

stable structures available to the cluster grows rapidly.1 This latter property has its
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counterpart in the rapid increase, with number o f  component atoms, in the number o f  

chemical isomers that exist for a distinct, isolable chemical species. Clusters o f  a given 

composition may exhibit a variety o f  structures, but we generally do not distinguish them 

as different chemical species. There are, however, a number o f  clusters o f  the same 

composition.

Clusters may be homogeneous, that is, composed o f only one kind o f  atom or 

molecule, or heterogeneous, made o f  more than one kind o f atom or molecule. Some 

clusters are held together by the strong force o f  attraction force o f  attraction between 

oppositely charged ions; clusters such as (NaCl)n, C6o ions, are o f  this kind. Still others 

are held together by the kind o f  bonding that holds the atoms o f  bulk metal together; this 

is found in the large clusters o f  metal atoms, large clusters o f sodium or copper or iron. 

Very small clusters o f  metal atoms may be held together by forces more like those o f  

covalent bonds than like the force exerted by the nearly free-swimming electrons that 

glue atoms o f  metal together. Clusters o f  the rare gases, and o f  other closed shell atoms 

(like very small clusters o f  beryllium or mercury) belong to the class loosely called van 

der Waals clusters, held together by the weakest forces that still have their origins in 

electrical interactions. The last class o f  clusters we shall single out are those that are held 

together by hydrogen bonds. Clusters o f water molecules are bound this way; the 

hydrogens o f  one water molecule are attracted to specific oxygen atoms o f  neighboring 

water molecules. Hydrogen-bonded clusters are held more tightly than van der Waals 

clusters, but less than typical covalent, metallic or ionic clusters.1

Clusters have drawn interest for several reasons. There are powerful ways to 

study clusters, both experimentally and theoretically, which simply did not exist twenty
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years ago. Others are reason o f  purpose. Clusters may offer ways to make altogether new 

kinds o f  materials, to carry out chemical reactions in new ways, and to gain new kinds o f  

understanding not only o f  this intermediate form o f matter but o f  the behavior o f  bulk 

matter too, by learning how bulk properties emerge from properties o f  clusters, as the 

clusters grow larger and larger. Therefore, clusters are a potential source for new 

materials and new chemical reactions. Also the study o f  clusters gives us new insight 

into phase transitions, growth o f  crystals, chemical catalysis, a new method to grow' thin 

films, organic superconductors, and above all, the slow transition from atomic/molecular/ 

chemical physics to the science o f  condensed matter.

Clusters can be made in the laboratory by making a vapor o f  the elementary 

component particles and letting them aggregate, or by knocking them directly out o f  a 

solid.10 They can also, in principle, be made in solution; e.g. as small colloidal particles 

formed during precipitation or in submerged electric arcs. However most o f the work 

during the explosion o f  interest in this field since the late 1960’s has dealt with gaseous 

clusters. Beams o f  free clusters are typically one o f  these: i) the most popular and the 

best-understood source, is the “supersonic jet’' with its many variants. A gas or vapor is 

expanded from a high pressure (typically 104 to 107 Pa) through a small nozzle (typically 

0.03 to 1 mm in diameter) into a vacuum. The mean gas velocity increases during this 

adiabatic and isenthalpic expansion, but the random, thermal motion o f  the expanding gas 

is reduced dramatically. This leads to a reduction o f  the gas temperature and to effective 

cluster formation. Some o f popular variants are: a) the source can be nm continuously or 

pulsed, b) a pure gas, say Ar, He, or a mixture, say He with 1% I2 , can be used, c) the 

“mixture” to be expanded can be generated by a powerful pulsed laser or a strong electric

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



discharge, d) the cluster beam can run, after its formation, through a “cloud” o f  atoms, 

molecules, electrons, or ions, picking-up some o f  them, e) an electric discharge can be 

ignited on the high or low pressures side, f) Many different combinations have been tried 

and new sources are constantly developed, ii) Another effective means to generate 

clusters is the “gas aggregation source”. Some material is evaporated or sputtered into a 

slow flow o f  argon or helium at a pressure o f  typically 50 to 500 Pa.1 The atoms are 

slowed down by collisions with the rare gas, and start aggregating. This process is similar 

to cloud formation in the atmosphere. In this case water molecules are evaporated. They 

do not aggregate, if  their density is low enough and their temperature is high enough. 

Only if  these conditions are not fulfilled does aggregation (in common day language 

cloud formation) start. Other less common source are iii) sputtering, or iv) direct laser 

ablation, without cooling gas.

Once clusters have been made and are in the form o f gaseous particles, it is 

frequently desirable to make them into some kind o f  controllable beam or stream that can 

be studied or captured. To observe clusters in a beam, one can probe them while they are 

free or trap them in a matrix, liquid, glassy or crystalline. Trapped clusters are most easily 

studied by infrared, visible and ultraviolet spectroscopy. These methods are also used to 

study free clusters in vacuum. Only for charged clusters has one effective and general 

means o f  mass selection and as a result, there are several areas in which more is known 

about charged clusters than about the neutrals.1

One may give clusters a positive charge by knocking out one or more electrons 

with a beam o f  electrons or energetic light quanta. One can also prepare clusters with a 

negative charges, this is, with an extra electron. These may be prepared by electron
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transfer from an easily ionized donor such as gaseous rubidium atoms, by the capture o f  

electrons from swarms o f  slow electrons (followed by collision with inert carrier gas 

atoms or molecules, to carry off the binding energy released by the electron capture and 

thereby to stabilize the negatively charged clusters), or in the primary process in which 

the cluster is generated, for example in ablation o f  material from a solid when it is struck 

by a high-intensity laser burst or high energy projectile. An effective way to produce 

intense beams o f  charged clusters is to generate a plasma in or after the condensation 

zone. This can be either by a laser or —less expensively -by an electric discharge.1

Electron(s) can be also ejected from neutral or charged clusters. The electrons 

emitted this way may be collected and studied; so may the newly produced ions. If one 

collects electrons, one wants normally to measure their energies. I f  one collects electrons, 

one may wish to measure their energies and their charge and mass, but Maxwell's laws 

allow one only to measure the ratio o f  their charge to their mass.

It is possible to excite clusters, neutral or charged, with light or electron impact 

and study the radiation they then emit or the particles they lose. The most frequently seen 

mode by which a cluster loses excess energy is ejection o f atoms or large fragments. It 

seems that the dominant decay channel is always that having the lowest barrier. If the 

binding energy o f  the dimer or trimer becomes larger, the ejection o f  dimers can become 

the dominant decay channel.

Loss o f  energy by emission o f  atoms and o f radiation occurs for those clusters, 

which have large band gaps in the bulk, like rare gases. As there are no potential curve 

crossings in the rare gases between the ground and electronically excited states, the 

electronic energy cannot be converted effectively into heavy particle motion. Thus
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electronic excitation leads to photoemission. Fission into large fragments is observed 

only for multiply charged clusters. Loss o f  an electron can o f course occur if the 

excitation energy is higher than the ionization energy.

Charged clusters have the special attraction that they can be sorted easily by 

electrostatic, magnetic or time-of-flight mass analysis to yield mass spectra and beams of 

a cluster o f a single, known size. The numbers o f  particles in these beams are very small 

in terms o f macroscopic samples, but are sufficient for many experiments. Among the 

first studied characteristics o f  charged clusters were their size distributions, which led to 

the understanding that some sizes and shapes o f  clusters are particularly stable, in a 

manner analogous to the stable shells seen in atoms and in nuclei. The numbers N of  

particles in these particularly stable clusters are sometimes called “magic numbers'’. One 

can also study the wavelengths o f  light that these clusters absorb; for elements-rare gases, 

alkalis, and mercury-the optical absorption spectrum from the atom and the cluster to 

bulk could thus be studied. Some o f the other properties o f  charged clusters that have 

been studied include their modes o f fragmentation, their chemistry, and the effects o f  

their collisions with surfaces.

Clusters are o f  course tantalizing subjects for theoretical studies.1'4 It is possible to 

apply to them the same theoretical tools that are applied to studying molecules: the 

quantum mechanical methods range from ab initio variational calculations o f  the entire 

electronic structure, through more approximate methods such as the local, non-local, 

gradient correction approximation, to density functionals which approximate the 

consequences o f  electron exchange interactions with effective potentials, to efficient but
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highly oversimplified, effective potentials to describe the motions o f  the atoms, 

molecules or ions comprising the cluster.

One aspect o f the theory o f  the structure o f clusters has brought the subject into 

close contact with nuclear physics. This is the interpretation o f  structures o f  clusters in 

terms o f  shell models. This idea is that clusters o f particular sizes have structures that 

correspond to closed shells o f  component particles and therefore are relatively more 

stable than clusters lacking one or a few particles that would fill out a closed shell, or 

than clusters with one or a few particles more than the number for a closed shell. The 

numbers corresponding to completely filled shells are often called magic numbers. 

Clusters may exhibit different structure under various external conditions o f  temperature 

and pressure. They can show many o f  the characteristics o f  so lid-like and liquid-like 

behavior and o f the equilibrium and passage between these forms. Some clusters can. 

under the right conditions, behave like soft solids or like slush, this is one o f  the areas in 

which new phenomena have appeared and new insights have arisen concerning the 

dynamics o f  small, medium, and large clusters, and into the nature o f  phase transitions.

Clusters offer several ways to make new kinds o f materials; all o f  them still at the 

frontiers o f research. One is based on differences between the structures o f  small clusters 

and the structures o f  bulk matter.
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CHAPTER II 

n . l  METAL CLUSTER ION PHOTOFRAGMENTATION

Since the introduction o f  the laser-vaporization techniques for the production o f  

supersonic metal cluster beams.1 the study o f  isolated gas phase metal clusters has 

proceeded with increasing vigor. For many researchers a prime motivating interest has 

been the possibility that these metal clusters will provide detailed molecular models with 

which to study such classic questions o f  surface science as the nature o f the metal-metal 

bond, the electronic structure at a reactive surface site, or the molecular details o f  

chemisorption. Indeed, such diverse probes as mass-selected resonant two-photon 

ionization2 (R2PI), laser-induced fluorescence3 (LIF). electric413’ and magnetic4'b)'4(c| field 

deflection, and gas phase reaction followed by photoionization and mass spectroscopic 

detection3 have been applied to alkali metal, transition metal, and even semiconductor 

cluster species.

As promising as this seems, the current arsenal o f  probes for neutral metal cluster 

beams is not quite as powerful as one would like.3 A key problem has been finding a 

sufficiently sensitive detection scheme that is also highly selective as to the identity o f  the 

cluster species contributing to the signal. All neutral cluster beams contain a broad range 

o f  species; the experimental procedure must clearly label each observed signal with the 

name-or at least the mass-of the species responsible. Most metal cluster species have fairly 

low ionization potentials, so sensitive detection is easily accomplished by counting the ions 

produced by photoionization. Mass spectral analysis o f  the cluster photoions provides 

mass selectivity but. too often, the photoionization process cannot be relied upon to
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produce only the parent ion so it is frequently impossible to uniquely assign a particular 

signal to a particular cluster.

Particularly troublesome has been the difficulty o f  using either o f  the two most 

powerful laser spectral techniques LEF or R2PI, on metal cluster species. Both techniques 

require that the first laser-induced transition populate an excited electronic state which 

survives long enough to be detected by either its fluorescence (LEF). or its lower 

ionization threshold (KEPI). Although successful with a small number o f  metal dimers and 

trimers, these spectral techniques are not generally applicable to larger metal clusters. 

Simply stated, the problem is that these metal clusters behave too much like metals. Even 

very small transition metal clusters are expected to have hundreds o f  electronic states 

within the first few eV. In such a circumstance even quite weak interactions between the 

various electronic states are sufficient to produce an extensively scrambled, high-densitv 

manifold o f  vibronic states. Radiationless transitions in such nearly metallic systems are 

extremely rapid, and this degradation o f  electronic excitation generally renders such 

systems invisible to both LIF and R2PI.

On the other hand, sensitive and selective detection o f  cluster ions is free o f  such 

problems. Since they are charged standard particle counting techniques ensures that each 

cluster ion can be detected with near unit efficiency. Mass selection can be performed 

initially, so spectral probes can target only the desired parent ion. Absorption can be 

readily detected by fragmentation o f  the parent ion-a one-photon, process if  the photon 

energy is above the dissociation threshold, or a multiphoton process otherwise. Using high 

peak intensity probe lasers, both one and multiphoton absorption spectra and dissociation 

processes can easily be studied at high yield. Laser photofragmentation o f  cold metal
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cluster ions should therefore be a particularly rich field o f  study/

Photodissociation o f  molecular ions has a firm foundation.6-7 and already this type 

o f  investigation has been extended to a variety o f cluster species. Experimenters have used 

the photofragmentation o f  molecular cluster ions8'12 to leam about the "solvation" and 

"caging" o f  small organic species in the gas phase. Cluster cations o f silicon atoms have 

been photodissociated1-5 and the structure and stability o f  these species have been inferred 

from the fragment mass distribution. Cesium cluster cations, generated by field ionization 

o f  a continuous metal beam, have been photodissociated and the products subjected to 

kinetic energy analysis.14

Fragmentation o f optically excited metal cluster molecules has been inferred from 

the observation o f  a decreased ground state population via the reduction in a single­

photon ionization signal,13 and from an abrupt shortening o f  excited state lifetimes above 

the apparent dissociation energy in a resonant two-photon ionization scheme.16 

Fragmentation during the photoionization process has been mentioned as an uncontrolled 

and unwanted experimental byproduct in many metal cluster experiments.17

In appropriate circumstances, however, this fragmentation process can be turned 

into a major advantage. There is a remarkable switch in the experimental implications o f  

radiationless transitions when one turns from neutrals to ions. In the ion. efficient 

radiationless processes are actually preferred since they ensure eventual fragmentation if 

the ion is excited above its dissociation limit. Since the daughter ion resulting from this 

fragmentation can always be detected at high efficiency, one is assured o f  being able to 

monitor the spectrum o f the cluster ion.

In cases like the transition metal clusters where there are hundreds o f low-lying
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excited electronic states and these states are intimately coupled to one another, the 

resulting eigenstates will tend to be fairly global mixtures o f  the vibrational and electronic 

motions available at a given total energy. Above the lowest dissociation threshold this 

means that every eigenstate will contain a small contribution from the dissociation 

continuum, and dissociation will occur fairly rapidly as soon as it is energetically allowed- 

regardless o f  the details o f the initially excited state. Although this "vibronic soup" limit is 

a nightmare for spectroscopy, it is a height for thermo chemistry. Simply by scanning the 

dissociation laser, the binding energy o f  a cluster may be determined as the lowest energy' 

at which a one- or multi-photon dissociation becomes possible.

Photofragmentation studies are described for mass-selected transition metal cluster 

ions cooled in a supersonic expansion. The spectral utility o f this is powerful technique to 

accurately determine the electronic structure o f  the dimer or small cluster ions by  

monitoring fragment yield as a function o f  dissociation laser wavelength. For larger, more 

complicated metal clusters the absorption spectrum is far too congested and perturbed for 

analysis, but photodissociation can reveal the thresholds and time scales o f various 

fragmentation pathways. The order o f  the absorption events leading to dissociation is 

found from the extent o f  fragmentation as a function o f  laser fluence.

Smalley et al have measured the binding energy o f small iron clustersJ by using this 

method. The authors has been found one-photon dissociation threshold o f  Fe2~ to lie 

between 2.43 and 2.92 eV, which determines the binding energy o f  this transition metal 

dimer cation; similarly, the threshold for dissociation o f  Fe3  ̂ into Fe2" + Fe was found to 

lie between 1.17 and 2.18 eV. placing the Fe2 neutral binding energy between 1.27 and 2.3
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8 e V / Far more accurate measurements o f  these dissociations should be possible by 

studying cold cluster ion photodissciation as a function o f  wavelength. Arguments are 

presented to the effect that these dissociation thresholds should generally provide valid 

measures o f  the true binding energies o f  transition metal clusters. In this work, the 

dissociation energies o f 90Zr2”, Nth" and Nb3'-Nb were accurately determined to be 4.184 

±  0.005 eV, 5.907 ± 0.056 eV, and 5.994 ±  0.004 eV.

We also studied multiphotofragmentation o f Nb3” into Nth” and Nbi” products in 

the range 16,000-17900 cm'1 regions. The photofragmentation spectrum o f  the Nth” 

exhibits a sharp rise in the background o f  the spectra at 16,190 ±  10 cm'1. This sharp rise 

at this energy was not expected with respect to results o f  collision-induced experiments. 

We purposed three possible cases in order to explain this sharp rise and we will discuss 

them in Chapter YrIII.

II.2 EXPERIMENT

An instrument which was originally designed by Joseph G. Eaton, Shelley B. 

Deosaran. John R. Lombardi and Derek M. Lindsay to study gas phase cluster photo­

fragmentation using a laser vaporization source and time o f  flight techniques, was used in 

this thesis. The simplicity and versatility o f this technique provide us with a useful 

advantage to do different types o f  experiments from first or higher atomic/molecular 

ionization energy to electronic structure of charged/neutral molecules. Because o f the 

mass selectivity properties o f  the technique, all collected data came from the desired 

molecule. On the other hand, there is no possibility to record any information, which 

comes from any impurity because mass selection is performed initially, so spectral probes
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target only the desired cluster ion, then fragmented and unfragmented particles are 

counted by this technique. Such flexibility would enable us to study different cluster types, 

van der Waals, metal and semi-metallic clusters. The primary intention was to maximize 

the production and extraction o f ions formed in the expansion, rather than relying on an 

electron gun or laser to ionize the neutral clusters produced. Ionization tends to add the 

unwanted benefit o f  heating up the clusters. The decision to go via the pulsed route was 

based on a desire to minimize the pumping requirements o f  the system. Additionally a 

pulsed system was ideally suited for time of flight (TOF) mass spectrometry techniques, a 

second harmonic pulsed YAG (Yttrium Aluminum Garnet) laser was used as the 

vaporization laser because exceedingly high laser powers were not needed to vaporize 

even the refractory metals.u> The cluster source needed to be as simple as possible to 

accommodate the dual role o f being able to function as both a regular seeded source and a 

laser vaporization source. Therefore, a target rod was used due to the easy availability o f  

metals either as sheets (easily cut into target disks) or in powdered form (sintered into 

disks).1"6 Though the manipulation o f  a target rod to obtain a fresh surface was easier, we 

could obtain adequate rotation and translation with the use o f  a hypocycloidal planetary 

gear assembly.7 The choice o f an on-axis beam and the use o f  a simple ion repeller mass 

gate, rather than off-axis beam was again to simplify the construction and reduce the need 

for extraneous ion deflectors and lens. The option to fragment clusters axially, 'head on', 

as well as trans-axialiy, was also an important consideration. The instrument as 

constructed is shown in Fig. 2.1.

The instrument can be viewed as being comprised o f  three integral parts contained 

in a vacuum. The first region is laser vaporization source where the clusters are produced.
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Figure 2.1: Diagram of Time-of-flight (TOF) mass spectrometer with laser vaporization 

source for production of gas phase metal cluster ions. Viewed from the top looking down.
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second region (detection) is linear time-of-flight (TOF) where the produced cluster ions 

are separated and third region is photofragmentation, mass selection and reflectron(second 

time-of flight).

II. 2.1 LASER VAPORIZATION SOURCE.

Clusters were produced in the laser vaporization source, which was the most 

crucial part o f  this instrument. Laser vaporization sources which produce metal clusters 

were pioneered by R. E. Smalley.10 The source used here was a modified version o f one 

that was originally designed by Winston A. Saunders.8 The source shown in Fig. 2.2. 

consisted o f  the laser, a pulsed supersonic valve, a Teflon nozzle, a target metal disk and a 

target rotation assembly with a motor. These were installed in an eight inch cube, which 

sat above a Balzers turbo pump. The YAG laser vaporized metal from the target disk, 

producing a 'superheated plasma'9 o f  metal ions.10 The laser was triggered to fire when 

the helium pulse was over the target orifice, or in some cases just before it arrived over the 

target. The helium that was at supersonic flow enveloped the expanding plasma. Plasma 

collisions within the confines o f the dense helium cloud enabled the metal to condense and 

initiate cluster growth and formation. Further clustering and cooling o f  the internal 

degrees o f  freedom occurred as the gas expanded supersonically while exiting the nozzle 

into surrounding vacuum.11 The supersonic expansion coverts the random thermal motion 

o f the gas and its associated energy into directed center-of-mass motion, reducing the 

translational temperature o f  the beam.10 All the particles in the beam then travel at about 

the same velocity as the helium, given by the following equation:'1
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Figure 2.2 : Diagram illustrating how the vaporization laser is focused 

on the target disk.
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V « (SkTo/mHe)1' 2.1

Where mHe is the mass o f  helium. V is the supersonic velocity, T0 is the temperature of  

helium before expansion and k is Boltzmanns constant. This gives a velocity o f  about 

2x103 cm/s for particles in the beam. Cluster vaporization is achieved with the use o f  the 

532 nm, (second harmonic) green line o f a Spectra Physics GCR-11 YAG pulsed laser. 

The second harmonic o f  the YAG had a 7 ns pulse width, a pulse energy o f  135 mJ at 10 

Hz and could be operated at variable repetition rates o f  1-10 Hz, when externally 

triggered. Figure 2.2 also indicates how the laser is directed in the cluster source. The 

fundamental 1064 nm light was separated and directed to a beam dump by a 45° dichroic 

beam splitter. The 532 nm laser beam was then guided through a window into the source 

with the use o f  two mirrors. The laser beam was brought to a sharp focus in the source, 

from a 6.4 mm beam diameter to 0.5 mm diameter spot on the target surface; this was 

achieved by using a 50 cm lens focusing.

II.2.2 PULSED SUPERSONIC VALVE

The pulsed supersonic valve (PSV) was R. M. Jordan valve which operated on the 

magnetic beam repulsion principle pioneered by Dimov.12 Magnetic beam repulsion allows 

for the passage o f  a 5 kA current o f 20 ms duration through a pair o f  parallel conductors 

in a ‘hairpin configuration’, with the current traveling in opposite directions. The opposing 

flow o f  current set up a magnetic force, which lifts the top beam from the O-ring seal over
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Figure 2.3: Close-up photograph o f  the source chamber showing the PSV (a) and the 

Teflon backed nozzle support (b). The dark spot in the center o f  the nozzle support is the 

laser orifice.
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the nozzle and opens the valve. The valve admits carrier gas into the supersonic free 

expansion nozzle, which then injects gas pulses o f  varying widths. The magnitude o f  the 

current, the backing pressure o f  the gas and the elasticity o f  the 'hairpin' spring determine 

these gas pulse-widths. The PSV valve shown in Figure 2.3 had a 0.5 mm diameter nozzle, 

could withstand a backing pressure o f 150 psi and was operated at a repetition rate up to 

10 Hz. The instrument was normally run at rate o f  4  Hz, since at higher repetition rates 

there was an increased gas load for the pump to handle, which created a very 'noisy' 

cluster beam signal.

n .2 .3 . CLUSTER SOURCE NOZZLE

The cluster source nozzle, as shown in figures 2.4 and 2.5. was constructed from 

two cylindrical sections o f  Teflon. Both nozzle sections were almost identical and were set 

up in a mirrored configuration. One part o f the nozzle section consisted o f  two regions, a 

cylindrical channel (1 mm diameter and length 1 cm), opening out into another cylindrical 

region (5 mm diameter and length 5 mm). The other section, which formed the front part 

o f  the nozzle had an additional region which extended out into a 30 degree angle Laval 

cone, through which cluster beam supersonic expansion occurred. The size and geometry 

o f  nozzle were very important as they determined the cluster size distribution.10'11
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Figure 2.4: Diagram o f  both halves o f  the threaded Teflon nozzle insert.
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Figure 2.5 : Diagram o f the nozzle support with the Teflon nozzle inserts. 

The nozzle support is bolted to the face o f  the PS V.
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IL2.4. TARGET ASSEMBLY

The target assembly, as shown in Figure 2.6 (A,B,C), consisted o f  a linear rotation 

motor, a target holder shaft, a offset coupling, a internal and external gear. The assembly 

could accommodate targets varying in diameter from 0.8-1.0 inch and thickness up to 0.2 

inch. Abrasion formed on the target by the laser removal o f  target material resulted in the 

emergence o f a hypocycloidal pattern, as shown in Figure 2.7A, on the surface o f  the 

target disk. The simulation is a plot o f  the equation o f the form as follows:

X  = Rsin(At)cos(Bt)

Y  = Rsin(At)sin(Bt)

When the gears were well aligned and the laser was properly focused on the target disk, 

the ‘rosette* pattern o f the hypocycoidal shown in Figure 2.7B, is well defined and 

symmetrical.

n.2.5. THE SKIMMER

Supersonic expansions are usually skimmedlj to produce lower pressure in the 

detection region and to produce intense beams with a small range o f  velocities14. The 

skimmer was a nickel-plated electro formed cone (1 mm diameter entrance aperture and a 

20° angle cone o f  length 5 cm), manufactured by Beam Dynamics. Cluster ions leaving the 

nozzle expanded outwards upon ejection. The cluster distribution produced in the cluster 

source therefore needed skimming to select only those clusters with the components o f  

translation motion mainly in the forward direction. The skimmer collimated the ion packet 

into a narrow beam o f ions. Ions that had their velocity components in other directions 

were not allowed to enter the mass spectrometer, and were instead deflected off the walls 

o f  the skimmer.
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Figure 2.6A: Photograph o f  the target holder and gear assembly mounted on the 8" 

flange. The target (a) is facing the viewer. Also visible is the gear assembly, which 

surrounds the target. The front piece denoted (b) is the internal gear.

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



2 6

Figure 2.6B : Photograph o f  the side view o f the target holder and gear assembly: 

(a) target, (b) offset coupling, (c) external gear, and (d) the motor which rotates 

the target.
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Figure 2.6C : Photograph with a close-up view o f  the target holder and 

gear assembly: (a) target, (b) offset coupling, (c) external gear, (d) the 

block containing the internal gear, and (e) the target shaft with a spring.
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Figure 2.7A : Simulation 

o f  the laser bum pattern 

produced by laser 

vaporization.

Figure 2.7B : Photo­

graph o f  a niobium target 

after 100 hours o f  use.
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IL3. THE PRIMARY MASS SPECTRA: LINEAR TIME-OF-FLIGHT (TOF)

The primary mass spectra utilized the technique o f time-of-flight mass 

spectroscopy to characterize the cluster size distribution. At its simplest, this technique 

could be viewed as a separation o f  different masses o f  ions, which by simultaneously 

pulsing an electrical field, would energize the ions. Allowing them to drift some fixed 

distance and become separated due to the differing velocities they would have acquired 

due to the different masses. The technique o f  TOF mass spectroscopy has undergone a 

renaissance in the last few years.3"20 Due to its inherently pulsed nature, its marriage to the 

pulsed laser, vaporization cluster source was inevitable. Our system was based on the dual 

field accelerating system devised by Wiley and McLaren.15 Upon arrival from the source, 

ion packets with the same mass may contain both an energy and a spatial spread which 

create a spread in their arrival times at the detector. In order to compensate for this 

discrepancy a system consisting o f  three ion lenses and two different electric fields was 

devised. This lens arrangement is commonly referred to as the Wiley McLaren time-of- 

flight system. For positively charged ions, a negative field on the third lens attracts the 

ions forward, while a positive field on the first lens repels them forward. The second 

(middle) lens separates both fields which are alternately pulsed on and then off. The 

primary mass spectrometer enabled us to obtain a mass spectrum containing the cluster 

distribution and relative abundance. It consisted o f  a Wiley McLaren time-of-flight lens 

assembly, a set o f  Einzel lens and a pair o f  ion deflectors. The cluster ion packet, 

consisting o f  positive and negative cluster ions and neutral clusters, exit the nozzle and 

expand out supersonically with a velocity on the order o f  2x103 cm/s. A 100 ps pulse o f  

helium carrier gas can produce a packet o f  ionic and neutral clusters o f  varying masses
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spread out over a distance o f  about 10 cm.

II.3.1. WILEY MCLAREN LENS

The entire Wiley McLaren (WMcL) assembly begins just after the skimmer. It is an 

arrangement o f  three different sets o f  lenses, shown in Figs. 2.1 and 2.8. The first lens 

array consists o f  a series o f  4 stainless steel guard rings. The first ring o f  this lens series 

had a 90% transmission grid and subsequent rings were separated from each other with 

sapphire ball insulators. Each guard ring was in electrical contact with its neighbor via a 

series o f  5.6 kQ resistors, which enabled the lens array to provide a uniformly decreasing 

field when pulsed with a voltage for a short time. This set o f  lenses was maintained at 

ground potential until pulsed with a positive voltage. Upon arrival within the lens array, 

the cylindrical volume o f  ions was subjected to the effects o f  a rapidly pulsed positive 

voltage, which repelled the cluster cations forward. The 10 cm length o f  this lens array 

restricted the ions centered between its ends to an initial length o f  10 cm, (later 

compressed to 1 cm at the WMcL focus). A Kiethley Instrument 245 Power Supply, 

supplied approximately +1 kV to this lens, commonly referred to as the 'pulser'.

The Wiley McLaren second lens array consisted o f an almost identical set o f  lens 

as the previous set, including a 90% transmission grid on the first element. Individual 

guard rings were likewise physically insulated from each other and similarly connected via 

a series o f 470 k£2 resistors, to provide a uniform field. This lens series was kept at ground 

potential, and served as a transition for the field change from +1 kV at the first lens array 

to -2 kV at the third lens. The Wiley McLaren third array consisted o f  a guard ring similar 

to the others in addition to a 9.5 inches long stainless steel tube.
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Figure 2.8: Photograph o f  the Wiley McLaren TOF lens assembly: (a) 1st array 

(pulser), (b) 2nd lens array, and (c) 3rd lens array (potential switch).
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This third set o f  lens was referred to as the 'potential switch'. It was kept at a 

potential o f  -2 kV, which was supplied by a Bertan 205B-03F, high voltage power supply. 

This lens was rapidly pulsed to ground as the ions entered the potential switch. The field 

change accelerated the positive ions forward and repelled negative ions o ff the flight tube 

axis, neutral clusters were unaffected by either o f  the charged fields. The ions' ground 

potential at the end o f  Wiley McLaren lens system were defined as -2 kV. the potential 

switch was switched to ground to redefine it to earth ground, causing the ions to be re- 

referenced to earth ground. The total array, about 40 cm long, was supported on a 

triangular arrangement of rods.

Those ions that entered the first lens array early were repelled less strongly than 

the ones that arrived after. This compensated for the fact that the earlier ones had a higher 

velocity while the latter ones were slower. By the time they have reached the Wiley 

McLaren focus 1 meter downstream from the second lens, the slower ions have caught up 

to the faster ones and the original ion packet 10 cm long would be compressed to less than 

1 cm in length. An ion's arrival time at the focus could be calculated (since we know the 

various lens voltages, distances and relative masses of the ions) using equations devised by 

Wiley and McLaren:

TtWa! = T S + Td + TD 2.2

where the time is viewed as the sum o f  the time for the three different regions o f the mass 

spectrometer as illustrated in Fig 2.9.

Ts =T.02[m / (2qUt )]I,2[2ko1/2 SD] 2.3

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



33

m is the mass o f  the ion in amu, while Ut, the ion's energy in eV, is given by the following 

expression:

U, =  -Vd +VS So/S 2.4

where -Vd is the potential switch voltage, Vs is the pulser voltage, S is the distance 

between the start o f  the pulser and the second lens and so is the distance between the ion 

and the beginning o f the pulser as shown in Fig. 2.9. ko is an instrument constant defined 

as follows:

ko = (S0Vs + dVd)/(S0Vs ), 2.5

d is the distance shown and Td is the time it takes to travel through the distance d given 

by:

Td -  1.02[m/ (2qUI)]i -(2koI 2)(koI2+iy'd 2.6

Td is the time it takes to transverse the field free region, where D is the distance (1 m),

from start o f the potential switch to the Wiley McLaren focus.

Td = 1.02[m/(2qUt)]12D 2.7
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Figure 2.9: Schematic o f Wiley-McLaren TOF lens setup indicating the 

various regions, voltage pulses and parameters. An ion packet is shown 

narrowing as it approaches the Wily-Mclaren focus where the detector is 

located. When mass selection is being performed, the mass gate is situated 

at the focus.
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Figure 2.10: Plot o f ion intensity vs relative lowering o f three different 

sized apertures (1". 0.5". and 0.25"). The beam width was extracted out 

from the only region on the curve where three is an increase, a maximum 

and a decrease in ion intensity (shown by the arrows).
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Figure 2.11: Plot o f  time spread o f the arrival tinne o f Ntb~ at the WMcL focus 

dimer as a function o f  distance from the backing plate o f  the first element o f  the 

pulser lens.
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Figure 2.12A: Mass spectrum o f N b n '  and NbnOm~ cluster cations, where 

n =1 to 10 and m < 4.
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Finally the combined expressions are given in Eq. 3.8

Ttotai = 1.02{m /(2qUt)} 1/2{ 2koI/2S0 + 2koI/2 (koI/2+ iy ‘d+D} 2.8

The Wiley McLaren TOF lens spatially focuses the ions with the same charge to mass 

ratio (q/m) at the mass gate, which is located 1 meter away from the start o f  the third 

Wiley McLaren lens. These ions o f  similar masses which were temporally and spatially 

compressed (10 cm down to 1 cm), still contained a significant energy spread. Slow ions 

had been speeded up to meet the fast ions at the transient Wiley McLaren focus. The 

originally slower ions would eventually pass the initially faster ions once they have passed 

the focus and the ion packet would eventually spread out again. It was essential that we 

did the primary mass selection and laser photo-fragmentation at or near the Wiley 

McLaren focus, where the ion packet was at it's shortest length: this is the rationale for the 

position o f  the mass gate. The width o f  the ion beam was measured at the mass gate by 

lowering a metal plate with three apertures, (diam. 0.25 inch. 0.50 inch and 1.00 inch, 

respectively) across the beam and measuring the ion beam intensity through each aperture. 

Fig. 2.10 shows a plot o f  ion beam intensity vs. the relative lowering o f the apertures. The 

ion beam was shown to have a width o f  approximately 0.5 inch diameter. The focusing 

characteristics o f the spectrometer are shown in Fig. 2.11, (plot o f  arrival times o f  the 

NbT versus it's position away from the grounded front plate). The ions that were further 

away from the plate achieved a sharper focus at those particular operating voltages. A  

spreadsheet was used to calculate estimated flight times as well as spread in ion arrival 

times at various voltage conditions and distances (spreadsheet calculations setup shown
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Table 1. Spreadsheet set up to calculate Wiley-McLaren linear Time-Of-Flight (TOF) arrival times of the 

niobium dimer cation. Where S, S,„ d, D in cm. Vs, Vj, U,ol in volt, M in amu, and t in ps. 'I’m, = t(W-McL) + 

t(illt)

s S„ cl v s -V,, K„ D M U„tl t(W-McL) t(mi) T | n l ave. 17 

st.dev, T

to 1 5 850 2,000 24.53 100.00 185.8 2085.00 3.92 21.53 25.45

10 2 5

ooc 2,000 13.76 100.00 185.8 2085.00 4.66 21.10 25.76

to 3 5 850 2,000 8.84 100.00 185.8 2085.00 5.24 20.70 25.94 26.08

10 4 5 850 2,000 6.88 100.00 185.8 2085.00 5.74 20.32 26.06 0.286

10 5 5 850 2,000 5.71 100.00 185.8 2085.00 6.18 19.96 26.14

10 6 5 850 2,000 4.92 100.00 185.8 2085.00 6.58 19.62 26.20

10 7 5 850 2,000 4.36 100.00 185.8 2085.00 6.95 19.30 26.25

10 8 5 850 2,000 3.94 100.00 185.8 2085.00 7.29 18,99 26.28

10 9 5 850 2,000 3.61 100.00 185.8 2085.00 7.62 18.70 26.32

10 10 5 850 2,000 3.35 100.00 185.8 2085.00 7.93 18,42 26.35

U)vO
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in Table 1 and 2). A mass spectrum o f  niobium cluster cations is shown in Fig. 2.12 A. and 

Fig. 2.12B shows a plot o f  ionic mass vs. arrival time (ps), where one observes that the 

arrival time o f  the various ions scale as the square root o f  the mass.

IL3.2 ION LENS & DEFLECTORS

The ion beam required a set o f  ion lens (Einzel lens) to guide it down the flight 

tube. These consisted o f  three stainless steel cylindrical lens located after the TOF lens 

(see Fig. 2.2). The lens were tuned to focus the ions transversely at the longitudinal focus 

o f  the Wiley-McLaren TOF mass spectrum. Using the SIMION (ion simulation software 

package)." we obtained an optimal Einzel lens focusing voltage o f  1200 volts. The Einzel 

lens voltage was supplied by a Bertan high voltage power supply. The deflectors which 

were located just after the Einzel lens, are a set o f  two horizontal and two vertical stainless 

steel plates. These plates deflect ions horizontally and vertically along the beams axis, 

thereby minimizing the loss o f  ions. They both required very small voltages to keep the 

beam aligned. The use o f SIMION simulation software in correctly estimating the Einzel 

lens voltage (minimized the deflector requirement).
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Figure 2.12B: Plot o f  the square root o f the ion's mass vs. the arrival time o f ion 

for niobium and niobium oxides. This plot indicates that linear relationship between 

m12 and the arrival time o f  the cation is:
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n.4. MASS SELECTION, FRAGMENTATION & DETECTION

Our experiment involved selecting a particular size cluster and subjecting it to 

irradiation from a YAG pumped dye laser. The effects o f  the irradiation (e.g. increase, 

decrease and absence o f fragmentation as well as changes in fragment energies and 

fragmentation times) were investigated with the use o f  a reflectron mass spectrometer and 

a dual plate microchannel detector. The reflectron mass spectrometer was also a 

secondary mass spectrometer, which compensated for the energy spread in the ion beam 

and thus improved the resolution o f  the instrument.

11.4 .1. MASS-GATE

The study o f  size-selected cluster ions required the isolation o f  selected ion packets (ions 

with the same mass). Mass selection was based on the following principle: at the transient 

focus the ion beam consists o f  packets o f  ions grouped according to their masses, lighter 

ions followed by heavier ones. From spreadsheet calculations, we could easily assign a 

mass and arrival time to each packet o f  ions. Knowing the mass and time o f  a chosen ion 

packet, we can 'close' the mass-gate thereby blocking entrance to all ions, and 'reopen' it 

just as 'the selected ions' arrived and then 'close' it again once these ions have passed 

through the mass-gate.
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Figure 2.13A: Mass spectrum o f  niobium cluster cations Nbn . n—1 to 10. in the 

absence o f  the mass gate.
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Figure 13B: Mass spectrum o f mass selected Nbn*. n=3. 4. 5, and 6, when mass 

gate was on and the fragmentation laser was off.
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Mass selection was achieved with the use o f  a pulsed ion repeller mass:-gate. 

located at the transient focus o f  the Wiley-McLaren lens. The mass-gate was a simple 

affair consisting o f two parallel metal plates, suspended parallel to the path o f  the cluster 

beam, one plate was above the ion beam and the other below it. Both plates were fciased 

with a voltage o f +300 volts, which formed a positive field between the plates and resulted 

in deflection o f  positive ions o ff the flight tube axis. At the precise moment that the ion o f  

interest approached the mass-gate, the deflection voltage was pulsed to ground tbereby 

enabling the passage o f  the selected ion species into the reflectron region. The pulse 

activating the mass gate needed to be both narrow (on the order o f  a few hundred n s) and 

to also have a very fast rise time (on the order o f  a few ns). Pulse switching was 

accomplished with a Behlke HTS 31 fast high voltage switch (supplied by Eurotek: Inc.. 

NJ. USA) with a turn-on rise time o f  less than 10 ns. It was pulsed to ground for 

approximately 200 ns (this corresponded to the resolution o f  the counter timer p»lug-in 

board which was limited to 200 ns) giving the ability to select ion packets approximately 

400 ns apart. Once the mass selected ions were through the mass gate, the voltagie was 

pulsed on again, preventing the passage o f  other ionic masses. When the mass gate was 

off, all ions were admitted to the reflectron mass spectrometer. Figure 2.13A show s a 

mass spectrum of niobium cluster ions (transmission o f  all ions) with the mass gate o f f  and 

Fig. 2.13B shows a mass spectrum o f one ion, (transmission o f  a selected cluster ion) 

when the mass gate was turned on.
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n.4.2 SECONDARY MASS SEPARATION

Secondary mass separation was achieved with the use o f  a R. M. Jordan single 

stage reflectron mass spectrometer. The reflectron assembly that was 20 cm deep and 15 

cm in diameter, consisted o f  a combination o f  plates with grids and mesh which when 

powered, combined to create a uniform electric field within the reflectron. It was inclined 

at an angle o f  6° relative to the cluster beam, and situated just after the mass gate (see 

Figs. 2.1 and 2.2). Figure 2.14 is a photograph o f  the reflectron mounted on a 12 inch 

flange. The reflectron was housed in a large 'T-shaped' chamber (12 inch diam.). A large 

chamber was required so that the ion beam, when reflected by the reflectron's 'ion mirror', 

curved around and was focused on the detector located at the lower front o f  the chamber. 

The entrance to the reflectron was held at the beam potential o f  3 kV and the rear were 

biased so that ions o f  interests were reflected at 50% - 90% o f the total depth.

The reflectron was an ion reflector based on the system pioneered by Mamyrin et 

al.21 It compensated for the energy spread present in the ion packet that was due to the 

distribution o f  initial ion positions along the length o f  the extraction cylinder. Ion packets 

o f  the same mass were spatially and temporally compressed at the WMcL linear TOF 

focus, however once past the focus they were decompressed because o f  their original 

spread in energy. The reflectron resolved problems due to the energy spread in the ions. 

High-energy ions o f  the same mass penetrated deeper through the reflecting fields than 

low energy ions o f  'the same' mass. Ions that penetrated deeper, spent more time in the 

reflectron and so allowed low energy ions to catch up at a focal plane in the field free 

region as they exited the reflectron. Narrower mass peaks well spaced in time (better 

resolution) was the result. Ions o f  different masses entering the reflectron coincidentally
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Figure 2.14: Photograph o f  the reflectron TOF assembly mounted on the 12" flange. 

Clearly visible is the plate with grids.
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Figure 2.15 : Schematic o f reflectron TOF showing an ion (p) breaking up 

to produce a fragment ion (f). The trajectories o f both ions are shown 

entering and exiting the reflectron. Also shown are the free flight regions 

Li, L2 , and the coordinate axes.
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focus in a manner such that the heavier ions penetrated deeper into the reflectron and thus 

arrived at the focus where the detector is located, after the lighter ions had arrived. In this 

manner when ions were photofragmented, the daughter fragments could be resolved from 

the parent ions even though they would have had the same energy when they entered the 

reflectron. The equations used to calculate the time spent in the reflectron (tref) were 

developed as follows: The axes (x, y) were set up with origin at the entrance point o f  the 

reflectron. The positive x-axis was parallel to the incoming beam, and positive y-axis was 

defined so that the z-axis was perpendicular to the paper (a right hand coordinate system) 

with ions moving from left to right, (Fig. 2.15)

Fx = mdvx/dt = -qEx : -qEcos(<j>) 2. 9a

Fy =  mdvy/dt = -qEy = -qEsin(<f)) 2. 9b

where the subscripts x and y refer to the x and y components, and F. V, m and q are 

force, velocity, mass o f the parent ion and charge o f the ion respectively, E is the electric, 

field strength and <j> is the tilt angle o f  the reflectron (ions are deflected by 2(f)).

vx(t) = -qEcos(<f>)t/m + vx(0) 2.1 0 a

V y ( t )  = -qEsin(<j>)t/m + vy(0) 2. 10b

where vx(0) = (2U/m)l/2, vy(0) =  0 and U is the ion kinetic energy.

The energy o f the ions is the same before entering and after exiting the reflectron.

2U/m = (vx(t))2 + (V y ( t )  )2 = {-qEcos(<{>)t/m + (2U/m)1/2}2 + {-qEsin(<f>)t/m}2 2.11
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solving for t by squaring, canceling and using sin2<|)+ cos2<{> =  1 gives

t = (2m)cos(<{)){qE(m/2U)I/2}‘I 3.12

The factor o f  2 comes about because the ions make two passes through the reflectron 

(going in and coming out).

W  = ( 2D /V ref)cos(<{))m*(2U/qm)1,2 2.13

where trer, m* can be either the mass o f  the parent or daughter ion (when calculating 

parent arrival or daughter arrival respectively) , D is the depth o f  the reflectron and Vref is 

the reflectron voltage.

The time spent in the field free region tL is given as follows:

tL =Lcos(<J>)(m/2qU)'2 2.14

where L = Li + L? (Li is the length o f  the region from WMcL focus to the beginning o f  

the reflectron and L2 is the length o f  the region from the beginning o f  the reflectron to the 

detector) . Time spent in both the field free region and the reflectron. ttotai is given by:

Wai =Lcos (<j>) {m/2qU}1/2 + 2D/Vref cosft) m* {2U/qm}12 2.15

Arrival times o f  ions through the reflectron and total flight times (from pulser through 

reflectron and to the detector) were also calculated using a spreadsheet calculation.
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H.4.3 FRAGMENTATION LASER

The fragmentation laser was a Spectra Physics YAG pumped PDL-3 Dye laser 

system. There wrere two configurations for cluster fragmentation. (1) coaxial 

fragmentation, (collinear and counter propagating to the ion beam) and (2) trans-axial, 

(perpendicular to the ion beam). In the perpendicular configuration, the laser entered 

through a side port and intersected the clusters as they emerged from the mass gate. This 

configuration involved a measure o f  difficulty especially in the space/time overlap between 

the cluster beam and the pulsed laser. The advantages o f  this arrangement are as follows: 

(1) absence o f  a noisy background due to photo-ions from the laser hitting the mesh or 

other metal hardware, (2) no significant laser reflections off the metal walls within the 

chamber would reach the detector. (3) it was easier to monitor the laser power by 

measuring it as it exited the chamber after interaction with the cluster ions. The axial 

configuration was chosen because it was simpler to align and gave earlier success. The 

laser entered the chamber through the rear o f  the reflectron TOF, and was positioned to 

interact with the clusters at the linear TOF focus (mass gate). This point was ideal for 

fragmenting the clusters because the ion packets had been spatially and temporally 

compressed to their smallest dimensions thereby providing the best overlap between the 

laser and cluster beam. Co-axial fragmentation however had some significant drawbacks, 

which were: (1) by going through the reflectron, the laser encountered some o f  the wore 

meshes which provided field uniformity, laser/mesh interactions gave rise to ejected photo­

ions which reach the microchannel plate detector and created a noisy signal at times, (2) 

the laser could hit everything coming down the flight tube, including larger ions, before 

they arrived at the mass gate. Laser beam/ion beam overlap alignment presented problems
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which were aggravated by the non-uniform laser beam power density profile and 

variations in laser pointing when dyes were changed. One also assumed that the cluster 

density was uniform across the collimated beam, however this was not necessarily so. 

Therefore, on-axis alignment could still result in detected ions not being exposed to the 

laser pulse and thereby creates a nondepletable background. The laser diverged slightly to 

produce a quasi-uniform beam. Power measurements were made by passing the laser 

through a glass slide set at a 45° angle and measuring the power o f  the 90° reflected light 

with a very sensitive power meter. The glass slide was calibrated at different powers and 

wavelengths to correlate the laser's reflected and transmitted powers. Laser fluence was 

determined by assuming that the pulse energy was uniformly distributed over a circle of 

radius 0.5 cm, to give an area o f  0.785 cm*.

II.4.4 ION DETECTION

Mass spectra were obtained by adjusting the extraction voltages and associated 

delays, together with the ion optics until the spatial focus o f  the mass spectra was at the 

ion detector. At first we used a large Faraday plate with the output to an oscilloscope to 

obtain crude mass spectra, however we finally opted for two dual microchannel plate 

detectors (Galileo MCP-18B), 40 mm and 25 mm diameter, respectively, supplied by R M 

Jordan & Co. Each detector was coupled to a 50 Q anode assembly. One MCP was 

situated at the end o f the flight tube in the absence o f  the reflectron, the other which was 

enclosed in conical structure, was positioned at the lower front o f the reflectron chamber 

directly in the path o f  ions exiting the reflectron (see Fig.2.2). MicroChannel plate 

detectors are costly, fragile and tend to degrade with use, however they were ideally
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suited for handling fast ion pulses and provided high gain with a sub- nanosecond rise 

time. The signal from the MCP was acquired using a LeCroy 9450A digital oscilloscope to 

display a fresh cluster mass spectrum at the 4 Hz repetition rate o f  the experiment.

n .4.5. INSTRUMENT CONTROL AND DATA ACQUISITION

Combined software and hardware control enabled the instrument to function and 

thus acquire and store data effectively. Figure 2.16 gives an outline o f  the experiment. The 

operator was required to set the parameters that determined cluster distribution and 

intensity, while the computer coordinated the functions o f the different components that 

made up the laser vaporization dual TOF mass spectra. Inherent delays between the 

various devices required microsecond adjustments to synchronize the individual event that 

each one controlled. The entire experiment was a combination o f  several synchronized 

events. Timing parameters were set by the operator and controlled by the computer. The 

pulsed supersonic valve initiated the cycle with a burst o f  helium, followed by a pulse from 

the vaporization laser, which fired at the peak o f  the helium pulse. This burst o f  laser 

power effectively vaporized material from the rotating metal target disk. Smalley et al.
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Figure 2.16 : Block diagram illustrating the data acquisition and control outline.
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have determined that the vaporization laser should be fired at the peak o f  the helium pulse 

when it's density over the target is at the highest so that the vaporized metal could be 

effectively blanketed and thermalized. The potential switch which was maintained at a 

negative potential o f  -2 kV (it was necessary to supply it with -2.4 kV to obtain an 

effective output voltage o f  -2 kV) for the purpose o f  studying positively charged cluster 

ions was pulsed to ground potential next. A negatively charged field induced by the 

potential switch provides an attraction to the positively charged clusters increasing their 

velocity in the forward directions. Within a few microseconds o f  the pulsing o f  the 

potential switch, the first WMcL lens (pulser), is switched from ground potential to a 

positive potential o f  +850 V. This field provides a forward Tick' to the positive ions. 

During the tuning o f  the source the mass gate was kept at ground potential to allow the 

passage o f  all ions to the detector. Tuning refers to the act o f  adjusting the control 

parameters e.g. voltages, timing delays, laser power and helium backing pressure. An 

optimized cluster ion distribution exhibited peak repetitiveness, maximized stable 

intensities and smooth peaks with narrow widths.

Mass selection occurred by the turning on/off o f  an electrical field which deflected 

ions o ff  the flight tube axis effectively blocking their passage. This electrical field which is 

kept at +300 V was pulsed off (to ground potential) to coincide with the arrival o f  a 

chosen cluster mass. By pulsing the field o ff  for extremely short time periods (200 ns) it 

was possible to isolate clusters o f  a particular size and thereby enable the study o f  

individual cluster species.

Following cluster mass selection, the isolated cluster species were observed closely 

on the oscilloscope using an expanded timescale to determine whether metastable
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fragmentation was occurring. Metastable fragmentation o f  vibrationally hot clusters is a 

normal occurrence in molecular beams whereby a small proportion o f  ions break apart 

enroute to the detector producing daughter ion fragments.4 It cannot be totally eliminated, 

however it could be minimized by adjusting the source conditions to prevent over heating 

o f  the cluster ions produced. M in im ization  o f metastables was a necessary step; because to 

observe effective frgmentation, there must be a maximum cluster intensity with a minimum 

metastable ion production. It would be difficult to distinguish between daughter ions from 

laser induced fragmentation and daughter ions from metastable decomposition if  the 

production o f  metastable ions was left unchecked. Figure 2.17A shows the NbT cation 

together with Nbj", Nt>T and Nb~ ions produced from metastable Nb4~ ions in the absence 

o f  the fragmentation laser; Fig. 2 .17B shows the daughter ions produced by laser induced 

fragmentation. Following the elimination or min im iza tio n  o f  metastable decomposition, 

proper overlap between the fragmentation dye laser and the cluster beam was necessary to 

achieve maximum cluster fragmentation. The cycle o f  events, began with the pulsing o f  the 

supersonic valve and ended with the measurement o f  the dye laser power. Although it 

could be performed at a rate o f  10 Hz. the existing conditions favored operating at 4 Hz. 

The signal acquired by the oscilloscope was averaged for 400 shots o f  the laser, 

approximately 100 seconds, after which the intensities o f  the parent and daughter peaks 

and the average background intensity were extracted and stored by the computer. The dye 

laser wavelength was incrementally scanned while a waveform plot o f  cluster intensity 

versus wavelength was updated on the computer monitor.

A Dell Dimension XPS 60 personal computer with an Intel Pentium 

microprocessor, two serial ports (RS 232), a 540 megabyte hard drive and 24 megabytes
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o f  random access memory, running Microsoft Windows 3.2 operating system coordinated 

the operation o f  the various devices. The data acquisition and control system included 

three National Instruments interface boards (PC TIO-IO Data Acquisition board. Lab PC+ 

Data Acquisition board, and a IEEE 488.2 AT- GPIB). (For more information see Ref. 

Deorasan.)~J
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Figure 2.17A: Mass spectrum o f  Nb.j~ showing some metastable daughter ions (Nb 

and Nbs ). The Nbj” peak is off scale because this plot has been expanded to show 

the metastable fragment ions.
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Figure 2.17B: Mass spectrum o f  Nb  ̂ after fragmentation to produce daughter 

ions: Nb3~. Nb2”. and Nb”.
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CHAPTER ff l  

PHOTOFRAGMENTATION SPECTROSCOPY OF THE NIOBIUM AND 

ZIRCONIUM CATION CLUSTERS 

H I.l. ION PHOTOFRAGMENTATION SPECTROSCOPY

Ion photofragmentation spectroscopy, othemvise known as ion photodissociation 

spectroscopy, refers to any study using ion dissociation, in which a photofragment is 

observed directly as the carrier o f the information sought.1 It can also be viewed as 

optical spectroscopy performed on gas phase ions. The difference, however is that instead 

o f  measuring the change o f  photon flux through th e sample, the effect o f  the photons on 

the sample is observed.2 Ion dissociation can occur when an ion absorbs one or more 

photons with a greater total energy than the bond energy o f a particular state. This may 

occur because o f  several reasons3'9: (1) excitation directly into a repulsive state from 

which dissociation occurs directly, (2) absorption ~to a bound excited state, followed by 

internal conversion to a lower electronic state w hose energy may be greater than the bond 

dissociation energy, resulting in dissociation, (3) dissociation via the absorption o f more 

than one photon. The simplest example o f  case 3  is infrared multiphoton dissociation 

which does not involve excitation to a different electronic state, only rapid sequential 

absorption o f  photons to reach the dissociation limit at the top o f  the Morse potential 

well. Case 1 is termed direct dissociation, and m ay be characterized by a structure-less 

absorption spectrum for the parent ion and would tend to occur very fast, on a timescale 

o f  about 100 femtoseconds. Case 2, on the other hand, presents several interesting 

possibilities because o f  the predissociation phenomenon that makes it occur on a longer
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timescale (t > 1 picosecond). This phenomenon may be characterized by a structured 

absorption spectrum, which indicates the presence o f  a potential well for the excited state, 

followed by dissociation (brought about by tunneling through a potential barrier or by 

change o f  electronic state near a curve crossing)/ A structured absorption spectrum 

(narrow peaks that have a semblance o f  order) may contain details (vibronic and 

rovibronic states) o f  the predissociation mechanism for the ion. Figure 3.1 gives a 

conceptual illustration o f dissociation and predissociation.

The detection o f  ionized fragments produced in ion dissociation provide 

information such as the dissociation channels, measurement o f the photodissociation 

cross section and dissociation energies. Photodissociation cross sections are essentially 

equivalent to absorption spectra when predissociation occurs rapidly.9 Detailed studies o f  

the photofragments may also be carried out to determine the kinetic energy, angular 

distribution and internal energy o f  an ion. Laser induced fluorescence (LIF) and resonant 

two photon ionization (R2PI), two o f  the best spectral techniques used in the 

spectroscopy o f  ions, are difficult to apply to metal cluster studies. They both require that 

the laser induced transition to an excited electronic state have a long enough lifetime for 

its fluorescence (LIF) or lowered ionization potential (R2PI) to be detected. In transition 

metal clusters, there exist many close low lying electronic states with the possibility o f  a 

dense manifold o f  vibronic states. Radiationless transitions between these states will be 

very rapid, preventing the detection o f  LIF and R2PI and rendering both techniques 

ineffective;4'3 photodissociation spectroscopy overcomes this problem. In the case o f  

photodissociation spectroscopy, the only requirement to obtain a
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Figure 3.1 A conceptual diagram illustrating dissociation and photodissociation 

for cases 1. 2 and 3.
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dissociation spectrum is that the cluster dissociates upon photon absorption. This can be 

carried out either as a single color dissociation or as a two color dissociation using two 

different color lasers. One o f  the lasers may be set at a frequency to excite the ion to a 

virtual state, while the other would be scanned to dissociate the ion as a function o f  the 

laser wavelength or vice versa.

A primary difficulty o f  photofragmentation experiments had been the production 

o f  ions in sufficient densities, a problem that is only now being overcome. Typically ions 

would be produced by using an ArF laser to ionize neutrals clusters produced in an 

expansions. This, however, has the unfortunate tendency o f  producing ions in various 

states o f  excitation, which when photofragmented result in congested spectra. The 

preferred method is to use a cluster ion source with a supersonic expansion to produces 

cooler ions. The cooling collisions experienced by these ions lead to drastic reduction o f  

the temperatures for the translational (Tt), vibrational (Tv) and rotational (Tr) degrees o f  

freedom, compared to the temperature o f the environment. Possible temperatures 

obtained by this method are Tt < 20K, Tv < 100 K and Tr < 50K. The level o f cooling 

achieved in the ion is heavily dependent on the prevailing source conditions at the 

time.10'11 Cooling the ions does not necessarily imply that one will obtain uncongested 

spectra. If the ion contains a high density o f states, as is expected for some transition 

metal ions, the possibility exists that unquenched low lying states might be observed 

under conditions that would normally be expected to cool them to their electronic ground 

state, resulting in a congested spectrum. I2'Ij
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m .2  PHOTOFRAGMENTATION OF Nb2+, Nb3\  Nb4+, and Zr2+ 

m .2.1  INTRODUCTION

Niobium (Group VB) and zirconium (Group IVB) transition metals belong to the 

4d transition series, Niobium has a valence electronic configuration o f  4d45s' and 

oxidation states o f  +2, +3, +4 and +5. Zirconium has a valence electronic configuration 

o f  4d25s2 and oxidation states o f  +2, +3, and +4. Niobium, which has no known isotopes 

and a propensity for clustering, has been the subject o f  many studies, including 

reactivities, binding energies, spectroscopy, dissociation energies and theoretical. There 

is, however, very little information concerning the nature o f  the bond in the niobium 

dimer cation514’21, the niobium trimer cation,28' 48 and the niobium tetramer cations.28' 48' 

47 Also as far as w e can tell, there is no any information on the zirconium dimer cation.

in .2 .2  EXPERIMENTAL

Niobium and zirconium clusters were generated by vaporizing niobium and 

zirconium metal (Goodfellow, 99.99%), then mass analyzed in the Wiley-McLaren TOF 

mass spectrometer. The cation clusters were initially mass selected and the desired cluster 

was fragmented with light o f  varying wavelength from a YAG-pumped PDL-3 dye laser. 

Typical scan conditions were given in Table. 1.

The intensities o f  both the daughter and the parent ions were collected as a 

function o f  the dye laser wavelength. Four hundred laser shots were averaged at each 

wavelength increment and the result stored by the computer. Intensities o f  the parent and 

daughter ions and the background level were measured in volts, with the laser power and 

wavelength in mW and nm respectively. Parent ion intensity was on average about 2.0±
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0.5 V for N b /, 150±50 mV for Nb3+, 200± 50 mV for N b /  and 150± 30mV for 90Zr2+. 

Relative intensities were calculated by normalizing the daughter ion intensity to the 

parent intensity by using the following equation:

( Daughter — Background )
  3A

(Parent + Daughter -Background)(Fluence)

Niobium dimer, trimer, and tetramer cation clusters were investigated between 

15,000 — 21,000, 16,000-17,900, and 16,060-17,980 cm'1 regions, respectively. The 

dizirconium dimer cation (90Zr2/  was investigated between 16100-18450 cm'1 region. 

Scans were performed using the following dyes: Rhodamine 590, Coumarin 500, 

Coumarin 540A, DCM, Sulfarhodamine 640, Kiton Red 610 and Fluorescein 

548. Wavelength shifting o f  those dyes were also carried out to cover areas in between the 

dye range. Fluences for the yellow dyes were typically 60 mW/cm2, while these o f the 

blue dyes tended to be much lower, 10 mW/cm2. Additional experimental details can be 

found in Chapter II.

In this present work, we used the one-color multiphoto fragmentation techniques 

to investigate the molecular properties o f  the Zr2+, Nb2+, Nb3+, and N b /  in the 15,400- 

18.500 cm*1 region. In order to determine the number o f photons which caused 

fragmentation o f  the zirconium and niobium dimer cations, we studied the dissociation 

fluence dependence on the dimer ions. The dissociation energy o f  the 90Zr2+ was 

determined to be 4.184 ±  0.005 eV; this was done from the observed onset o f the 

threshold in the spectrum (16,870 ± 40 cm'1) when the fragmentation changes from a 

three photon processes to a two photon process. In the 16,100-18,400 cm'1 region, only
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Table 3.1. The Experimental conditions which were used in this study.

Laser energy 15-25 mJ/pulse

PSV to Laser delay 100-130 ps

PSV current 3.2-3.4 kA

Laser to Pulse delay 100-120 ps

Pulser voltage 850-900 V

Pulser to Pot Switch delay (depend on the 5-15 ps 

cluster mass).

Pot. Switch voltage 2000 kV

He backing pressure 120-140 psi

Mass gate voltage 300 V

Reflectron voltage 3000 V

Einzel lens voltage 1200 V

Deflector voltage 0-50 V

MCP voltage 2400 V

Frag. Laser to mass gate delay ] ps

Frag. Laser power 30-60 mW
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three transitions are seen at 17,880 cm'1 (relatively week), 18,290 and 18,350 cm'1. In the 

Nt>2+ spectrum, we observed several intense peaks centered around 16,127, 17,065, and 

17,891 cm'1 as well as many weak transitions. This suggests that these transitions are 

due to the quartet - quartet transitions. We also observed a threshold in the background 

o f the niobium dimer cation spectra at 15,880 ± 50 cm'1. The fluence studies and previous 

collision-induced dissociation (CID) measurement indicate that the observed threshold is 

due to a change o f  the multi-photon processes o f  the NfrC fragmentation from a four 

photon processes to a three-photon process. The dissociation energy o f the Nt>2 + was then 

found to be 5.907 ± 0.056 eV, in good agreement with the CID measurement 5.87 ± 0 .19  

eV. In the Nb 3+ spectrum, we studied the multiphoton fragmentation o f the Nbs+ into the 

two possible fragments, N bi' + Nb and Nb1- + Nfr*, in the 16,060-17,100 cm'1 regions. 

In this region, only multiphoton fragmentation spectrum o f  the Nb+ 3 to NhT + Nb 

exhibits a sharp rise in the background at 16,190 ±  10 cm'1. We did not find any 

electronic bands in the both fragmentation pathways. This observed threshold was 

unexpected at this energy according to the previous CID measurement. In Chapter VTII, 

we propose two possible cases one of which should be responsible for this observed 

threshold. In the NbT spectrum, only the fragmentation o f the Nfr}+ into the Nb3+ + Nb 

showed a sharp rise at the 16,115 ± 10 cm'1. At this energy, the multiphoto fragmentation 

is a three-photon processes. The measured dissociation energy 5.994 ± 0.001 eV is in 

good agreement with the CID measurements 6.00 ±  0.30 and 5.90 ±  0.20 eV, see Chapter 

IX.

Furthermore, w e calculated spectroscopic properties o f  the Tx-T, Nfr2°/+, Nb3°/+, 

and Nb4 0/T using ab initio methods. To test the methods, we attempt to calculate the
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spectroscopic properties o f  the first and second transition metals as test calculations. In 

the chapter, we present the results o f  the calculations for the neutral and ionic clusters 

with the previous experimental and theoretical studies for the comparison. In the 

conclusion (Chap. XI), we present the calculated force constants for the first-, second-, 

and third-row transition metal neutral dimer molecules.
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CHAPTER. IV 

IV .l INTRODUCTION

This is a short description o f the commonly used calculational procedures to solve 

Schrodinger's equation, known as the ab initio and semi-empirical approximation such as 

Hartree Fock (HF), Density Functional Theory (DFT) and etc. These calculations are 

fundamental to an understanding o f molecules. Within the framework o f  the 

approximations used in the Hartree-Fock approach, the distribution of electric charge is 

determined. In addition, a molecular wavefimction is calculated and various molecular 

properties are found. The principle type o f  calculation is called Hartree-Fock using a set 

o f  approximations to reduce the complexity o f  the 4N dimensional problem, where N  is 

the number o f  electrons and nuclei. The factor o f  4 arises from spatial coordinates plus 

the spin. The basic approximation is due to Bom-Oppenheimer; it decouples the 

electronic and nuclear degrees o f  freedom. This assumes the nuclear centers o f  mass are 

fixed for a given calculation, i.e., the wave function is parameterized with respect to the 

nuclear coordinates.

In the Hartree-Fock approximation, the many electron problem is approximated 

by a sequential calculation o f  the response o f  the i111 electron in the average potential o f  

the rest o f  the electrons. This one-electron operator is called the Fock operator. Wave 

functions describing electrons obey Fermi Dirac statistics, that is, they must be anti­

symmetric with respect to an interchange o f  coordinates. This is conveniently expressed 

in terms o f a determinant called the Slater Determinant. The Hartree-Fock equations are a 

set o f  coupled integro-differential equations. Using basis vectors o f Hilbert space, this 

can be transformed into a set o f  algebraic equations. This gives a generalized eigenvalue
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problem to solve called Roothan Equations. Hartree-Fock Self Consistent Field (HF- 

SCF) is a name o f  the procedure to calculate the charge distribution. The problem is non­

linear (the Fock matrix is dependent on the variational coefficients that are being 

calculated) thus an iterative approach is used (self consistency). Hartree-Fock 

calculations have a built in deficiency; electron-electron correlation is ignored. Thus, 

further work needs to be performed. Lumped as post Hartree-Fock calculations, most o f  

these schemes involve the diagonalization o f  large matrices.

Density Functional Theory (DFT) is a general approach to the ab initio 

description o f quantum many-particle systems, in which the original many-body problem 

is rigorously recast in the form o f an auxiliary single-particle problem. For the simplest 

case (nondegenerate) o f  stationary problems, DFT is based on the fact that any ground 

state observable is uniquely determined by the corresponding ground state density n. i.e. 

can be understood as a functional o f  n. This statement applies in particular to the ground 

state energy, which allows us to indirectly represent the effects o f the particle-particle 

interaction as a density-dependent single-particle potential. In addition to the Hartree 

(direct) contribution this potential contains an exchange-correlation (xc) part, which is 

obtained from the so-called xc-energy functional. The exact density functional 

representation o f  this crucial quantity o f  DFT is not known, the derivation o f suitable 

approximations being the major task in DFT. Extensions o f  this scheme to spin- 

dependent, relativistic or time-dependent systems, utilizing the spin-densities, the four 

current or the time-dependent density as basic variables, are also available. Recently, a 

DFT approach to quantum hadrodynamics (as a model for the relativistic description o f  

nuclei) has been developed. The main areas for applications o f  DFT are condensed matter
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and cluster physics as well as quantum chemistry. In this chapter we shall take a look at 

perhaps the most fundamental difficulty in quantum physics, the many-particle problem 

or many electron system.

IV.2. THE MANY-PARTICLE SYSTEM

So what is a many-particle or -body situation, and why is it such a problem? Let 

us start with a classical example. Consider a hard ball (ball A) moving in some kind o f  

force field which may be spatially and temporally varying, but which is uncoupled to the 

motion o f  the ball (i.e. unaltered by the presence o f  the ball). If we know the force on the 

ball at every point in space and time then we can easily calculate the trajectory o f  the ball 

by using Newton's laws. This situation is that o f  a single particle moving in an external 

field. It doesn't matter that the field is varying; as long as the variation does not depend 

upon the position or velocity o f  the ball the problem remains easy. N ow  add a second 

hard ball (ball B) to the problem, and furthermore let us attach it to the first by means o f a 

spring. At a ball separation equal to the natural length o f  the spring there will be no force 

between the balls, but in general the spring will either be stretched or compressed and so 

ball A will exert a force on ball B and vice versa. The motion o f the balls is still described 

perfectly well by Newton's classical laws o f  motion, but now the motion o f  ball A is 

intimately linked with the motion o f  ball B. That is, one cannot solve the trajectories o f  

ball A and ball B separately: their equations o f  motion are coupled and must be solved 

simultaneously. Fortunately, with two balls this is not too much o f  a problem. However, 

if  there are many balls then the problem rapidly becomes insoluble. It should be stressed 

that the balls are still subject to Newton's laws, but the difficulty o f  solving the equations 

which result from those laws increases rapidly because o f  the coupling. This is the
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essence o f  the Many Body Problem. However, all is not doom and gloom. Imagine that 

the balls are not connected by springs, what happens then? The answer is that the balls 

move precisely as single particles until they collide with each other. Now the problem has 

become easier again, because we can use single particle theory to describe the trajectories 

o f  individual balls, until such times as they instantaneously scatter from each other. Thus 

we don't have to solve any equations simultaneously. Instead we have to know a bit about 

scattering theory. Now, it would not be correct to describe these balls simply as single 

particles because that would be to ignore the effect o f  the scattering, but we can call them 

single-particle-like particles or, to use the accepted term, quasiparticles.1'2

Somewhere between these last two cases there is a grey area in which the balls 

interact with each other only when they are within a certain range o f  each other. That is, 

when the balls are well-separated, they do not significantly interact, but when they come 

close together they exert a force on each other. Thus there are times when a given ball 

will behave as a single-particle and times when it will not. In the limit when the critical 

range is very small this situation reduces to the quasiparticle case, and in the opposite 

limit o f  a very large critical range the situation is that o f  a true many body problem. Thus 

the applicability o f  the quasiparticle approach to a given many body problem is largely 

dependent on the range o f  the inter-particle forces involved.

The electrons in a system interact strongly with the ion cores making up the 

molecular structure and with each other. The electron-ion interaction does not constitute a 

many particle problem, however, because the ions are essentially stationary on the time- 

scale o f  the motion o f the electrons (i.e. the electronic and ionic degrees o f  freedom are 

not coupled). On the other hand, the electron equations o f  motion are most certainly
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strongly coupled to each other by the electrostatic interaction. The long range nature o f  

the electrostatic interaction does not bode well for a quasiparticle description. 

Nevertheless, the most successful current method for electronic structure calculations in 

large system is based on the even more radical approximation o f single-particle 

behaviour. In order to understand the problem better let us look at some o f the different 

apporaches taken by different workers over the years.1'3

IV.3. HARTREE AND HARTREE-FOCK THEORY

To completely describe the quantum mechanical behaviour o f electrons in many 

particle systems or in solids it is strictly necessary to calculate the many-electron 

wavefunction for the system. In principle this may be obtained from the time-independent 

Schrodinger equation, but in practice the potential experienced by each electron is 

dictated by the behaviour o f  all the other electrons is the system. Of course, the influence 

o f nearby electrons will be much stronger than that o f far-away electrons since the 

interaction is electrostatic in nature, but the fact remains that the motion o f any one 

electron is strongly coupled to the motion o f  the other electrons in the system. To solve 

the Schrodinger equation directly for all these electrons would thus require us to solve a 

system o f around 102j simultaneous differential equations. Such a calculation is beyond 

the capabilities o f  present-day computers, and is likely to remain so for the forseeable 

future.

One o f  the earliest attempts to solve the problem was made by Hartree. He 

simpified the problem by making an assumption about the form o f  the many-electron 

wavefunction. namely that it was just the product o f  a set o f  single-electron
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wavefiinctions. In a uniform system these wavefiinctions would take the form o f  simple 

plane waves. Having made this assumption it was possible to proceed using the 

variational principle.

This principle is a very powerful concept in mathematics. In the form most 

commonly applied to theoretical physics it states that if  a given system may be described 

by a set o f  unknown parameters then the set o f  parameter values which most correctly 

describes the ground state o f  the system (i.e. the state in which the system exists when not 

perturbed by outside influences) is just that set o f  values which minimises the total 

energy. A simple example o f  this principle is the case o f  a ball sitting in a valley in a 

gravitational field. The system may be described by a single parameter: the height o f  the 

ball above the bottom o f the valley. The ground state o f  the system may be determined by 

finding the value o f  this parameter which minimises the total energy. Clearly this value o f  

the parameter corresponds to the ball sitting at the very bottom o f the valley.

By using the variational method Hartree found the Hamiltonian equation o f  the 

many-electron system. In fact, for an N-electron system there are N equations; one for 

each o f  the N  single-electron wavefiinctions which made up the many-electron product 

wavefunction. These equations turned out to look very much like the time-independent 

Schrodinger equation, except the potential (the Hartree potential) was no longer coupled 

to the individual motions o f  all the other electrons, but instead depended simply upon the 

time-averaged electron distribution o f  the system. This important fact meant that it was 

possible to treat each electron separately as a single-particle. Consequently the Hartree 

approximation allows us to calculate approximate single-particle wavefiinctions for the 

electrons in the system, and hence calculate other related properties. Unfortunately, the
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Hartree approximation does not provide us with particularly good results. For example, it 

predicts that in a neutral uniform system there will be no binding energy holding the 

electrons in the system. This, o f  course, is in direct contradiction to the experimental 

evidence that electrons must be given a finite amount o f energy before they can be 

liberated from system.

The most obvious reason for the failure o f  the Hartree approach lies in the initial 

assumption o f  a product wavefimction. The famous Pauli exclusion principle states that it 

is not possible for two fermions (the class o f  particles to which electrons belong) to exist 

at the same point in space with the same set o f  quantum numbers. This principle is 

manifest as an effective repulsion between any pair o f identical fermions possessing the 

same set o f  quantum numbers. Mathematically, the Pauli exclusion principle can be 

accounted for by ensuring that the wavefimction o f a set o f  identical fermions is 

antisymmetric under exchange o f any pair o f  particles. That is to say that the process o f  

swapping any one o f  the fermions for any other o f the fermions should leave the 

wavefimction unaltered except for a change o f sign. Any wavefimction possessing that 

property will tend to zero (indicating zero probability) as any pair o f  fermions with the 

same quantum numbers approach each other. The Hartree product wavefimction is 

symmetric (i.e. stays precisely the same after interchange o f  two fermions) rather than 

antisymmetric, so the Hartree approach effectively ignores the Pauli exclusion principle!

i j

The Hartree-Fock approach is an improvement over the Hartree theory in that the 

many-electron wavefimction is specially constructed out o f single-electron wavefiinctions 

in such a way as to be antisymmetric. The wavefimction has to be much more
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complicated than the Hartree product wavefimction. but it can be written in a compact 

way. such as a so-called Slater determinant.

ris i- r2s2- • • • ,r\s>-) = 1/VNI

v|/i(riSi) v|/i(r2s2)

M/2(riSi) vj/2(r2s2) . . . v|/2(rNsN)

H/nC^sO M/N(r2s2) . . . v|/N(rNsN)

Starting from this assumption it is once again possible to derive the Hamiltonian 

equation for the system through the variational principle. Just as before, this results in a 

simple equation for each single-electron wavefimction. However, this time in addition to 

the Hartree potential (which described the direct Coulomb interaction between an 

electron and the average electron distribution) there is now a second type o f  potential 

influencing the electrons, namely the so-called exchange potential. The exchange 

potential arises as a direct consequence o f  including the Pauli exclusion principle through 

the use o f  an antisymmetrised wavefimction.

We can get a visual impression o f  the effect o f  exchange by considering the 

region surrounding a given electron with a particular quantum mechanical spin. In this 

context spin is a quantum mechanical property (in some ways analogous to mechanical 

spin) which is related to magentism. Electrons can be either in the spin-up state or the 

spin-down state. In a non-magnetic sample half o f the electrons will be spin-up while the
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other half will be spin-down. If we look at an electron with spin-up, then the Pauli 

exclusion principle means that other nearby spin-up electrons will be repelled. Spin-down 

electrons will not be affected since they have a different spin quantum number. Thus our 

spin-up electron is surrounded by a region which has been depleted o f  other spin-up 

electrons. Thus this region is positively charged (remember that the average electron 

distribution exactly balances the positive charge o f  the ion cores, and that this region is 

relatively depleted o f  electrons). Similarly, if  we had considered a spin-down electron 

from the start, then we would have found a region depleted o f  other spin-down electrons. 

The edge o f  the electron depleted region is not clearly defined, but nevertheless we call 

this region the exchange hole.

Notably, the exchange potential contributes a binding energy for electrons in a 

neutral uniform system, so correcting one o f  the major failings o f  the Hartree theory. 

However, in calculating many other properties the Hartree-Fock approach is actually 

worse than the Hartree approach. How is it that improving the physics which went into 

the theory can actually give us worse answers?

The reason the Hartree-Fock theory gives worse answers than the Hartree theory 

is simply that there is another piece o f  physics which we are still ignoring. To some 

extent it cancels out with the exchange effect and so when we use the Hartree approach 

(i.e. we ignore both effects) we get reasonable results. On the other hand the Hartree- 

Fock approach includes the exchange effect but ignores the other effect, which balances it 

somewhat, completely. This new effect is the electrostatic correlation o f electrons.

Ignoring the Pauli exclusion principle generated exchange hole for the moment, we can 

also visualise a second type o f  hole in the electron distribution caused by simple
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electrostatic processes. I f  we consider the region immediately surrounding any electron 

(spin is now immaterial), then we should expect to see fewer electrons than the average 

simply because o f  their electrostatic repulsion. Consequently, each electron is surrounded 

by an electron-depleted region known either as the Coulomb hole (because o f  its origin in 

the electrostatic interaction) or the correlation hole (because o f  its origin in the correlated 

motion o f  the electrons). Just as in the case o f  the exchange hole, the electron depleted 

region is slightly positively charged. The effect o f  the correlation hole is twofold. The 

first is obviously that the negatively charged electron and its positively charged hole 

experience a binding force due to simple electrostatics. The second effect is more subtle 

and arises because any entities which interact with the electron over a distance larger than 

the size o f  the correlation hole will not interact with the bare electron, but rather with the 

electron+correlation hole (which o f  course has a smaller charge than the electron alone). 

Thus any other interaction effects, such as exchange, will tend to be reduced (i.e. 

screened) by the correlation hole.

Clearly, we can now see why the Hartree-Fock approach fails for large systems: 

firstly, the exchange interaction should be screened by the correlation hole rather than 

acting in full, and secondly the binding between the correlation hole and electron has 

been ignored. At this point we should mention that the Hartree-Fock approach gives quite 

creditable results for small molecules. This is because there are far fewer electrons 

invloved than in a large system, and so correlation effects are minimal compared to 

exchange effects. Although neither o f the above methods succeeded in solving the many- 

body o f problem o f  electrons in solids did at least elucidate the important physical 

processes which we must describe: namely exchange and correlation.
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To derive the Hartree-Fock equations, we begin with the time independent 

Schrodinger wave equation. This equation can be written as follows:

Hvj/= Ei{/ 1.1

where H is the Hamiltonian energy function describing the system and vy is the wave 

function. For a single molecule, the total Hamiltonian can be written as follows:

H =  -l/2Z{(m<VMA)V2A + V(Ra)}+Za<b Z a Z b / R a b  -1/2Z/U Z a / f a . , -  Z .V 2; + Zi<j 1/rg

1.2

where

Ma and me are the masses o f  the nuclei and electrons, respectively.

A  and B denote nuclei, 

j and i denote electrons,

R a b  is the distance between nuclei A  and B,

ZA is the charge o f  nucleus A and

Tij is the distance between the electrons i and j.

V 2a is the gradient operator with respect to the nuclear coordinates and

V 2; is the gradient operator with respect to the electronic coordinates.

The first term in Eq.(1.2) is the kinetic energy o f  each nucleus, the second term is 

any external force acting on the nuclei (usually zero), and the third term is the 

electrostatic repulsion between the nuclei. The next term is the electrostatic attraction 

between electron i and nuclei A. The last two terms are the kinetic energy and 

electrostatic repulsion o f the electrons, respectively. At this stage the problem is
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intractable except for a small number o f  physically uninteresting cases (from a molecular 

point o f  view), so we need to reduce the complexity o f  Eq. (1.2). Note; physically 

uninteresting cases refers to solving H2 . The first step is the Bom-Oppenheimer 

approximation.

IV3.1. THE BORN-OPPENHEIMER APPROXIMATION

First re-write the Hamiltonian in Eq. (1.2) using atomic units and then express the 

Hamiltonian as a sum o f  nuclear H \ and electronic He parts,

Hk = -1 /2Z aV 2a + V(Ra) 1.3

He =  S a <b  ZaZb/Rab -1/2Xaj ZA/rAi - XiV",- +  2i<j lfry 1.4

and let the wave function from Eq. (1.1) be a product o f  a nuclear and electronic wave 

functions, vp = v|/N'i|/e. Note that vp = vj/N(RA)vj/e(Reri)- Hi is a function o f  n only, the RA are 

treated as constants due to the Bom-Oppenheimer approximation. That is, rewriting the 

wave function separates the problem into electronic and nuclear regimes, and the 

electronic problem is solved given a specific nuclear configuration. Then the energy 

eigenvalues determined from He called se(RA), depend on RA. Let se be the eigenvalues 

o f  the electronic Hamiltonian.

H e V ( / N V | / e =  8 e ( R A ) V { /N M / e  L5

Using Eq. (5), we can rewrite the left side o f  Eq. (1) as,

HeV|/NVJ/c= [Hn + Se(RA)]M/NM/e 1-6
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I f the external force on the nuclei is zero, then HN is just the kinetic energy operator and.

HN\{/NV|/e ~  s  Z a M/eV2Avi/s + 0(me/mp) 1.7

where rrie/mp the ratio o f  the electron mass to the mass to the proton, is on the order o f  

1/1836 and can be neglected. Thus.

H nV|/n  ~  S n VJ/n 1 -8

where. Sn is the kinetic energy o f  the nuclei.

In the Bom-Oppenheimer approximation, the motion o f  the nuclei is decoupled 

from the motion o f  the electrons, and for most cases the motion o f  the nuclei can be 

ignored. This approximation is valid because the ratio o f  the mass o f  the proton to the 

mass o f  the electron is 1/1836. Thus, the motion o f  the nuclei is negligible compared to 

the motion o f  the electrons.

IV3.2 THE MO-LCAO APPROXIMATION

Now, we solve for the total electronic wavefimction \j/e o f  N particles, by writing

vj/j as a product o f  N single particle orbitals, (j)j(rj) in 3N dimensional space. The total

electronic wave function must be antisymmetric with respect to interchange o f electron 

coordinates due to the Pauli exclusion principle. The antisymmetrized wavefimction can 

be written as,

V|/e(ri ...rN) = Zp(±)pPop[<t)i(ri)- 4*20*2), •••, <Mtn)] 1.9
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where <j>i(rO, denotes the single particle quantum state, a state vector in 3N dimensional 

space and is the particle label (position) and Pop is the permutation operator. The sum is 

over all permutations o f  the states <|)i(rj), and (± )p, and indicates a -1 for odd permutations 

and a +1 for even permutations. This can also be written as a determinant, known as the 

Slater Determinant or single determinant wave function. Note that each electron is in its 

own 3 dimensional space. The product space is 3N dimensional and derivatives are with 

respect to the 3N dimensional space. The total electronic energy E o f  the system, is 

written as

E = <vj/e | He| \|/e > = Jvj/‘e(ri ... rN)HeV|/c(ri ... rN)dri ... drN 1.10

Note, the symbols | V|/e >  and \|/c denote a state vector in Hilbert space, and < \j/e I and 

\f/"e are the complex conjugates o f i \{/e >-

IV.3.3 THE HARTREE-FOCK EQUATIONS

Now we apply the variational principle to < (j); | (j)j >  = subject to the 

orthonormality o f  the total wavefimction. to determine <f)j(lj). This constraint appears as

Lagrange multipliers, written as Sjj, in the minimization and are identified as the energy

required to remove the ith particle from the system. This is known as Koopman's theorem. 

The result o f minimizing E gives a set o f  integro-differential equations known as the 

Hartree-Fock Equations (HF).
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One can then expand the single particle orbitals in terms o f  a set o f  basis functions 

as follows = <{>,-).

<j>i Sifi Ci(i5CnO"i) 1.11

where p. is a dummy index labelling the single particle orbitals. Now minimize the total 

energy with respect to the variational parameters subject to orthonormality o f  the total 

wave function < Xu I X'- > = ^v- This constraint appears as Lagrange multipliers, written

as ê v- in the minimization and are identified as the energy required to remove the particle 

from the system. This minimization plus the expansion in terms on Hilbert Space basis 

functions, gives the Hartree-Fock Roothaan (HFR) algebraic equations to solve for the 

variational parameters , written as,

Iv  (F^v - SjSnv )cVi= o 1.12

where the Fock matrix is given by.

Fuv = Hrv + Z/.cT P;.a [<pv|/.a> - l/2<pX|vcj>] 1.13

P?.a = 2Zi c ’;.iCCT„ is the density matrix and S^v is the overlap matrix which arises from the 

non-orthogonality o f  the basis functions.

In matrix form, the HFR equations are o f  the following form

FC = SCF 1.14

where C is the expansion coefficient matrix cVi and E is the energy. To solve Eq.(1.14), 

transform to a standard eigenvalue problem, solve, and then transform back. The types o f

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



90

integrals needed are, one electron integrals giving the overlap between different states, Xu 

and Xv

S v̂ = Ixn(ri)Xv(ri)dr, 1.15

one electron kinetic energy integrals,

V  = J7^(ri)(-l/2V 21)Xv(r,)dr[ 1.16

coulomb attraction between a single electron and the nuclei,

V^v =Jx*n(rO(lA Z/ri A)Xv(ri)dri 1.17

and two electron integrals, one for the coulomb repulsion and one for the quantum 

mixing due to indistinguishability o f  particles.

VRV/.c7 s  <nv I Aor<r> = Ix*n0*i) xVCr2 )(l/I  Tia ! ) X?. (ri)Xa(r2 ))dridr2 1.18

The system o f  HFR equations are solved iteratively and might be outlined as follows:

(a) make an initial guess for c,

(b) calculate and S^v

(c) solve HFR equations for £j and c v̂.

(d) repeat steps (a)-(d) until e,- and/or c, converge.

One major concern o f  the HFR equations are, o f course, the basis functions, which can be 

summarized as:

• Basis Set Superposition Error

• Physical validity o f  basis sets
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•  Spanning Hilbert space

•  Number o f  degrees o f  freedom

• Polarization and diffusivity

The derivation above makes no distinction between closed shells or open shells. 

In fact, the distinction is in how one treats the basis sets. The easiest is the Restricted 

Hartree Fock (RHF) where only closed shells are considered. This removes the spin 

symmetry problem. Open shell calculations are called Unrestricted Hartree Fock (UHF) 

or any o f  its variants (e.g. Spin Unrestricted Hartree Fock. and many others.) For all o f  

these calculations, the equations are nearly the same. Up to this point, no reference to the 

particular functions to be used as basis functions has been made for some terminology. A 

minimum basis set is a set o f  functions that assigns one function to each orbital. An 

extended basis set assigns a linear combination o f  functions to each orbital. Basis sets 

need only be any complete set that spans Hilbert Space. However, for computational 

ease, Cartesian Gaussians, Gaussian Type Functions or Gaussian Type Orbitals (GTF or 

GTO) are used. These are written as.

A physically more accurate basis sets are the Slater Type Orbitals (STO), written as.

To regain the computational ease o f  the GTF with the accuracy o f  the STO's, a 

basis set may be constructed from a linear combination o f  n GTF's fitted (in the least

yj (r,) =  (X -  X , )nx,(y -  y, )"yi(Z -  Z, )nz,-. exp(-a,- 1.19

Yj (1*1) =  rn'‘exp(-O-)Yim(0, 9) 1.20
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square sense or energy minimized) to STO's. This type o f basis set is denoted as STO-nG. 

A common variant o f these is the STO-3G basis set.

Various extensions and combinations o f  these basis sets have been used. The 

double zeta basis set is two STO's per orbital to increase accuracy near the nucleus. To 

increase accuracy at high energy where the valance electrons contribute more, different 

basis sets were developed to include the valence shells. These are denoted 6-31G. 4-31G, 

4-31G*, etc. In practice, most o f the common basis sets are incorporated in ab initio 

codes, or can be put in explicitly.

The variants o f  the Hartree-Fock SCF procedure are all single determinant 

solutions. Other approaches include the Multi Configuration SCF (MCSCF). This 

procedure consists o f  using many (more than one) Slater determinants. One 

implementation is the Complete Active Space SCF, CASSCF. Either a single or multi­

determinant approach is an all electron procedure. To treat larger systems (more 

electrons) one can use an effective core potential to represent the core electrons with a 

single function and the valance electrons with individual orbital functions. All of the 

derivation thus far, is non-relativistic. For example, spin-orbit coupling is not included.

IV.4. SEMI-EMPRICAL HARTREE-FOCK

Hartree-Fock theory is a useful tool for many problems. Results can be 

systematically improved through an increasingly rigorous choice o f  the basis set (if the 

basis set becomes too large then it becomes difficult for the system to achieve self- 

consistency). It gives good structures and vibrational modes for small molecules, 

although tends to underpredict bond lengths with a corresponding overprediction o f  

frequencies. The Hartree-Fock approach provides the basis for methods covering a wide
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spectrum o f  accuracies. At the lower level there are semi-empirical methods such as 

CNDO12'13, MINDO/3, M ND06-11, etc., which are described in more detail below. These 

attempt to compensate for the lack o f  correlation through their parameterization methods, 

additionally fitting to experimental ionization energies and/or heats o f  formation o f  

molecules. At the other end o f  the scale, many computationally expensive improvements 

can be utilised to overcome the correlation problem, such as the configuration interaction 

(Cl) method5, where the wavefimction is constructed from a combination o f  

determinants. These are only really viable for small molecular systems at present.

In addition, the calculation size scales as 0(N 4), i.e. doubling the system size 

leads to a 16-fold increase in calculation time. This poor scaling with system size, 

coupled with the heavy computational cost o f  Hartree-Fock theory, currently limits it to 

smaller systems. Nonetheless, Hartree-Fock based calculations (when incorporating the 

high level corrections such as Cl) often provide the benchmarks that other theoretical 

methods aspire to.

The first step in such methods is to expand the one-electron wavefiinctions as a 

set o f atomic orbitals; this is known as the tight binding method, or sometimes LCAO 

(Linear Combination o f  Atomic Orbitals),

V J/j C ( j . j ( j ) | j  1 . 2 1

This reduces the problem to the determination o f the linear expansion coefficients, ĉ ,-. 

Different ranges o f  atomic orbitals can be used depending on the accuracy required; 

commonly these are either Minimal (all atomic orbitals up to and including the valence 

shell). Extended (Minimal with a few  more), or Valence (only the orbitals in the valence
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shell o f  the atom). Despite being the least accurate, the valence basis set is commonly 

employed for very large systems due to its speed and is used in CNDO.

Since v|/,s are orthogonal, it follows that

2-(iv C(u Cvj S^v 5,j 1.22

where 5y is the Kronecker delta and S^v is the overlap between atomic orbitals.

Spy =  <p I v> 1.23

This means that the Hartree Fock equations can be rewritten as the Roothaan equations, a 

set o f  algebraic expressions

Zv (F^v - s.-Ŝ v )cVj= 0 1.24

is the one-electron energy. F v̂ is the Fock matrix and consists o f  two sets o f  matrix 

elements, the core Hamiltonian elements, H^v, and those due to interactions between the 

different orbitals. These are expressed in terms o f  a density matrix, P>.CT, which is a matrix 

o f  the orbital coefficients c * ujCVj .  coupled with various two-electron integrals over atomic 

orbitals, <p.v | Xa>,

Fnv = H mv +  Z/.a P/.aC^v | X(J> - l/2<pA. | V C T > ) 1.25

H^v =  <p|Hcorc|v> 1.26

P/.ct = 21, 1.27

<pv | Xa> = IJ<j)n(ri)(j)v(ri)|r,-r2 rl<l)j.(r2 ) <J>a(r2)d r,dr2 1.28
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N ow  it is possible to make several selective approximations. The first o f  these is the zero 

differential overlap approximation (ZDOA). This says that since the atomic orbitals on a 

given atom are roughly orthogonal, the overlap between these can be considered zero: in 

terms o f  the two-electron integrals, most o f these are therefore set to zero.

The corresponding overlap integrals are also ignored for the same reason. This 

approximation removes all the three and four centre integrals, vastly simplifying the 

calculation. The chemical bonding is, however, reliant on the overlap character, and this 

is maintained through the core integrals. These are parameterised to experimental results, 

compensating for the ZDOA to some extent. For CNDOlj.

<pv | X a >  =  <jj.fi | A.?̂ >5p.v8;.cr 1.29

H ^ v  =  j < j > n ( l ) { - l / 2 V 2  -  E b V b  » < t > v ( l ) d r , ; 1.30

where -VB is the potential due to the nucleus and core electrons o f atom B.

Applying the ZDOA simplifies the Roothaan equations to

1.31

with

- 1/2 P/.CT<pp. I pp> + | X7J> 1.32

and

Fnv = H^v - 1/2 Pnv<p.(J. I vv> 1 . 3 3
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However in the form described here, the ZDOA leads to inconsistencies. The orbitals on 

a given atom can be transformed into a different orbital set which would breach the zero 

differential overlap approximation, i.e.

(p^v) = Xjiv Â vcJ) n<j> v ; A^v is constant. 1.34

This means that the results would be basis dependent, and to avoid this further constraints 

need to be applied. The simplest scheme to achieve this is CNDO.

Under CNDO, only the valence electrons are considered explicitly. Interactions 

between electrons on the same atom are handled simply. Since the atomic orbital basis is 

built from orthonormal atomic functions, then the interaction between different orbitals 

are vanish due to their symmetry. The core Hamiltonian elements are fitted to

experiment. In CNDO/1 these were fitted to atomic ionisation energies, but in CNDO/2 

that was modified by fitting to the average o f  the ionisation potential and electron 

affinity, making the system more applicable to both electron gain and loss. In order to 

overcome the basis dependency o f  the ZDOA. the remaining two-centre integrals only 

depend on their host atoms and not on the orbital type. This is achieved by using an 

average electrostatic repulsion on any atom A caused by atom B, (the electron repulsion 

integral), so that

<PP|?Jl> = Yab 1.35

In CNDO/1, this is approximated by s-orbital integrals on the atoms,

Yab = JJ s2A(ri) I n  -  r2 | s 2B(r2)dridr2 1.36
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Similarly if  the core potential (consisting o f  the nucleus and core electrons) on an atom B 

is V B then to maintain rotational invariance, the interaction between an electron on atom 

A and this core on atom B must be a constant, Vab (the potential integrals).

Similarly to Yab, in CNDO/1 V ab is calculated using an ^-orbital on atom A:

Vab = Zb J s2A(r) I r — R B I *' dr 1.37

In CNDO/2. an improved parameterisation. this was replaced with a simple 

approximation,

V ab  =  Z bYab 1 -38

The lack o f  monatomic differential overlap removes all terms o f  the form

<p.|VB|v> = 0 ; p *  v 1.39

Next the interaction between an electron and the field o f  two atoms, A and B is simplified 

(the resonance integral, puv), by setting it proportional to the overlap integral, S^-,

HHV = ptlv = P0AB 1-40

where P°ab are known as the bonding parameters and are dependent on the atom types A

and B. Under CNDO/1 these are approximated to P°ab — ‘/ 2(P°a + P°b), and P°A is fitted

to ab initio calculations for each species. The precise parameterization technique used to 

determine, SHV, U^v , Yab, Vab, and P°ab varies.
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IV.5 DENSITY FUNCTIONAL THEORY

The methods outlined in the previous section were both essentially based upon the 

variational principle. As already mentioned, this is an extremely powerful approach, but 

it depends for its success upon a good parametric description o f  the problem in the first 

instance. To go back to the "ball in the valley" example from the previous section, it is 

clear that choosing the height o f  the ball as our adjustable parameter is a good idea, but 

that choosing the ambient temperaure instead is not. We can vary the temperature all we 

like, but still get no nearer to finding a solution. Similarly, in quantum mechanics, the 

better the form o f  wavefimction we take (i.e. the more suited it is to describing the 

problem at hand) then the better results we will get from the variational approach. Thus 

the Hartree-Fock antisymmetric wavefimction allowed us to correctly describe the 

exchange interaction, whereas the Hartree product wavefimction did not. Accordingly we 

can view the ultimate failure o f  both o f  these models as being due to not having good 

enough approximate forms for the wavefimction to start with. This is hardly surprising, 

since we assumed that the many-electron wavefimction was expressible in terms o f  many 

single-electron wavefimctions. which is not necessarily possible at all.

Hohenberg and Kohn14, in 1964, suggested that the problem really was that the 

many-electron w'avefimction was too complicated an entity to deal with as the 

fundamental variable in a variational approach. Firstly, it cannot adequately be described 

without ~1023 parameters, and secondly it has the complication o f  possessing a phase as 

well as a magnitude. They chose instead to use the electron density as their fundamental 

variable. That is, they considered the ground state o f  the system to be defined by that 

electron density distribution which minimises the total energy. Furthermore, they showed
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that all other ground state properties o f  the system are functionals o f  the ground state 

electron density. That is, once the ground state electron density is known all other ground 

state properties follow (in principle, at least).

In 1965, Kohn and Sham showed that the Hamiltonian equation derived from this 

variational approach took a very simple form. The so-called Kohn-Sham13 equation is 

similar in form to the time-independent Schrodinger equation, except that the potential 

experienced by the electrons is formally expressed as a function o f  the electron density. 

Again it is effectively a single-particle equation. In addition to the contribution from the 

electron-ion interaction, the electron-electron interaction potential is split for convenience 

into two parts: the Hartree potential, which we have met before, and an exchange- 

correlation potential, whose form is, in general, unknown. For many years now, density 

functional theory has been used with great succes to investigate the ground state 

properties o f solids, both in the bulk form and at surfaces and interfaces. However, as a 

variational approach, it cannot reliably be used to provide information about excited 

states o f  the system (i.e. states other than the ground state).1617

IV.5.1 KOHN-SHAM THEORY

The kinetic energy provides a large contribution to the total energy. Therefore 

even the 1% error in the kinetic energy o f  the Thomas-Fermi-Weizsacker model 

prevented DFT from being used as a quantitative predictive tool. Thus density functional 

theory (DFT) was largely ignored until 1965 when Kohn and Sham15 introduced a 

method which treated the majority o f  the kinetic energy exactly. The theory begins by 

considering the noninteracting reference system: N  noninteracting electrons, each in one 

o f  TV orbitals, v jS u c h  a system will be defined by the Hamiltonian
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H i =  Z ,N( - l / 2 V i 2) + Z iN v ^ d  2 .1

which has an exact eigenfunction that is the single determinant constructed from the N  

lowest eigenstates o f  the one-electron equations

[ - 1 /2 V 2 +  V ita )]^ ; =  S;Vj/i 2 .2

The corresponding Euler-Lagrange equation is

H = Vi(r,) + 5T,[p]/Sp(r) 2.3

For this system the kinetic energy and electron density are given exactly by

T i[ p ] = I iN<H/i |-l/2V i2 |v1/i> 2.4

p(r) = ZiNV i I2

and the total energy is given by

E[p] = T,[p] + /vi(ri)p(r)dr 2.5

The quantity T,[p] is well-defined, but not the e^cact kinetic energy. T,[p] is defined in 

Ref 14. E[p] = T[p]+Vee[p] + jv(r)p(r)dr. Kohn and Sham reformulated the interacting 

problem so that its kinetic component is defined to  be Tj[p] and rearranging the E[p] in 

Ref 14 to give

E[p] = Tj[p] + J[p] + Ivi(r,)p(r)dr + Exc[pJ 2.6
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where Exc[p] is the exchange-correlation energy, made up o f  the non-classical electron- 

electron repulsion and also the difference between the exact and noninteracting kinetic 

energy

Excfp] = T[p] - Tj[p] + V ^ p ] - J[p] 2.7

The Euler-Lagrange equation in Ref. 14, p. = v(r) +■ 8Tj[p]/Sp(r)+ 8Vee[p]/8p(r), now 

becomes

p  =  v ef?(r) +  5 T ,- [p ] /8 p (  r )  2 .8

where the Kohn-Sham (KS) effective potential, veffis defined as

veff{»*) = v(r) + Jp(r')dr7|r-r'| + vxc(r) 2.9

and the exchange-correlation potential. vxc is

Vxc(r) = 5Exc[p]/8p(r) 2.10

Kohn and Sham noticed that equation 2.8 is the same as that for a non-interacting system 

moving in the potential vef*(r). Thus, the exact density can be obtained by solving the N  

one-electron equations (the restricted KS equations)

[-l/2 V f + v eg(r)]v|/,- =  SjVgi

Notice that veff depends on p(r), via Equation 2.10, hence the KS equations must be 

solved iteratively.
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The KS equations are very similar to the Hartree-Fock equations. In fact, setting 

the exchange-correlation potential to the HF exchange potential.

Vxc(r) = - JZjV j(r')Vj(r)Prr'dr7|r-r'[ 2.13

yields the HF equations. Drawing too many similarities to HF is dangerous, however. 

Firstly, the KS orbitals are simply a way o f  representing the density; they are not (as in 

HF) an approximation o f  the wavefimction. In particular, Koopmans' theorem,74 that the 

ionization potentials and electron affinities are approximated by the negative o f the HF 

occupied and virtual orbital eigenvalues, respectively, is invalid for KS orbitals. 

However, the highest occupied KS eigenvalue has been shown to be the negative o f the 

first ionization potential, though75. Also, HF theory is variational, providing an upper 

bound to the exact energy, yet DFT is only variational if the exact energy functional is 

used.

The above analysis is only appropriate for closed shell molecules. Because the KS 

equations so closely follow the restricted HF equations, both the restricted open shell and 

unrestricted methodologies are readily available. However, the KS equations are formally 

exact (given the exact Exc[p]), so it must be able to produce an excess o f  p (spin down) 

electron density at points in the molecule76, and therefore only the unrestricted formalism 

is appropriate. The unrestricted KS equations are

[-1/2V 2 + v ^ r ) ] ^ , -  = 2.14

[-l/2 V f + vpeff(r)]M/p- = e V i  2.15

where

v “efi(r) = v(r) + 5Jj[p]/8p(r) + 5Exc[pa;p(j]/8pa(r)
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v pcfi(r) = v(r) + 5J,[p]/5p(r) +  6Exc[pa;pp]/Spp(r) 2.16

One problem with the above derivation o f  the KS equations is that the density must be 

non-interacting v-representable. That is, there must exist a potential vs that will produce 

the same density as the exact wavefimction. If the density is not non-interacting v- 

representable, the determinant formed from the KS orbitals will be an excited state.77 The 

criteria that make a density non-interacting v-representable are unknown.

Just as in HF theory, the KS equations are solved by expanding the orbitals over a 

basis set. The major advantage o f  DFT is that the basis set requirements are far more 

modest than the more conventional correlated methods.78'79 In DFT the basis set only 

needs to represent the one electron density - the inter-electron cusp is accounted for by 

the effective potential, veg-. In the more traditional methods the basis set describes the 

entire iV-electron wavefimction. requiring an accurate description o f the cusp which is 

sensitive to the basis set.

IV.5.2.THE LOCAL DENSITY APPROXIMATION

The local density approximation (LDA) states that, for regions o f  a material 

where the charge density is slowly varying, the exchange correlation energy (Exc) at that 

point can be considered the same as that for a locally uniform electron gas o f  the same 

charge density. In this case we can write Exc as

Exc = n(r)sxc(n)dr

The spin polarized variation (local spin density approximation, or LSDA) replaces the 

spin averaged energy density in the above equation with the energy density for a
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polarized homogeneous electron gas. Although this approximation is extremely simple, it 

is surprisingly accurate, and forms the core o f  most modem DFT codes. It even works 

reasonably well in systems where the charge density is rapidly varying. However it tends 

to underpredict atomic ground state energies and ionization energies, while 

overpredicting binding energies. It is also known to overly favor high spin state 

structures. For these reasons there have been attempts to move beyond the LDA, notably 

through the addition o f  gradient corrections to incorporate longer range gradient effects.20 

However in practice, although these improvements seem to give better total energies, the 

resultant structure is often worse, and at a greatly increased computational cost. In 

general, the LDA is worse for small molecules and improves with increased system size.

The only remaining problem is to find an approximate solution for the 

homogeneous electron gas exchange-correlation term. s xc(n). There are several 

parameterized prescriptions for this, the one used in AIMPRO is based on the work by 

Ceperley and Alder.21

IV.5.3. NONLOCAL DENSITY FUNCTIONALS FOR THE EXCHANGE-

CORRELATION ENERGY

The standard approximation for the exchange-correlation (xc) energy functional, 

the crucial quantity in density functional theory, is the local density approximation 

(LDA). For a given density, the LDA replaces the true xc-energy density at each point in 

space by the xc-energy density o f  a homogeneous electron gas o f  the same density. In 

recent years it has become clear that, although the LDA has been very successful for a 

large variety o f problems, the description o f  many interesting systems in atomic physics
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(see e.g.[l]), quantum chemistry23-24 and condensed matter physics25-26 requires nonlocal 

corrections to the LDA. The gradient expansion (GE), in which in addition to the local 

density n(r) its gradients, are also used for the density functional representation o f  the xc- 

energy; it is the most simple and systematic nonlocal extension o f  the LDA. While the 

lowest order GE was found to be inadequate for the description o f  atoms and solids27, 

gradient corrected functionals have received renewed attention since the introduction o f  

generalized gradient approximations (GGAs).3j>'3;> GGAs can be interpreted as 

semiempirical partial resummations o f  the complete GE including only terms depending 

on grad(n(r)) but no higher density gradients.

It has been demonstrated that GGAs give excellent atomic ground state 

energies23-24-28 and significantly improve dissociation energies and bond lengths o f small 

molecules.2j-24-28‘j0 Most notably, however, GGAs are able27 to correct one o f the most 

well known deficiencies o f  the LDA. Energy differences like ionization potentials and 

electron affinities, on the other hand, are not always improved by GGAs.28-j1 Moreover, 

for solids, GGAs do not give results which are consistently superior to those o f the 

LDA.6-16-18'22

IV .5 .4 . CORRECT ASYMPTOTIC BEHAVIOR APPROXIMATION TO 

DENSITY FUNCTIONAL ENERGY, BECKE TYPE ONE PARAMETER 

EXCHANGE FUNCTIONAL (B).

Gradient-corrected density-functional approximations for the exchange energies 

o f  atomic and molecular systems fail to reduce the correct 1 /r  asymptotic behavior o f  the 

exchange-energy density. A. D. Becke34 reported a gradient-corrected exchange-energy 

functional with the proper asymptotic limit. This functional, containing only one

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



106

parameter, fits the exact Hartree-Fock exchange-energies o f a wide variety o f atomic 

systems with remarkable accuracy.

It is well-known that the Hartree-Fock exchange energy o f  an inhomogeneous 

many-electron system can be reasonably approximated by the so-called local-density 

approximation (LDA) which, in atomic units, is given by

Where a  denotes either ‘“up” or “down" electron spin, and where the integrand is 

essentially the volume exchange-energy density o f  a uniform spin-polarized electron gas 

o f  spin density pCT. The LDA typically underestimates the exchange energies o f atomic 

and molecular systems by roughly 10%, and corrections for the obvious nonuniformity o f  

atomic and molecular densities. Corrections depending on local density gradients have 

been derived by Sham/6 among others.37 Nonlocal corrections o f other types, such as the 

weighted density scheme o f Gunnarsson and Jones,46 have also been proposed, but 

gradient-type corrections have received most attention due to their great simplicity.1

The lowest-order gradient correction (LGC) to the local-density approximation is 

uniquely determined by dimensional analysis, and is given by

however, well-known and severe deficiencies. First o f  all, the corresponding exchange 

potential diverges asymptotically in atomic and molecular systems and thus requires ad

3.1a

Cx = (3/2) [3/4-71:]1/3 3.1b

ExLGC = EXLDA - p U (V p CT)2/pCT4/3d3r 3.2

Where p is a constant. This LGC functional (named “XaP” by Herman et al.45) has.
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hoc adjustment in practical applications. Secondly, the value o f  the constant (3 is a matter 

o f  considerable confusion.34

Motivated by the first o f  these problems by following “modified” gradient-

38corrected exchange-energy functional on semiempirical grounds.

ExSE = Exlda - (3ZJ p J ,3X ^ /{  1 + yXa2)d3r 3.3

where SE denotes semiempirical, and where X t is the dimensionless ratio

Xc2 = |V p J /p c4/3 3.4

and (3 and y are parameters. This functional, named XaPy in Ref.38, is determined by the 

reasonable criteria that (1) dimensionless is satisfied, (2) the LGC functional is obtained 

in the case o f small density gradients, and (3) the exchange potential is well behaved in 

the large- gradient (i.e., large-XCT ) limit. Note that the XCT limit corresponds to the 

asymptotic exponential tail o f  an atomic or molecular charge distribution. The functional 

o f  Eq.3 is certainly not the only conceivable such functional, but is probably the simplest. 

If parameters (3 and y are chosen on the basis o f  a least-squares fit to selected atomic data, 

SE functional approximates a wide range o f  atomic Hartree-Fock exchange energies 

extremely well.38

Nevertheless, the somewhat arbitrary choice o f  large gradient behavior in Eq.3 

leaves much to be desired. Perdew44 and Becke39 have presented improved theoretical 

models with large-XCT limits close to that o f  Eq.3, and other researchers40'41 have 

proposed still other gradient correction terms. Therefore, the optimum form o f  the large-
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Xc limit is. unfortunately, ambiguous at the present time. However, the exact asymptotic 

behavior o f  the exchange-energy density o f  any finite system is known, and is given by

l i n w l T x  = -1/r 3.5

where U°x is the coulomb potential o f  the exchange energy or Fermi hole density 

p°x(r,r') at reference point r (Ref. 42), and is related to the total exchange energy by

Ex = (1 /2 )S J  PalTxd^r 3.6

This result reflects the fact that, for reference points very far from a finite system, the 

Fermi hole remains “attached"’ to the system. Given also that the Fermi hole contains 

exactly one electron, Eq. 3.5 is obvious. A discussion o f  this result has been provided by 

March.43

Furthermore, the asymptotic behavior o f the spin density pCT is also known,48 and 

is given by

Iimr_ x pa = expC-a^r) 3.7

where is a constant related to the ionization potential o f  the system. In view o f  this 

known asymptotic density dependence, Beckej4 has proposed a new gradient-corrected 

exchange-energy functional that reproduces the exact asymptotic behavior o f  Eqs. 3.5 

and 3.6:

Ex =  Exlda - P Z J  pa4/3Xa2/(l + 6pXCTsinh'IXCT)d3r 3.8
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Where (3 is constant. It is easily verified that this functional generates the asymptotic 

potential o f  Eq.3.5 under substitution o f  the asymptotic spin density o f Eq.3.7. 

Furthermore, this new exchange-energy functional reduces to the LGC expression in the 

limit o f  small density gradients and antisymmetry o f  the function sinh'1Xcr. is expressible 

as a Taylor series in even power o f  Xo as a required o f  any analytically well-behaved 

function/4

Notice, also, that Becke's functional contains only one parameter (3 because the 

coefficient o f  Xasinh'lXCT is fixed by Eq. 3.5. Considering that the previous functionals o f  

Ref.38 and Ref. 39-41.44 contain at least two parameters. The parameter P may be easily 

determined by a least-square fit to exact atomic Hartree-Fock data. Becke has determined 

value o f  p to be 0.0042 a.u. from best fits to exchange energies o f  six noble gas atoms 

helium through radon.

IV .5 .4 .1 . DEVELOPMENT OF THE COLLE-SALVETTI CORRELATION- 

ENERGY FORMULA INTO A FUNCTIONAL OF THE ELECTRON DENSITY.

Interest in the calculation o f  the correlation energy continues unabated/2 5-3 Robert 

G. Parr et al. reported a new development in which the Colle-Salvetti formula for the 

calculation o f  the correlation correction energy from the Hartree-Fock second order 

density matrix54 is converted into a density-functional formula.

Let p(r) be the Hartree-Fock electron density and p2 HF(ri,r2) be the diagonal 

element o f  the second-order Hartree-Fock reduced density matrix,

P2 HF(ri,r2) = (1/2)N(N-1)I... Jl M/HF(ri<Tir2cr2 ...)  | 2 dcridcr2 ... dcyNdr3dr4 ...drN. 3.9

p2HF can also be expressed in terms o f  interparticle coordinates, where
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r =  (r, + r2)/2; s = n  - r2. 3.10

The Colle-Salvetti formula for correlation energy is then

Ec =- 4aJ[p2HF(r1,r2)/ p(r)]{l +  bp(r)'8/3[Vs2p2HF(r,s)]s=o exp(-cp(r)‘I/3)}/( 1 + dp(r)‘1/3)

3.11

Where a=0.04918, b = 0.1320. c = 0.2533, and d =  0.349. This formula was arrived at by 

Colle and Salvetti by a theoretical analysis accompanied by a series o f approximations, 

beginning (essentially) from the reasonable proposition that the second-order density 

matrix including correlation may approximated by the Hartree-Fock second-order density 

matrix times a correlation factor. The constants a, b, c, and d in the final formula were 

obtained by a fitting procedure using only the Hartree-Fock orbital for helium atom. 

Colle and Salvetti demonstrated that Eq.3.11 gave good predicted correlation energies for 

atoms and molecules.54

IV.5.4.2. FORMULA INVOLVING LOCAL KINETICK-ENERGY DENSITY

First consider a closed-shell atom or molecule, having an even number o f  

electrons. Then

P2 HF(ri,r2) = l/2p(r,)p(r2) -  l/4p ,HF(ri,r2) p iHF(r2,rt), 3.12

where piHF is the Hartree-Fock reduced density matrix,

P2 HF(ri,ri’) = N j... J i|/HF’( r,cri r2cr2  . . . ) y HF*( r/cri r2cr2 ...)  d<jid<y2»> dr2dr3... 3.13

where piHF(r,r) = p(r) and p2HF(r,r) = (!4)p2(r). In the interparticle coordinates o f  

Eq.3.12 leads
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p2 HF(r,s) =  (1/2) p(r+s/2)p(r-s/2) — (l/4 )[  p(r+-s/2,r-s/2)]. 3.14

and there follows

{ Vs2p(r,s) } s=o =  p(r) [tHF( r) -  2tw( r)]. 3.15

where

tw(r) = (1/8) | Vp(r)| 2/p(r) -  (1/8) V 2p 3.16

is a local “Weizsacker” kinetic-energy density and

tHF(r) = 91/2){VrIVr2p(r1?r2)}rl=r2=r —(l/8 )V 2p = (l/8 )S l V Pi 12/ Pi(r)-(l/8)V 2p 3.17

is the local Hartree-Fock kinetic-energy density. tHF(r) and tw(r),

Ec = -af (p(r) + bplr)'273} { tHF(r) -  2tw(r)}exp(-cp(r)'l/j)dr/{l+dp(r)'l/j} 3.18

For a system in which the a-electron density differs from P-electron density (in

the open- shell restricted Hartree-Fock case, the a-spin orbitals are the same as the (3- 

spin orbitals in closed-shell part, but an excess o f  a - or P-spin orbitals in the rest.), 

Eq.3.12 is replaced by

p2 HF(n ,r2) = l / 2 p(ri)p(r2 ) -  l/2p ixtaHF(ri,r2) pi.aa^ty^O  -  l/2p  i.ppHF(ri,r2) 

pi,ppHF(r2,rO 3.19

so that

P2HF(r 1?r2) = l/2p 2(r) -  (l/2)[ pa2(r) + pp2(r)], 3.20

where pa(r) and pp(r) are the a-spin and P-spin electron densities. With t“HF(r) and 

tPHF(r) the corresponding kinetic-energy densities in the sense o f  Eq. 3.17, and with
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y(r) = 2 {1 - [pa2(r) + pp2(r)]/ p2(r) 3.21

Eq.3.15 is replaced by

{Vs2p2 HF(r,s)}s=0 = 2{[pa(r) taHF(r) + pp(r) tpHF(r)] - p(r)tvv(r)} 3.22

and Eq.3.18 by

Ec = -a| {p(r) + 2bp(r)':>/3}{ pa(r)taHF(r) + pp(r)tpHF(r)

-  {p(r)tw(r)}exp(-cp(r)'1/3)y(r)dr/{ 1 + dp(r)‘1/3 } 3.23

IV.5.4.3. GRADIENT EXPANSION FORMULAS

Equations 3.18 and 3.23 lack being pure density functional only because o f  the 

appearance in them o f  the Hartree-Fock local kinetic-energy densities tHF(r)? taHF(r),and 

tpHF(r), which depend on individual orbital densities. If the view is adopted that the 

orbitals are the Kohn-Sham orbitals, then these orbitals then these too are functionals o f  

the density, and Eq. 3.18 and 3.23 are pure density-functional expressions (as would be 

Eq. 3.11 with this interpretation). Eschewing that view for the present, one can turn Eqs. 

3.18 and 3.23 into explitic density-functional formulas by using gradient expansions, 

whereby tHF(r) is expanded about the Thomas-Fermi local kinetic-energy density txF.

The Thomas-Fermi kinetic-energy density is given by

tTF(r) = CFp(r)5/3, CF =  (3/10)(3 tt2)273 3.24

In terms o f  this, the conventional closed-shell gradient expansion o f  tHF(*") gives,59 to zero 

order,60

tHF(r) = trF(r) = CFp(r);>/3 3.25

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



113

to second order,

tHF(r) = txF(r) + [(l/9)tw(r) + (1/8) V 2p] 3.26

and so on. An alternative formula is provided by the mean-path approximation,61 to zero 

order,

tHp(r) =  tTF(r) + [(l/9)tw(r) + (1/36) V 2p] 3.27

for open-shell case, the corresponding formulas are readily derived using62 

taHp(r)= (l/2)tTF(2pa(r),r)

and

tPHp(r) = (l/2)tTF(2pp(r).r) 3.28

The second correction energy formulas o f  Eqs 3.18 and 3.23 then become 

Ec =  f { H l+dp-I/3)}{p + bp'^CFp5'3 -  2tw + ((l/9 )tw(r) + (l/18)V2p)] exp(-cp(r)-'/3)}dr

3.29

and

Ec = J (y(rK 1 +dp I/3) } (P + 2bp-5/3[22/3CFPa8/3 +  22/3CFpp8/3 - ptw + (l/9 )(p at V  + p /w )  + 

(1/18)( paV2pa + ppV2pp)]exp(-cp(r)‘1/3)}}d r  3.30

These are conventional second-order gradient expansion formulas, for closed and 

open shells, respectively. Zero order formulas are obtained by striking out the terms 

within the parentheses in each case. This zero-order mean-path formula is obtained by 

replacing 1/18 with 1/36 in these terms.
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IV.5.4.4. CORRELATION POTANTIAL

The correlation potential is the functional derivative o f  Ec with respect to p(r). 

Equation 3.30 yields, for open-shell case.

dEJdp =  -a(F2 p +F2) -  25/3abCF[G 2(pk8/3 + p28/3) + (8/3)G2pk5/3] -  (ab/4)[ pV2G2 + 

4VG2.Vp + 4G2V2p + G2'(pV2p - | Vp | 2)] -  (ab/36)[3pKV2G2 + 4VpK.VG2 +  4G2V2P(C + 

3G2'(p kV2Pk +  p 2V2p2)+ G2'( | VpK [2 + | Vp2 | 2)] 3.31

where

F2 (p) =Y(r)/(l + dp'I/3)

G2(p) = F2(p)p°/3 exp(-cp(r)'1/3) 3.32

F 2(p) (or G 2(p ) ) is the first derivative o f  F2 (or G2 ) with respect to pK.(r).

IV.5.5.1. THE EXCHANGE TERM IN VWN APPROXIMATION

The local density approximation requires that the exchange-correlation potential 

be given as a function o f  the electron density at a given point in space. The form o f  the 

exchange-correlation potential is given by Vosko, Wilk, and Nusair (VWN).63 The form 

is a fit to the Ceperley-Alder electron gas study.66 The VWN functional reproduces the 

random phase approximation (RPA) results for a uniform electron gas in the high density 

limit; it reproduces the spin-stiffness constant calculated in the RPA in the paramagnetic 

limit o f  a uniform electron gas, and it is uniformly differentiable as a function o f  the 

electron gas parameter. It is also in standard use, or available as an option, in many 

electronic structure codes, and thereby provides a convenient reference potential for

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



115

checking the accuracy o f  numerical calculations. We now summarize the form o f  the 

VWN functional.

The exchange-correlation energy per electron is separated into two parts, an 

exchange term and a correlation term. The exchange term is given by

ex(r, Q  = epK(rs) + [sFx(rs) - spx(rs) ]f(Q 4.1

The electron gas parameter. rs. the spin polarization, C and the ferromagnetic and 

paramagnetic exchange energies, eFx(rs), ePx(rs) are defined as

rs = [l/(37m)]I/3 4.2

C =  (nr — ru )/n 4.3

spx(rs) = 2'1/3sFx(rs) = -3[9/(32tc2)] 1/3 ty1 4.4

and f(Q is given by

f(Q = [ 0 + Q4'3 + (1- Q4/3 -  2]/[2(2I/3-l)]  4.5

where n is the electron number density (implicitly a function o f  the spatial coordinates), 

and and its corresponding spin-up and spin-down components (n = nt + ).

IV.5.5.2. THE CORRELATION TERM

The correlation term is related to the function,

F(rs; A ,X o,b,c) = A{ln(x2/X(x)) + (2b/Q)tan'd -  bxo/X(xo)[ln((x -Xo)2/X(x)) +

2(b+2xo)/Qtan''d]} 4.6
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where we have, x = l/rsI/2, X(x) = x2 + bx + c, Q=[4c-b2]1/2, and d = Q/(2x+b). The 

parameters, b, and c, given in the table below, are used to create three instances o f  F. 

using the table below.

A Xo b

Paramagnetic epc(rs) 0.0310907 -0.10498 3.72744

Ferromagnetic sFx(rs) 0.01554535 -0.32500 7.06042

Spin stiffness a c -l/(67t2) -0.00475840 1.13107

The correlation energy is given by

£c(rs) = £Pc(r s) + Aec(rs, Q  4.7

The paramagnetic correlation energy is given by s Pc(rs) = F(rs; A,Xo,b , c) with the four 

parameters taken from the "Paramagnetic" line in the table. (Similar definitions hold for 

£Px(rs) and a c.) The polarization contribution is given by rs = [l/(37tn)Jl/J

Aec(rs, Q = a c(rs)[f(Q /f (0)] [ 1 + P(r^C1] 4.8

with the function f  as defined above, and where we have

P(rs) = f  (0) Asc(rs, 1)/ a c(rs) -  1 4.9

where rs represents the Wigner-radius and is defined by rs = rs = [l/(3rcn)]l/j and

Aec(rs, 1) = sc(rs, 1) - sc(rs. 0) = sFc(rs) - s pc(rs) 4.10

is the difference o f the ferromagnetic and paramagnetic correlation energies.

The exchange-correlation potential is given by

12.9352

18.0578

13.0045

R e p r o d u c e d  with p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



117

Vxc(n) =  d[n(ex - sc)]/dn 4.11

IV.5.6. THE CORRELATION TERM IN THE PW91 APPROXIMATION

Due to the experiences with the LDA and as a consequence o f  some o f its 

shortcomings, recent developments have resulted in a number o f  gradient corrections to 

local functionals like the aforementioned VWN, or a completely new class o f  gradient 

corrected functionals. Notable examples are, for instance, the Perdew group's PW91,67-69 

which, combined with a local functional like VWN or the PW92 functional, results in the 

following expression for Ec:

Ecpw91 = Eldac(P)+ pp/(2a)In{ 1 +  2 a (r  + At4)/[p(l+ At2 + A2t4)]} +

Cco[Cc(p)-Ca]t2exp(-100s“) 5.1

where :

A = 2a/p{exp[-2asLDAc(p)/(pp2) - l ] } ' 1

t = (7u/3)1/6|Vp|/(4p7/6) 5.2

and,

a=0.09, P=0.0667263212, Cco= 15.7559, CCi = 0.0035521 and

Cc(p) = Ci + (C2+C3rs+C4r2s)/(1+ C5 rs + C6r2s + C6rJs) with C\ =  0.001667, C2 = 0.002568. 

C3 = 0.023266, C4 = 7.389 10-6, C5 =  8.723, C6 = 0.472 and C7 =  0.07389.

IV.5.7. THE CORRELATION TERM IN THE BP86 APPROXIMATION

The density-functional approximation for the correlation energy o f  the 

inhomogeneous electron gas70 is
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Ec[nT,iu] =  Isc(nt,ru)dJr + f(r/d)exp(-0)[C(n)/n4/3]|V|dJr 6.1

where C(n) = 0.001667 + (0.002 568 + ars + pr2s)/( 1 + yrs + 5r2s + 104(3r3s) 

with a  =  0.023 266, (3 = 7.389x10'6, y= 8.723 (Ref.70)

O = 1.745f[C(oo)/C(n)]|V|/n7/6 with C(ao) =  CRPA(n) (« = J* dkA(n)exp[-B(n)k]) 6.2

d = 2 1/3{[(1 + Q/2]5/3 +  [(1 - Q/2]5/3} 1/2 6.3

rs =  [3/(47tn)]l/3

Total correlation energy per particle o f  the uniform electron gas, Sc(nt,ru), is 

taken from a parametrization71 o f  the Ceperley-Alder72 results, and cutoff parameter f  

=0.11 is chosen to fit the exact correlation energy o f  the neon atom.7j equation o f  

E c [nr,ru] recovers the beyond-RPA gradient expansion in the unpolarized slowly varying 

limit.
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IV 6. VIBRATIONAL FREQUENCY  

IV 6.1. MASS WEIGHTED THE HESSIAN AND DIAGONALIZE:

The vibrational frequency o f any diatomic or polatomic systems derived from the 

second derivatives o f  the potential V with respect to displacement o f  the atoms in 

Cartesian coordinates (CART): 

fcART ~ 092V /d ^ -)O

This is a 3Nx3N matrix( N  is the number o f  atoms), where Ci.c2. £ 3  . ..  §3 n are used for 

the displacements in cartesian coordinates, Axi, Ayi, Azi, ..., Azn refers to the fact that 

the derivatives are taken at the equilibrium positions o f  the atoms, and that the first 

derivatives are zero. We can rewrite the cartesian coordinates in mass weighted Cartesian 

coordinates (MWC) and force constants as follow:

FMwcij= fcART/(mi mj)1/2 = ( (d2V/dq;dqj)o

Where qi=(mi)l/2£i=(mi)I/2Axi , q2=(mi) I / 2 £ 2  =(m i)1/2Ayi etc.; these are the mass 

weighted Cartesian coordinates. The eigenvectors, which are the normal modes, are 

discarded: they will be calculated again after rotational and translational modes are 

separated out. The roots o f  eigenvalues are the fundamental frequencies o f  the molecule. 

Using the matrix form, we can find the vectors corresponding to the rotations and 

translations. Once these vectors are known, we know that the rest o f  the normal modes 

are vibrationals, so we can distinguish low frequency vibrational modes from rotational 

and tranlational modes. The center o f mass (Rcm) is found in the usual way: 

RcM=Zim,Ti/X,mi, where the sums are over the atoms, i. The origin is shifted to the 

center o f  mass rC0 M = r,- - Rcm- The moments o f  inertia o f  the moment o f  inertia tensor 

(I) can be given as following:
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I x x  I X V  I x

I = l y x  I y y  I y

I z x  I z v  I z

Z,-mi(y2+ z 2)

Zimi(y,Xi)

Zimi(ZiXi)

X.-miCxiy,-)

Z.miCxf+zr)

Z.miCziV;)

Zimi(x,Zi)

Zimi(y,z,)

Z,mi(Xi2+yi2)

This symmetric matrix is diagonalized, yielding the principal moments ( the 

eigenvalues I) and 3x3 matrix (X), which is made up o f  the normalized eigenvectors o f I. 

The eigenvectors o f  the moment o f  inertia tensor are used to generate the vectors 

corresponding to translation and infinitesimal rotation o f  the molecule in the next step.

IV 6.2. GENERATE COORDINATES IN THE ROTATING AND 

TRANSLATING FRAME

The main goal in this section is to generate the transformation D from mass 

weighted Cartesian coordinates to a set o f 3N coordinates, where rotation and translation 

o f  the molecule are separated out, leaving 3N-6 or 3N-5 modes for vibrational analysis. 

The three vectors (D |, D2, D3) o f  length 3N corresponding to translation are trivial to 

generate in cartesian coordinates. They are just (m;)I/2 times the corresponding coordinate 

axis. For example, for a homonuclear diatomic molecule, the translational vectors are:

D, = [mO"2, 0. 0, (m2)I/2,0,0,1,0,0]*
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D2 = [0, (m,)I/2, 0, 0, (m2) ,/2?0,0,1,0]'

D3 = [0, 0, (m,)1/2, 0,0, (m2) 1/2?0 ,0 ,l]t

Generating vectors corresponding to rotational motion o f the atoms in Cartesian 

coordinates is a bit complicated. The vectors for these are defined this way:

D 4j. i =  [(Ry)iXj.3-(Rz)jXp]/ ( m 0ia

D 5j. i =  [(Rz) ,Xj. i -(Rx) ,-Xjj ] / (m,)1/2

D6j., = [(Rx)iXjj,-(Ry)iXj.i]/ (m,)l/2

Where j = x, y, z; i is over all atoms and R is the dot product o f  R ( the coordinates o f the

atoms with respect to the center o f  mass) and the corresponding row o f  X. the matrix

used to diagonalize the moment o f  inertia tensor I. By using Schimidt orthogonalization. 

N v,b=3N-6 or 3N-5 remaining vectors can be generated, which are orthogonal to the five 

or six rotational and translational vectors. The result is a transformation matrix D which 

transforms from mass weighted Cartesian coordinates r to internal coordinates S=Dq. 

where rotation and translation have been separated out. The force constant can be 

transformed from mass weighted Cartesian coordinates, fvtwc, to new internal 

coordinates, fnsir-

flNT = D^MWcD

The NvibxNv,b submatrix o f  fiNT, which represents that force constants internal 

coordinates, is diagonalized yielding N v;b eigenvalues X = (2c7rco)2 ( where v =  cco and c
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is the speed o f  the light and co is vibrational frequency in cm'1.), and Nwb eigenvectors. If 

we call the transformation matrix composed o f  the eigenvectors L, then we have 

L f̂iNT L =  A,

where A is the diagonal matrix with eigenvalues:

X-„ Xi =  (2c7tcflj)2 =  kj/pj 

or

CD; =  ( 1/2ctc)( k,-/p,-)1/2

where k, is force constant and p; is reduced mass.
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CHAPTER V

V .l INTRODUCTION

Up to now, we have talked about the Hamiltonian in the ab initio and density 

functional theory that does not involve electron spin. In reality, the existence o f  spin adds 

an additional term, usually small, to the Hamiltonian. This term, called the spin-orbit 

interaction, causes the fine structure o f  atomic or molecular spectra. Spin-orbit 

interaction derive from a relativistic treatment o f  the electron. We will give a rough 

“derivation.”

If we imagine ourselves riding on an electron in an atom, from our viewpoint the 

nucleus is moving around the electron (as the sun appears to move about the earth). This 

apparent motion o f  the nucleus gives rise to a magnetic field that interacts with the 

intrinsic (spin) magnetic moment o f  the electron, giving the spin-orbit interaction term in 

the Hamiltonian.

V.2. INTERACTIONS OF THE ELECTRON SPIN

The spins o f  the individual electrons form a resultant spin vector S. whose 

magnitude is defined by the spin quantum number S. (The magnitude o f  S is [(S(S+

1)]I/2). S is either a half-integer or an integer, dependent on if the total number o f  

electrons in the molecule is odd or even. The motion o f  the electrons and nuclei in the 

molecule, the resultant spin and even the spins o f  the individual electrons are not wholly 

independent o f one another; certain interactions exist among them. This becomes fairly 

obvious if  one stops to think that the motions o f the electrons and o f the nuclei are in 

effect electric currents producing magnetic fields, further, that an intrinsic basic property
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o f  the spin is its magnetic momentum. There is an interaction between the magnetic fields 

o f  the moving electrons and nuclei on the one hand, and th e resultant spin (and also the 

spins o f  the individual electrons) on the other hand. In cas^e a, when the molecule is best 

examined in the molecule-fixed system, the interaction between the spin and the parallel 

component o f  the resultant orbital angular momentum o f  tine electrons makes the resultant 

spin vector S precess around the inter-nuclear axis in siach a manner that its parallel 

component is X  (Fig. 5.1), where X  is the quantum number (in the present case, X  does 

not refer to the electron state A=0 !). X  can assume any on e o f  the 2S+1 values: S. S - 1, 

. . , -S + l , - S .

To an electronic state o f  a given A there belong, then, 2S + 1 substates-according 

to the possible orientations o f  the S spin-whose energy levels are evenly spaced to a good 

approximation (the energy difference between any two neighboring substates is the 

same). This is why the number 2S + 1 is called the multiplicity o f  the electron state in 

question; it is used as a left-hand superfix o f the term symibol. For example, the symbols 

'X, 2n , JA etc. denote, in this order, the singled X, doublet n , triplet A etc. terms. Each 

substate could be characterized by the appropriate value o f  the quantum number X; 

instead, the sum Q. = A+X is normally used, however. It Is given as a right-hand suffix. 

Thus, for example, a 2n  term (A = 1) has two substates or components; one of these (with 

X = -1/2) is denoted 2TL\ri, the other is denoted 2I l 3/  z• In the case o f  a 3n  term, the 

components are 3rio, 3rii, 3I l 2 .

The magnitude o f  multiplet splitting, i.e. the energy differences between the 

individual term components, can be rather different for th e  electron terms n, A, . . ., o f  

the molecules; however, for any X  term, the multiplet splitting is zero in a first
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approximation, i.e. the term components nearly coincide, since in the case o f  the X terms 

the parallel component o f  the resultant orbital angular momentum o f the electrons A = 0, 

with the result that there is no interaction between the motion o f  the electrons and the 

spin. The spin can still be oriented in 2S + 1 ways, but there is no reason for any energy 

difference to exist between these orientations.

Experience shows, however, a slight splitting here also. The explanation is that, in 

addition to the interaction mentioned above, there is a weaker spin-spin interaction 

among the spins o f  the individual electrons which produces energy differences between 

levels o f  different IXI • This interaction obviously occurs also when A * 0. but then it is 

overshadowed by the much stronger spin-orbit interaction. For the X term, however, the 

spin-orbit interaction is zero and it is the spin-spin interaction that produces a slight but 

observable splitting. There is also an even weaker interaction, due to rotation.

The rotation o f  the molecule affects the interactions. Hund1 was the first to 

examine this phenomenon, and he did so even before the advent o f  the wave-mechanical 

conception. The essence o f  Hund's idea was to distinguish one by one the typical 

interactions among the numerous that occur in the molecule and to define in this way 

various limiting-case models which he called cases a. b, c, d, and e. In the present 

discussion we shall restrict our attention to Hund's cases a, b, and c.

In Hund's case a, rotation is assumed to have little influence upon the conditions 

existing in the fixed molecule. In other words, the spin is so strongly coupled to the inter- 

nuclear axis that its parallel component remains quantized even in the rotating molecule, 

so that X remains a well defined quantum number (and hence Q =  A+X also remains well 

defined). The molecule therefore behaves as a symmetric top whose angular momentum
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with respect to the inter-nuclear axis is defined by Q, while its total angular momentum is 

given by the quantum number J; J can assume the values | Q | , | Q | +1, ... (Fig. 5.1).

• In Hund's case b the spin is not coupled (or is very weakly coupled) to the inter- 

nuclear axis. By our previous statement, all X terms are o f  such nature. The molecule 

rotates, in fact, as if  there existed no spin: the resultant N is composed o f  A and the 

(unquantized) angular momentum R o f  the rotation o f  the nuclei (Fig. 5.2). The 

magnitude o f  N is defined by the quantum number N: N= | A I , | A | +1, ...; therefore N 

plays the same role here as is a weaker J does in the singled states. This model is 

corresponds to the case described by the separated wave equation. The rotation o f  the 

molecule gives rise to a magnetic field (due to movement o f  the charges), having the 

same orientation as N. In the case o f  a strong rotation this magnetic field will become so 

strong that, compared with this interaction, the S spin will be only weakly coupled to the 

inter-nuclear axis and may be regarded as practically free. It will consequently combine 

with N  to give the total angular momentum o f the rotating molecule. The symbol for total 

angular momentum is, as usual, J. The quantum number J, determining the magnitude o f  

J, can assume values as N + S, N  + S -l, ... ,  I N - S | . In this case, too, for a given N, S 

can be oriented in 2S + 1 ways (provided, as is usual, that N  > S). Hence, each N  level is 

split into 2S+1 sublevels, but the energy difference between these is zero in the ideal case 

b. In fact there is in most cases some slight splitting owing to the modified form, valid in 

case b, o f  the spin-orbit and spin-spin interactions. These splittings are taken into account 

in a rigorous discussion. As this section is about spin interactions, and as in Hund's case d 

the dominant interaction between rotation and orbital angular momentum, for the more 

detailed discussion o f  this case, see ref. 2 and 3. Let us here note only that this latter type
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o f  interaction also appears in both cases a and b and leads to the splitting o f  the twofold 

degenerate levels deriving from the positive and negative orientation o f  A (which would 

coincide otherwise). This type o f  splitting was formerly called A-type doubling. 

Accordingly, A-type splitting is the beginning o f  the transition toward Hund's case d. 

Quantum-mechanically it can be treated by taking into account the terms neglected on the 

separation o f the wave equation in both cases a and b. Let us do this separately for cases a 

and b.

V.2.1. Case a

The Breit wave equation for atoms containing two electrons has in the Pauli 

approximation and in the absence o f  external fields, six well-separable groups o f terms.4 

The electron spin occurs only in two groups. One o f these describes the spin-orbit 

interaction. i.e. the interaction between the magnetic momentum assigned to the orbital 

angular momentum o f  the electrons and the spin magnetic moments: the other 

corresponds to the interaction between the magnetic dipole moments o f  the two electron 

spins, i.e. to the spin-spin interaction.

H sa(<7,-)= Hsoa+ +  Hsra 1

where the first term on the right-hand side is the spin-orbit interaction, and second and 

third terms describe the spin-spin and spin-rotation interactions, respectively. Here we 

only discuss the spin-orbit interaction. For spin-spin and spin-rotation interactions, see 

Ref. 2. Following Heisenberg,5 the term describing the interaction between the spin o f  an 

electron and its own orbit, on the one hand, and the spin o f  n electron and the orbit o f  

another electron on the other, can be written as
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H^a = [he2/(47imc2)]Sk{[Zar 3ka(rka 0  vk)+ Zbr 5kb(rkb 0  vk) - Zk->k r'3kk-(rkk- 0  (vk -

2vk-))].sk} 2

where rka (rkb) are the operators o f  the distance between the kth electron and the nucleus a 

(b); rkk- is the distance between the kth and the k'th electrons, Za and Zb are the respective 

nuclear charges, vk and vk- are the operators o f  the velocities o f  the electrons in the 

molecule-fixed system, and sk is the spin momentum operator o f  the kth electron. 

Introducing into Eq. 2 the momenta by vk = pk/m we can obtain

= [he2/(47rm2c2) ] I k{[Zar 3ka(rka 0  pk)+ Zbr 3kb(rkb 0  pk)

- Zk >k r 3kk-(rkk- 0  (pk -  2pk-))].sk} 3

Introducing the vectors rk (the radius vector o f  the kth electron as measured from mass 

center 0), and rk (the vector o f  the intemuclear distance, pointing from nucleus a to 

nucleus b ; . Fig. 5.3) we may write

rka = rk +(p/ Ma)r, rkb = rk - (p / Mb)r 4

where p. is reduced mass o f  the molecule, and Ma ( Mb) is mass o f  the molecules a (b). 

Substitution o f  these into Eq. 3 yields formula

H” = [he2/(47rm2c2)]Zk({[Za( I rk + (p/ Ma)r | )‘3 + Zb( | rk -(p/ Mb)r | f 3- I k- f 3kk- ](rka 0  

pk) + [Za (p/ Ma)( i rk + (p/ Ma)r | )-3 - Zb(p/ Mb)( | rk - (p/ Mb)r | )‘3](r 0  pk)

+ 2k- r'3kk-[(rk- ® (Pk -  2pk-)) +  2(r 0  pk)] } .sk) 5
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Introducing the orbital angular momenta o f  the individual electrons by the relationship 

lk=rk®pk, Eq.5 becomes

=  Zkk'akk'Ok'Sk') =  Zfc 3k(lk-s k) +  Xk*k' afck'(lk-Sk’) 6

where by (Eq. 5) akk- is a function o f  the electron distances as measured from the origin o f  

the coordinate system (rk) o f  the inter-nuclear distance (r) and o f  the distances between 

the electrons (rkkO- Fontana6 has shown that, in the case o f  two outer -valence electrons, if  

there is no change in the spin quantum number (i.e. if AS = 0), then Eq. 6 becomes

= a’I(lI.S)+a,2(l2 .S) 7a

and for AS = ± 1

= a"i(l|.Si)+a"2(l2'S2) 7b

where (in atomic units)

a’, = (K2/4)[ Zar 3,a + Zbf 3,b -3 /r 3,2] 8a

a’2 = (K2/4)[ Zar'32a + Zbr 32b -3/r-3l2]

a", = (K2/2)[ Zar 3Ia + Zbr 3lb + l / r 312] 8b

a'S = (K2/2)[ Zar 32a + Zbf 32b + l / r 312]

and a  is the fine structure constant. Using the appropriate eigenfunctions, it can be shown 

that the matrix elements o f  Eq. 6 are different from zero only if, simultaneously, AS = 0, 

±1 and AQ = 0, in such a way that either AA = AX = 0 or AA = -AX = ±1 (van Vleck).7
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It is general practice to assume that (7a) holds for AS =0 and (7b) for AS = ± 1, also for

o
more than two valence electrons, in the following form (van Vleck):

H^a = A  (L .S ); AS =0 9a

= Zk ak(lk.sk) ; AS = ±1 9b

Writing Eq. 9a in detail, we would obtain

H^a = A{Lr S; + 1/2[(L= + i Ln) (S« - i S„) + (L$ - i L„) (S4 + i Sn)]} 10

Since the eigenvalues o f  the operators L;. and Sc are A and.Z, respectively, since 

L;=±iLn, the matrix elements o f  Eq. 9a are given by:

H ^ n , v. A, Z; n. v. A, Z) = AZA. 1 la

H âCn, v. A, Z ;  n', v', A ± l, Z ± (-l) ) = (AL;)(n, v. A; n', v', A±1){S(S+1) - Z ( Z ± 1 ) } 1/2

lib

where

(AL;)(n, v. A; n', v', A ±l) = Z aJo * AR * vA(r)L=O*n-_\± 1R*n-.V'rdrdT 12

In order to calculate the values o f  the matrix elements for the ease AS= ±1 one has to 

know the exact electron configuration and the forms o f  the corresponding eigenfunctions.

V.2.2. Case b

In case b, the operator Hsb o f  the electronic part also contains the interaction operators for 

the spin, but since in this case the interaction between the rotation o f the molecule and the

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



134

electron spin is weak (unable to follow the fast rotation, the spin vectors are lagging 

behind), it is appropriate to express these operators in the space-fixed coordinate system:

Hsb(cri) = Hsob+ H ssb + Hsrb 13

We now only examine the spin-orbit interaction here. According to van Vleck,9 the form 

o f spin-orbit interaction in the space-fixed coordinate system differs from Eq. 2 in that, 

apart from the velocities o f  the electrons, referred to the space-fixed system, the 

velocities o f  the nuclei are also to be taken into account. Then,

11“  = [he2/(47rmc2) ] I k{S,Z,r-3kl[rkl ®(vk-2 v,)]- Zk->k r 3kk-(rkk- ® (vk - 2vk-))].sk} 14

where the possible values o f  i are 1, 2; v,- is the velocity o f  the nuclei in the space-fixed 

system. The remainder o f  the notation is as that in Eq. 2, with the difference that the 

velocities o f  the electrons are also taken in the space-fixed system.

If. for the time being, the terms containing the velocities o f  the nuclei are 

disregarded, formula (14) can be treated in much the same way as Eq. 2: the matrix 

elements o f  the relationships

H^b = Zk- akk-(lk.sk) = Zk akOk'Sk) + Zk=k- akk’(lk.sk) 15

can be calculated as if there are one, two or three valence electrons outside the closed 

shell. In order to obtain general expressions for AS =  0 and AA= 0, it is usual to replace 

Eq. 15 by an interaction o f  the following form:

H50, = A {L; S; + 1/2[(L, + i Ln) (S* - i Sn) + (L* - i Ln) (S* + i Sn)]} 16
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Fig. 5.3. Vector diagram o f the kth electron 

orbiting around the nuclei.

S

Fig. 5.4. Vector model o f Hund's case c.
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The first term o f  Eq. 16 can be written according to Hill and van Vleck10 as

ALr s ? = A(AS) = A[(A33 S) + (Ax S)] 17

Where A, the component in the direction o f  the inter-nuclear axis o f  the resultant orbital 

angular momentum o f  the electrons, is split into two components; one is parallel, the 

other is perpendicular to the vector N. O f these two terms, it is the former that provides 

those elements for which, in addition to AS=0 and AA=0, also AN = 0; for the second 

term AN = ±1. For these. Hill and van Vleck10 have found

r b(n, J, S. A, N; n, J, S, A. N) = AA2 [J(J+1)-N(N+1)-S(S+1)]/[2N(N+1)] 18a

H b̂Cn, J. S, A, N; n, J, S, A, N + l) =  AA2{[(N+1)2 - A2][(J+N+l)(J+N+2)-S(S+l)]},/2 

x[S(S+l )-(J-N)(J-N-1)] 1/2/{2(N +l )([(2N+1 )(2N+3)]1/2} 18b

Suitable substitutions o f A and S in the formulas (18a) and (18b) give the case b 

interaction energy and its perturbation-matrix elements for terms o f any type and 

multiplicity.

Fontana6 has found that for the case o f  two outer (valence) electrons the rigorous 

form o f (15) for AN = 0 yields an expression similar to Eq.l8a.

Hsob(n, J, 1. A. N; n, J. 1, A, N ) = X \= . (a'klk?)(n. A; n, A) =A[J(J+1) -N (N + 1)

-2]/[2N(N+l)] 19a

According to Lue-Yung Chow Chiu,11 the result is similar to that for AN = ±1:
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f fV n ,  J, 1, A, N; n, J, 1, A, N + l) = Z v ,  (a'klk;)(n, A; ru A) =  {[(N +l)2 - A2][(J+N+1) 

(J+N+2)-2]} i/2[2-(J-N)(J-N- 1)] I/2/{2(N+l )([(2N+1 )(2N+3)]1/2 } 19b

In both cases the Z(a'kIk̂ ) replacing AA can be determined from the appropriate 

eigenfunctions by

Z (a 'kIk̂ )(n, A; n, A) = Z a /o V  a (  a',li; + a^hJdV ,\dr 20

Likewise, according to Lue-Yung Chow Chiu,11 the second term o f  Eq.16 yields for S = 

1, AA = ±1 and AN =0.±l

iT V n , J, 1, A. N; n, J. 1, A + l. N) = Z\-=i (a'kl'k)(n. A; nl, A+1)[N(N+1) -  J(J+l)+2]

x[(N-A)(N+A+l )(J+N+1)] i/2/[4N(N+1)] 21 a

H ^ n , J, 1, A, N: n*. J. 1. A + l, N + l) = Z\-=i (a'kf k)(n. A; n1, A+1){(J+N+3)(J+N)

x(N-J+2)(J-N+l)(N+A+l)(N+A+2)/[16(N+l)2(2N +l)(2N +3)]}1/2 21b

H ^ n , J, 1. A, N; n1, J. 1, A + l, N -l)  = Z \= ( (a'krk)(n. A; nl, A+1){(J+N+2)(N-J+1) 

x(J+N-l )(N-N+2)(N-A-1 )(N-A)/[16N2(2N -1 )(2N+1)]} 1/2 21c

Using

1 k — 1 kC —ilkti 22

and applying appropriate eigenfunctions, one finds that

Z \= i (a'kl’k)(n, A; n‘, A + l) = ZaJ^ n. a( a'jI + a 2 I zU^iuA+idx 23

The matrix elements o f  Eq. 21 were first given for actual cases by Kovacs12 who derived 

them from case a.

In addition to the foregoing interactions between terms o f  the same multiplicity 

(i.e. for AS = 0), Lue-Yung Chow Chiu13 gave for two outer electrons also the matrix
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elements for interactions between terms o f  multiplicity (i.e. for AS = ±1). In this case Eq. 

15 assumes the form Eq. 9b with coefficients given by Eq. 8b appropriate matrix 

elements are

J, 0, A. N; nl, J, 1, A, N) = X'2k=I (a"kl'k)(n, A; n1. A+1)[(J+N+2)(N-J+1)

x(J-N+l)(J+N)]1/2 A/[4N(N+1)] 24a

H^bCn, J, 0, A, N; n1. J, 1. A. N+l) =  l ' 2k=1 (a"krk)(n. A; n1, A+l){(J+N+3)(J+N+2) 

x(N-J+2)(N-J+l)[(N+1 )2-A2] /[16(N+1 )2(2N+1 )(2N+3)]} 1/2 24b

Hsob(n. J, 0. A, N; n1, J, 1, A +l, N) = l ' 2k=i (a"kl'k)(n, A; n1, A+l){(J+N+2)(N-J+2)

x(J-N+l)(J+N)(N+A+1 )(N-A)]1/2 /[8N (N +1)] 24c

H ^ n .  J, 0. A, N: n1. J, 1, A+l, N + l) = Z “k =i (a"kl'k)(n. A; n1, A+l){(J+N+3)(N+J+2) 

x(N-J+2)(N-J+l)(N+A+1 )(N+A+2)]1/2 /[64(N +l)2(2N +l)(2N+3)] 24d

H ^ n ,  J, 0, A, N; nl. J, 1, A +l, N -l) = Z \ = i  (a"kl'k)(n, A; nl, A + l)x

x {(J+N)(N+J-1 )(J-N+2)(J-N+1 )(N -A -1)]1/2 /[64(N-1)(2N+1)] 24e

Z V i  (a"kIk̂ )(n, A; n’, A) = X.Jo V aC a",II? - a’̂ O , , ,  Adx 25

S ’2k=i (a"kl'k)(n, A; ri, A + l) = a",!', - a^I^dV .vndx

As is apparent in Eq. 25, the bar over the summation symbol means that the two terms 

should be subtracted from each other instead o f  being added. Formulas (24) were also 

derived by Kovacs12 and likewise from case a.

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



139

M

Z

MM

Fig. 5.3. Vector diagram of the kth electron 

orbiting around the nuclei.
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Fig. 5.4. Vector model o f Hund's case c.
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V.2.3. Case c

The interaction between L and S, in certain cases, particularly for heavy 

molecules, may be stronger than the interaction with the intemuclear axis. In this case A 

and E are not defined; rather. L and S first form a resultant Ja which is then coupled to 

inter nuclear axis with a component Q (Fig. 5.4). This coupling is entirely similar to that 

o f an atom in a weak electric field when no Paschen-Back effect occurs. The electronic 

angular momentum Q and the angular momentum R of nuclear rotation then form the 

resultant angular momentum J just as in case a. This type o f coupling is Hund's case c.
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CHAPTER VI

D E T E R M I N A T I O N  O F  T H E  B O N D  S T R E N G T H  O F  T H E  M E T A L  

CLUSTER ( I O N S )

Since the introduction o f  laser-vaporization techniques for the production o f  

supersonic metal cluster beams1, the study o f  isolated gas phase metal clusters has 

proceeded with increasing vigor. For many researchers a prime motivating interest has 

been the possibility that these metal clusters will provide detailed molecular models 

with which to study such classical questions o f  surface science as the nature o f  the 

metal-metal bond, the electronic structure o f  a reaction surface site, or the molecular 

details o f  chemisorption. The fundamental goal in the study o f  metal clusters is to 

understand the electronic structures o f  these intermediate systems and their 

progression towards bulk band structure as the cluster size increases2. O f all the metal 

clusters, transition metal clusters are of particular interest due to their diverse physical 

and chemical behavior. Unusual physical and chemical properties are expected for 

these clusters/-6 Their chemical reactivity is also found to be strongly size-dependent, 

primarily due to the presence o f  partially filled d orbitals, however, the transition metal 

clusters have presented considerable challenges theoretically. Even dimer systems are 

found to display very complicated electronic structures and the nature o f  their bonding 

properties has not been completely understood1"'17. Currently, very little is known 

about the detailed structures o f  transition metal clusters and their electronic properties 

and dissociation energy-limits. Usually the dissociation energy-limits o f  dimer 

molecules have been estimated:
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1) From a Morse potential energy curve where assuming that the potential is 

well-defined by a single Morse potential all the way to dissociation energy limit and 

the relationship is given by the well-known formula:18'19

D e = C D e 2 / 4 a > e X e  1

where coe is vibrational frequency and coejce is anharmonicity parameter. From this 

equation it is obvious that the accuracy o f  the dissociation energy-limit is very 

sensitive to accuracy o f  anharmonicty parameter. Minute errors on the QeXe would 

produce a relatively large error in De.

2) From Knudsen effusion mass-spectrometric measurements using the second 

and third laws o f thermodynamics. The dissociation energy o f  a diatomic species is 

again sensitive to the absolute entropy and the ratio o f the dimeric and monomeric 

species in equilibrium. From the third-law relationship, the dissociation energy at 0 °K 

for the reaction X2(g) = 2X(g) is given by the following equation.57

D°o(X2)/RT = -lnP(X) + ln[P(X2)/P(X)] +AfeffR 2

Where the P is pressure o f  designed species, T the absolute temperature, R the 

gas constant, and Afef the difference o f  the free-energy functions for the above 

reaction. The pressure ratio P (X2)/P (X) is estimated in terms o f the observed ion 

intensities o f dimer and monomer with the corresponding ratios o f  the ionization 

cross-sections and multiplier detection coefficients. When the total mass o f  any 

impurity species in the system corresponds to mass o f  dimer or monomer, this causes
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overestimating or underestimating the true dissociation energy. Langenberg and Morse 

have discussed this problem for Rhk 56

3) Collision-Induced Dissociation (CID) Experiment. Here the mass-selected 

cluster ion beam is collided with an inert target (typically xenon) and the energy 

threshold is measured for each observed fragment ion. The probability o f  the 

dissociated cluster ions is plotted as function o f  collision energy and then the 

dissociation energy o f  the cluster ion is determined by fitting the zero pressure data 

with an empirical cross-section o f  the form

cr =  or0(E-E0)N/E 3

where cr is the cross-section. E is the ion translational energy (in center-of-mass frame 

o f  reference). E0 is the threshold energy, N  is an adjustable parameter, and «y0 is a 

scaling factor. There are several effects that influence equation 3. a) The kinetic energy 

has two sources o f the broadening in the CID experiments. One is the spread o f  

energies in the ion beam and a second source is Doppler broadening due to the thermal 

motion o f  the inert gas. b) The lifetime o f  the collisionally energized clusters.

The relative uncertainty in reaction cross-section magnitudes was stated to be 5%61’62 

and the uncertainty in the dissociation energy is usually in ±0.05-0.5 eV range.

4) Significant studies o f  the electronic spectra o f  many neutral transition metal 

dimers have been performed by using resonant two-photon ionization (R2PI) 

spectroscopy.4'’'47 From such studies molecular term symbols, vibrational and 

rotational constants, and bond lengths have been determined. Bond strengths have 

been measured by the observation o f  the sudden onset o f  the predissociation in 

electronic spectra.47"49 With the advent o f  resonance-enhanced photodissociation
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(REPD) spectroscopy,50'53 sim ilar studies o f  transition metal cluster ions have been 

performed. The bond strengths o f  charged species have been measured by the 

observation o f  predissociation thresholds.50’51’53’34 As Smalley discussed in his paper in 

1986, mass spectral analysis o f  the cluster photo ions provides mass selectivity, but the 

photoionization process cannot be relied upon to produce only the parent ion, so it is 

frequently impossible to uniquely assign a particular signal to a particular cluster. 

Particularly troublesome has been the difficulty o f using either o f  two powerful laser 

techniques, LEF or R2PI, on the metal clusters species. Both techniques require that 

the first laser-induced transition populate an excited electronic state which survives 

long enough to be detected by either its fluorescence (LIF), or its lowered ionization 

threshold (R2PI).22

5) The initially mass selected photofragmentation techniques is free o f  the 

problems mentioned above. Since clusters are charged, standard particle counting 

techniques ensure that each cluster (parent and daughter) ions can be detected. Mass 

selection is performed initially, so spectral probes target only the desired parent ions. 

Fragmented cluster (daughter) ions can be detected as long as the total energy o f  one- 

or multi-photon observed by parent ion is above the lowest dissociation energy limit.

This techniques is a very powerful tool to accurately determine the dissociation 

energy-limit from the threshold in the electronic spectra when the total excitation 

energy changes from an n-photon process to an (n-l)-photon process as well as other 

spectroscopic properties o f  cluster species.20 This technique was used in this work, 

see experimental section.
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The electronic structure and spectroscopic properties o f  second and third row 

transition metal dimers and m ain  group metal dimers have been the topics o f  many 

experimental and theoretical investigations in recent years. Theoretical calculations o f  

transition metal dimers and trimers in general are very difficult to achieve due to the 

problem o f  electron correlation and the large number o f  open-shell electronic states 

arising from the incomplete d shells o f  the metal atoms. In recent times the 

development o f  high speed computing has permitted the accurate calculation o f  

spectroscopic properties and the structure o f  many challenging transition metal dimer 

systems. However, there remain voids in our knowledge o f  transition metal bonding, 

particularly with regard to experimental studies on dimers o f  the transition metals. 

Investigations o f  the these molecules are o f  particular importance, since their d orbitals 

are readily available for bonding, and it is these orbitals which are implicated in many 

aspects o f  catalysis. The transition metal diatomics provide a useful benchmark to 

assess the reliability with which ab initio calculations can treat the subtle interplay o f  

overlap, exchange, and correlation effects contributing to the bonding in these 

molecular systems. Also, experimental studies in the gas and solid phase provide useful 

information about host-guest interactions for ab initio calculation models.
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V I. 1 P H O T O F R A G M E N T A T I O N  S P E C T R O S C O P Y  O F  T H E  Z IR C O N IU M

D I M E R  C A T I O N  A N D  T H E  A B  IN IT IO  S T U D I E S  O N  Z r2, Z r2+ 

A B S T R A C T

The dissociation energy o f  the zirconium dimer cation molecule is reported for 

first time. The dimer cation was produced by laser vaporization o f  a zirconium target 

rod and cooled in a helium supersonic expansion. The molecular beam containing 

zirconium dimer cation was interrogated in the range 16,000-18,440 cm'1 using a 

pulsed dye laser to dissociate the molecule. The dissociation threshold was observed at 

the 16,870 cm"1. The fluence study at 16,767 and 16,870 cm'1 and an ab initio 

calculation indicated that the multiphoton dissociation should be a two photon 

process, 16,870 cm"1 + Edissoc, Edissoĉ  16,870 cm'1. The dissociation energy was 

accurately determined to be 4.184 ± 0.005 eV. In this region, only three transitions 

were observed: 17,880 (relatively weak), 18,290 and 18,350 cm'1. Several different 

density functional calculations predicted the dissociation energy o f  Zr2, Zr2~ in 

remarkable agreement with experiment. Several spectroscopic properties o f  these 

molecules were calculated.

V I. 2 . I N T R O D U C T I O N

The first reported experimental investigation o f  dizirconium molecule was an 

ultraviolet-visible spectral survey o f  matrix-isolated Zr2. 2j Four bands were observed, 

at 390, 422, 585, and 615 nm, respectively. From concentration studies it was 

demonstrated that these bands belong to a single cluster species, which has been 

assigned as Zr2 23. On the basis o f  extended Huckel calculation studies. Koltzbucher
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and Ozin assigned the four bands listed above to \ i ta —> 3crg, lcrg—> 2tcu, and lcrg —> 2cr 

u orbital transitions, respectively, with the latter assigned to both the 585 and 615 nm 

bands.23 Miedema and Gingerich have predicted a value D0(Zr2) = 3.20 ±  0.24 eV by 

using an empirical correlation between the heat o f  vaporization o f zirconium metaL A 

H ° v a P -  the surface energy o f  pure solid zirconium, y°s , and the dimer dissociation 

energy 24. The method is a generalization o f previous work by Miedema on the heats 

o f  mixing and heat o f  formation o f  liquid and solid alloys o f  transition metals.25'28 

Years later Lindsay et al. published absorption (“scattering depletion “) spectra and 

Raman measurements for Zr2 in an argon matrix.10 They observed an intense 

absorption at 388 nm (with shoulder at 401 and 425 nm), a weaker absorption near 

520 nm, and a vibrationaly resolved absorption at about 630 nm. However, they did 

not observe strong peaks at 422 and 585 nm. The T0, coe and Xe were measured to 

be 15,230 cm'1 (1.888 eV), 305.7(35) cm'1 and 0.5(7) cm'1, respectively10. Lindsay et 

al suggested that the ground state o f  Zr2 could be JAg state rather than 'Xg state.

The dissociation energy was roughly estimated from the well-known equation. 

De — coe2/ 4coeXe- to be 3.62 eV for <ae =305.7 cm'1 and coeXe = 0.8 cm'1. In 1994, 

Morse et al. reported the dissociation energy o f  the dizirconium to be 3.052±0.001 eV 

from a resonant two-photon ionization (R2PI) experiment.35 This is the most accurate 

determination o f  the dissociation energy. Balasubramian and Ravimohon studied State- 

Averaged-Complete Active Space Multiconfiguration Self-Consistent Field (SA- 

CASSCF) followed by Multireference Single + Doubles Configuration Interactions 

(MRSDCI) on thirty-four bound electronic states o f  Zr2 lying below 23,000 cm'1 

region.11 At the SA-CASSCF level, which included 4 f  functions in the basis set the
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Table 6.1.Calculated spectroscopic constants o f  the Zr2 -a

De(eV) fe(A) Te(cm'') state

1.5 (2.45) 2.34 (2.31) 373 (351) 0

1.5(1.85) 2.42 (2.386) 294 (253) 64(312) 3v*i— u

1.62 (2.63) 2.78 (2.66) 197 (225) 2,572(3,581) 72TU

1.43 ( - ) 2.35 (2.34) 286 (284) 589 (1,484) 3Ag

Exp:

3.62b 3 05.735

3.20±0.2429

3.052±00136

3 The calculated properties o f  Zr2 were taken from ref. 37. The spectroscopic constants 

were calculated by state-averaged-complete active space multiconfiguration 

selfconsistent field (SA-CASSCF) and the values in parenthesis were calculated by 

multireference single plus doubles configuration (MRSDCI) methods.

.b De was estimated by using the well-known formula. De = coe2/ 4coeXe, for coe =305.7 

cm'1 and a)ey_e =  0.8 cm'1, ref. 35.
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ground state symmetry was predicted to be 1 Xg~( 1 c>s22c>g21 teu4) . The 3Z"u(lcrg2 

2<3'gIl<TuIl7tu4) state is only 64 cm'1 above the ground state.11 However, the JXTU state 

was predicted to be the ground state from the CASSCF potential energy curves for 

seven low-lying electronic states where the basis set did not include 4 f functions. 

MRSDCI calculations following SA-CASSCF predicted the ground state o f Zr2 to be 

the ‘Z'g state. They also calculated the spectroscopic constants o f  Zr2 at SA- 

CASSCF/MRSDCI levels (both which include 4 f  functions in the basis set). They 

calculated the dissociation energy for 'Xg~ and 3XU~ states relative to JF + JF atomic 

limit and for 7XU~ state relative to 3F + 5F atomic limit. Some selected spectroscopic 

constants o f  Zr2 from ref. 11 are given in Table 6.1.

Balasubramian and Ravimohon11 suggested that since the most probable 

candidate for the ground state o f  Zr2 was the 'Xg~ state, all four bands in ref. 23 are 

due to the transitions from the X ’]l£~ ground state. They assigned these transitions as 

A 1!." — X'Zg' 15,083 cm'1, B 'riu— X'X~g 17,120 cm'1 , C3n u — X'lTg 18.615 cm'1, 

D 'Z’U— X'lTg 22,916 cm'1.

V I  2 .1 . E X P E R I M E N T A L  S T U D Y  O N  T H E  Z I R C O N I U M  D I M E R  C A T IO N  

V I  2 .1 .1 . F L U E N C E  S T U D Y .

The fluence dependence o f  intensity on fragmented zirconium cation is shown 

in Fig. 6.1 and Fig. 6.2A and 2B. The pulsed photo-fragmentation dye laser beam is 

fixed at 595.4 nm, 590 and 559 nm, then the intensity o f  the fragmented zirconium 

cation was detected as a function o f  the fluence. The order o f  the absorption event 

leading to dissociation was found from the extent o f  fragmentation o f  laser fluence to
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Figure 6.1. Plot o f  90Zr~ fragment relative intensity, (daughter - background)/parent, 

for fluence dependence studies o f90Zr2+ at 16,795 cm'1 (595.4 nm).
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Figure 6.2A. Plot o f  90Zr~ fragment 

relative intensity,

(daughter - background)/parent,

for fluence dependence studies o f  90Zr2~ at 

16950 cm'1 (590 nm).
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Figure. 6.2B. Plot o f 90Zr~ fragment 

relative intensity,

(daughter - background)/ parent,

for fluence dependence studies o f  90Zr2 

at 17857 cm'1 (560 nm).
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be 2.3 at 595.4 nm and 1.2 at 590.0 and 559 nm. The relative intensity o f  fragmented 

particle was expected to be inversely proportional to the third order o f  the fluence at 

595.4 nm and to be second order o f  the fluence at 590 and 559 nm or elsewhere 

below the 590 nm, region. The order o f  the 90Zxz fluence dependent fragment intensity 

curve at 595.4 nm was greater than two and that at 590 and at 559 nm was greater 

than one. These results imply that photofragmentation at 595.4 nm was a three-photon 

process and at 590 and 559 nm, the fragmentation was two-photon process. The 

fluence dependence o f  the intensity o f  the fragmented particle could not give the true 

order o f  the fluence dependent fragmentation curves are due to: 1) Ideally, either in 

the determination o f one-photon absorption cross section or in the discrimination 

between one- and multiphoton processes, one would irradiate an ensemble o f  

absorbers with a homogeneous light field o f  known absolute flux (photons/cm's) and 

determine the per-molecule absorption rate as a function o f this intensity. This scenario 

is practically unrealizable, particularly when intrinsically pulsed experiments are 

performed. In the pulsed case, the incident light field intensity varies in time from zero 

to some maximum value and back again, not necessarily monotonically (because of. 

for example, longitudinal cavity mode beating in a laser). The ideal experiment is then 

reduced to the measurement o f  the absorption o f  the molecular ensemble as a function 

o f  the pulse-integrated flux or fluence (photons/cm2 pulse).22 2) the averaging over the 

temporal profile o f  the light pulse, most experimental situations have imperfect overlap 

o f  the light field and the molecular ensemble producing subensembles that receive 

different fluences, all contributing to the observed signal. This is typical for 

experiments with pulsed laser which exhibit high spatially structured output beams.
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Figure 6.3. The photodissociation threshold o f  Zrf was detected- in a 

multiphoton photofragmentation action spectrum. The spectrum rises abruptly 

out o f noise at 16,870 cm'1.
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Figure 6.4. Two peaks were observed at 18,290 and 18,350 cm'1 in the low 

resolution spectra o f  90Zr2~ by scanning dye laser. In addition, a weak peak 

was observed at 17,880 cm'1, not shown in this figure.
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Therefore, two-photon events look almost one-photon, three-photon events look 

almost two-photon, etc.22

VI 2.1.2. MULTIPHOTON FRAGMENTATION SPECTRUM OF Zr2+

Since cluster ions are charged, standard particle counting techniques ensure that each 

cluster ion can be detected with near efficiency and absorption spectra o f  the selected 

cluster ion can be readily detected by photofragmentation o f the parent ion — a one or 

multiphoton process if  the photon ( or total absorbing photons) energy is above the 

lowest dissociation energy limit. Using the high peak intensity probe lasers, both one 

and multiphoton absorption spectra and dissociation energy limit can be studied at high 

yield.22

Because o f  this fact, for a multiphoton process, the molecule would be 

dissociated as soon as the total energy o f  the absorbing photons by the molecule is 

above the lowest dissociation threshold and the probability or intensity o f  fragmented 

cluster ions is inversely proportional to the number o f  absorbing photons by the parent 

ion. When the photofragmentation process changes from an n-photon process to an (n- 

l)-photon process, the background o f the absorption spectra would exhibit a fairly 

sharp rise at the threshold, as shown in Fig. 6.3 for Zr2~ at 16,870 ± 40 cm'1. The 

second supporting evidence for the lowest threshold energy o f  ZrT is the study o f  the 

fluence dependence o f  7x2 at 16,795, 16,950, and 17,890 cm'1. As discussed above, 

the fluence study indicated that the multiphoton process is a three-photon process 

before the threshold and is a two-photon process after threshold energy (16,870 ±  40 

cm*1). This experimental evidence for the lowest dissociation energy limit o f  Zr2~ is in
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agreement with calculated dissociation energy o f  Zr2~ by various density function 

methods in section 1H-B. The purpose o f  these experiments was to accurately 

determine the lowest dissociation energy limit o f  Zr2~. Fig. 6.3 shows the dissociation 

energy limit or dissociation threshold energy o f Zr2~ obtained by a one-color 

multiphoton fragmentation scheme depicted in the figure. The threshold appears at 

total laser energy (16,870 ± 40 cm'1 + Edissoc.) o f  33,740 cm'1. The fragmentation 

spectrum exhibits a fairly sharp rise at the threshold. The lowest dissociation threshold 

energy o f  Zr2̂  is therefore 33,730 ±  40 cm*1 (4.184 ± 0.005 eV).

We observed three transitions in the electronic spectra. One o f  them was 

relatively weak at 17,880 cm"1 (not shown in Fig. 6.4) and the other two were at 

18,290 and 18,350 cm'1 as shown in Fig. 6.4. Without high resolution spectra, it is 

hard to say what type o f the electronic transitions occurred in this region. We will 

discuss this in Sec. III-B based on density functional calculations.

VI 2.2. METHODS OF CALCULATIONS 

VI 2.2.1. COMPUTING DETAIL

Several density functional calculations were performed on Zr2, and Zr2~, such 

as BLYP, BVWN5, BPW91, BP86, and BPL. These are computer codes in Gaussian- 

94 and —98 packages. The calculation uses Beck’s 88 functional (hereafter referred to 

as B), which includes the Slater exchange along with correction involving the gradient 

o f the density 29, in combination with different type correlation functional which are: 

LYP, VWN, VWN5, PW91, BP86, and BPL. Where LYP is the correlation functional 

o f Lee, Yang, and Parr, which includes both local and non-local terms J°- 31, VWN is
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Vosko, Wilk, and Nusair 1980 correlation functional fitting the random phase 

approximation (RPA) to the uniform electron gas, often referred to as local spin 

density (LSD) correction 32, VWN5 is functional V from the VWN 80 paper which fits 

the Ceperley-Alder solution to the uniform electron gas j2, PW91 is Perdew and 

Wang's 1991 gradient-corrected correlation functional/3'37 P86 is the gradient 

correction o f  Perdew, along with his 1981 local correction functionalj8, PL is the local 

(non-gradient corrected) functional o f Perdew (1981) 39. Los Alamos effective core 

potential (ECP) plus DZ, LANL2DZ computer code, wavefunction40'42 was used in o f  

all the density functional calculations. The Ianl2dz wave function consists o f  linear 

combination o f  the three s, three p, and two d (Is, 2s, 3s, 4p, 5p, 6p, 7d, and 8d are 

computer code in Gaussian94 and 98) atomic orbitals. Is, 2s2p, 3s3p3d shells o f  

zirconium atoms were assigned to the core and treated by frozen core approximation. 

All calculations were performed on Decalpha and Intel Pentium II 450 MMX 

computers.

VI 2.2.2. RESULT OF CALCULATIONS 

VI 2.2.2.I. Zr2 :

We calculated spectroscopic properties o f  Zr2 ( JAg) as shown in Table 6.2 and

5. All six density functional calculations predicted the ground state symmetry to be 

3Ag, arising from the lcTeln 4u2asdg configuration. The dissociation energy ofZr2 ( 3Ag) 

was predicted to be in the 2.792- 3.495eV range relative to 3F +  JF atomic limit by the 

BLYP, BPW91, BP86, and BPL methods, but BVWN density functional was 

predicted to be 4.272 eV. We calculated atomic ground state energy for Zr(JF) relative

R e p r o d u c e d  w ith  p e r m is s io n  o f  th e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



159

to the calculated atomic ground state energy o f  the Zr" (5sl4d2; 5F) and its known 

atomic ionization energy, IP(Zr) = 6.852 eV, because o f  the convergence difficulty, 

none o f  the DFs predicted the atomic ground state energy o f Zr (5s24d2; 3F). The 

calculated harmonic frequency (306- 313 cm'1) o f  7xz (3Ag) is in remarkable agreement 

with experiment coe = 305.7 cm'1, ref. 10). The calculated equilibrium intemuclear 

distance o f  Zr2 (JAg) is , 2.316-2.360 A, in agreement with at SA-CASSCF and 

MRSDCI calculation11. As far as we can tell, there is no experimental information on 

the equilibrium nuclear distance o f  the Zr2 to compare with the calculated value. The 

gross population in the components o f  4d atomic orbitals on each Zr atom is given in 

Table 6.2. The 4d^ and 4do atomic orbitals were partially occupied, 50% and 47%, 

respectively. This result implies that the repulsion energy between the two electrons in 

the occupied gT molecular bond is strong enough to push one electron into a higher 

energy level, 5d, due to the small gaps between the electronic bands o f  the transition 

metal atoms.

Density Functional calculations predicted that the lowest singlet low-lying state 

o f  the Zr2 was ’r g, arising from the lcr2gl7i4u5‘g electronic configuration rather than 

the l a 2gl7i4u2crg configuration, as predicted by K. Balasubramian and Ch. Ravimohon 

using SA-CASSCF and MRSDCI calculations. The !r g (lcr2gl7r2u82g) was calculated to 

be 8,226-9,823 cm'1 above the ground state, X3Ag and dissociation energy and 

equilibrium bond distance and harmonic frequency were calculated to be 2.455-2.872 

eV (relative to JF + 3F atomic limit), re =2.385-2.413 A, and coe~261-269 cm'1, 

respectively.
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The calculated spectroscopic constants for the 7ZU~ state, arising from the 

lo%l 7t2u2ag82glc7u electronic configuration, are given in tables 6.3 and 6.6: De= 3.371 - 

4.211 eV relative to JF + 5F atomic limit, re =2.675-2.708 A, and o e =226-23 8 cm'1. 

The predicted bond distance and vibrational frequency o f  Zr2(7Su~) are in agreement 

with SA-CASSCF and MRSDCI calculations where the 7Zu- state was 2,572/3,581 

cm'1 above the ground state, X'Zg~, and 1,983/2,097 cm'1 above the JAg state, 

respectively.11 We calculated the 7Zu~ state was 3,823 - 5,988 cm'1 above the ground 

state, XJAg, as shown in Table 6.3. The calculated orbital transitions o f  the 7Xu~ state 

are given Table 6.7. Our calculated dissociation energy and harmonic-frequency, using 

density functional theory for the dizirconium molecule, were in better agreement with 

experimental values than SA-CASSCF and MRSDCI calculations are, as shown in 

Table.6.1 and 6.2.

We calculated the potential energy curves o f Zr2 for XJAg. 7£ u~. and ’r g as 

shown in Fig. 6.5. The potential energy curves o f  the X'Ag and 'rg electronic states 

were extrapolated to the JF + JF atomic limit and the 7Zu~ state was extrapolated to JF 

+ 3F atomic limit. The symmetry o f the XJAg state was mixed with other triplet low- 

lying or excited states after nuclear distance 3.3± 0.2 A and approximately 1.9± 0.2 eV 

above the ground state in the density functional calculations.

Klotzbucher and Ozin23 have observed four bands o f  matrix-isolated 

dizirconium in the UV-visible region. These bands occur at 16,262, 17,096, 23,700, 

and 25,644 cm'1. Lindsay et al. observed three absorption bands: 25,773 cm'1 (with 

shoulders at 24,938 and 23,529), a weaker absorption near 19,231 cm"1 and a
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Table 6.2.Calculated spectroscopic constants o f  the Zf2 . (JAg; l<7g2l7ru42crgSg)

D FT De(eV) re(A) COeCcm'1) IE(Zr2) 5s 4d(total).

BLYP 2.930 2.336 311 5.703 1.014 2.889

BVWN5 3.277 2.342 306 6.102 1.010 2.931

BPW91 2.792 2.316 308 6.062 1.001 2.930

BP86 3.495 2.360 6.445 1.003 2.931

BPL 3.428 2.344 6.100 1.010 2.930

Expt. 3.052±0.001a 305.7C 5.709d 2.401=

3.20±0.24b

3.62tf

The De o f Zr2 (triplet) relative to the Zr (5S2 4d2, JF)+Zr (5S2 4d2, JF) atomic 

limit. a From ref. 36. b from ref. 30, c from ref. 35, d calculated thermochemical cycle, 

EE(Zr2) - IP(Zr)-Do (Zr2)+D0(Zr*2 ) = 0, e De was estimated by using the well-known 

formula, De =  coe2/ 4&)eXe- for £De =305.7 cm'1 and coeXe = 0.8 cm'1, ref. 35. ” the 

number o f  electrons in d orbitals on each Zr atom from ref. 37.
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Table 6.3. Calculated spectroscopic constants o f  the Zri ( 7Z U ; lcyg2l7tu22cyg§g2lcru 
)

D F T D e ( e V ) re( A ) ©eCcm '1)  T e(c m * ‘)  5s 4d(totaI).

B L Y P

2 . 6 2 8

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

B V W N

2 . 6 7 4

3 .4 9 1 2 .7 0 1 2 2 8 5 , 9 8 0 1 .2 0 9

B V W N 5

2 . 6 5 8

3 .4 1 1 2 . 7 0 6 2 2 6 4 ,9 7 3 1 .2 2 4

B P W 9 1

2 . 6 9 3

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

B P 8 6

2 . 7 0 5

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

B P L

2 . 6 5 9

3 .3 7 1 2 . 7 0 8 2 2 6 5 ,9 3 3 1 .2 2 2

1 .7 9 9 =

s The number o f electrons in d orbitals on each Zr atom from ref. 37.
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Table 6.4.Calculated spectroscopic constants o f  the Zr2('rg; 1 a rg217cu48g2)

D F T D e ( e V ) re( A ) COeCcm'1) Te(cm'') 5s 4d(total)

B L Y P 2 . 4 5 5 2 .3 9 7 2 6 1 8 ,7 6 8 0 . 9 9 2 3 .0 0 7

B V W N 2 . 5 9 7 2 .4 0 7 2 6 6 8 .3 2 3 0 .9 7 3 3 .0 1 6

B V W N 5 2 . 3 7 6 2 .4 1 1 2 6 5 8 ,4 6 8 0 . 9 7 6 3 .0 1 5

B P W 9 1 2 . 8 7 2 2 .4 1 1 2 6 9 9 ,7 5 5 0 . 9 6 7 3 .0 1 8

B P 8 6 2 . 8 4 2 2 .3 8 5 2 6 4 9 .8 2 3 0 . 9 7 7 3 .0 1 2

B P L 2 . 4 8 4 2 .4 1 3 8 .2 2 6 0 .9 9 8 3 .0 0 0

2 .2 4 6 =

The number o f  electron in d orbital on each Zr atom from ref. 37.
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Table 6.5. Calculated vertical orbital transition energies a (in cm'1) for transitions from 

X3Ag ground sate o f  Zr2 . The experimental values are also shown for comparison.b

Excitation State BLYP BVWN BVWN5 BPL BPW91 BP86 Ref.35 Ref.29

Ground state* JAg

Icg—>Icru 3a u 13,065 13,388 11,775 13,227 13,952 13,710

2cyg->27tu 3n u,3cpu 14,275 15,404 14,840 14,840 15,565 15,162 15,230 16,260

2ag-»5u 3Zu,Tu 15.162 15,001 17,582 14,920 16.049 15,888 17,096

1 ag—>2ttu 3n u.3o u 22,098 22.663 21,740 22,340 22.582 22,501

lrtu -*l7rg 22.098 23,147 22,663 22,582 23,872 23,388 23,529 23,700

* 3r„

2<Tg->2au 3a u 22.743 23.550 23,066 22,985 24,276 24.114 25,773 25,644

l7ru—>3crg 3n J o u 28.711 30,889 29.841 29,760 30.970 30.808

a The calculated orbital transitions are an average o f  orbital energies for alpha and 

beta spin manifolds. b The assignments o f  the transitions are tentative, but are 

consistent with theoretical calculations. Experimental values are from ref. 35 and 29. 

The calculated transitions in ref. 37 are from X ‘Z g+ ground state o f  Zr2 and are 

assigned as shown in the table.

Ref.37

15.083

17.120

18.615

22,916
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Table 6.6. Calculated orbital transitions and nuclear equilibrium distances o f  

Zr2(7Z u+; lCTg2l7ru22CTg5g2Ia u) from potential energy curves.-

Te (cm'1) re

Low-lying state’ 7Su 0 2.34

8 e— 8 u 7Sg, 7r g 6.239 2.750

8 g -» 2 ttu 7n g, 7o g 12,327 2.675

1ctu—>3cTg 7y 17.102 2.800

l7Tu—>l7Tg 7Z g- 7Ag 17,164 2.825

2ore—>-2ctu 72 S 17,208 2.850

2CTg—̂ 27tu 7n g 18.151 2.675

ljtu ^3og 7n g 24.562 2.800

IcTg—>2.71 u 7n g 26.932 2.675

lCTu—>27lg 7n g 27.325 2.825

lcrg—>2aru % 27,537 2.625

* Calculated to lie at —3.404 eV relative to JF + 3F atomic limit. - BLYP density 

functional was used here.
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64l
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Fig. 6.5. Potential energy curves for JAg, 'r g relative to JF + JF and 7Zu relative to JF 

+ "F atomic limit. BLYP density functional was used here.
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vibrationaUy resolved absorption at about 15,873 cm'1 in absorption ("scattering 

depletion") spectra and Raman measurements for Zr2 in an argon matrix experiment. 

However, Lindsay and co-workers10 did not observe a strong peak at 23,700 and 

17,096 cm'1 even though Klotzbucher and Ozin2j had. Since the most probable 

candidate for the ground state o f  Zr2 is the JAg state, we believe that all four bands in 

ref. 23 and two strong and one weaker band in Ref. 10 are due to the transitions from 

the X JAg ground state. To further confirm this, we calculated some o f the vertical 

transitions o f  the triplet states o f  dizirconium as shown in Tables 6.5. This table shows 

the experimental transition energy, and most consistent assignments for these bands.

The assignments o f  the observed bands in the table are by no means definitive. 

However, the theoretical transition energies are consistent with the observed spectra. 

Furthermore, the transitions listed in Table 6.5 are dipole allowed and hence are 

probable candidates for the assignment. As seen from Tables 6.5, for the Te's from ref. 

10 and 11, more favorable candidates are BJn u -XJAg. C3n u -XJAg, EJAU -XJAg, and F3 

Au -X'Ag transitions on the based o f  the DF calculations. Although such an agreement 

should be considered fortuitous, there are not too many alternate possibilities for 

assigning the spectra consistent with the predicted energy separations.

The first ionization energy o f  the Zr2(3Ag) was estimated from the well-known 

thermodynamic cycle: IE( Zr2) = IE(Zr) + D0(Zr2) - D0(Zr2~), to be 5.821 eV. Where 

the experimental values are: IE(Zr)=6.953 eV,12 D 0(Zr2)= 3.052 ± 0.001 eV,55 and 

D0(Zr2_) = 4.184 ± 0.005 eV (present work). The calculated values o f IE(Zr2) are:
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5.709 eV(BLYP), 6.062 eV (BPW91), 6.102 eV (BVWN5), 6.100 eV (BPL), 6.445 

eV (BP86), and 6.955 eV (BVWN).

VI 2.2.2.2. Zr2~ :

As far as we can tell, there are no previous experimental or theoretical studies 

on Zr2~. The ground state o f  the Zr2~ was predicted to be 2£g~ by three density 

functional calculations (BLYP, BVW N5, and BPL), arising from the lcT7x42crI 

configuration and the 2Ag state, arising from the IcT ti^S 1, was calculated to be 

approximately 2,700 cm'1 above the 2Z g~ state, as shown in Fig. 6.6. The potential 

energy curve and equilibrium nuclear distance for the 2Ag state was tentatively 

predicted by using the universal potential function fitting to calculated energies o f  the 2 

Ag state in the 2.0-2.1 and 3.1-3.6 region. We calculated the dissociation energy o f  the 

Zr2~ with respect to the atomic limit Zr(5s2 4d2; JF) + Zr*(5s' 4d2; 4F), to be 4.080 eV  

(BLYP), 3.580 eV (BVWN), 4.170 eV (BVWN5), 3.929 eV (BPW91), 4.179eV  

(BP86), and 4.017eV (BPL). This is in agreement with the experimental value o f  

4.184 ±  0.005 eV, see Table 6.7. The doublet state o f  Zr~ was calculated to be 

approximately 0.5 eV above the quartet state. The calculated vertical transition 

energies o f  the doublet states o f  Zr2~ are given in Table 6.8; as shown, there are many 

electronic transitions in the visible region.

We observed (Fig. 6.4 in Sec. VI 2.1.2) a relatively weak peak at 17,880 and 

two relatively strong peaks at 18,290 and 18,350 cm'1. Since the most probable 

candidate for the ground state o f  ZrV is the 2Xg~ state, we feel that the two relatively 

strong peaks are due to transitions from the X  2Zg~ ground state. The calculated values
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Table 6.7. Calculated spectroscopic constants o f  the ZxS

De(eV) re(A) ffle(cm ') Te(cm'‘) d(total) State DFT

4.080* (4.256)b 2.377

2.45

259 0

2,018

2.457 2r g

2Ag2Ag

BLYP

4.170 (4.164) 2.386

2.45

242 0

2.800

2.452 2ITg

2As

BVWN5

4.017 (4.385) 2.390

2.45

243 0

2.500

2.450 2S 'g

2Ag

BPL

3.580 (4.039) 2.176 420 2.953 2Ag BVWN

3.929 (4.448) 2.379 252 2.822 2Ag BPW91

4.179 (4.645) 2.164 390 2.952 2Ag BP86

4.184 ±  0.005 (Exp., this work)

a The De o f Zr"2(doublet) relative to the Zr (triplet) + Zr~ (quartet) atomic limit. 

b From potential energy curve.
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Table 6.8. Calculated dipole allowed orbital-orbital transitions, Te in cm'1, o f  the 

doublet states ofZr2̂  (2Xg+ and :Ag).

Excitation State BLYP BVWN5 BPL Exp (this work)

Predicted ground state is 2Zg

2cXg—►1ctu 12,742 13,226 13.145

l c 2—>lCTu 2x u- 16,936 17,662 17,501 17,880(w), 18,290(s). and 8.350(s)

2CTg—>27tu 2n u 25.243 25,646 25,646

Continued to Table 6.8: Predicted ground state is 2Ag

Excitation State BVWN BPW91 B86 Exp

8g —>8U 2a u 14,356 14.523 14,920

lCTg-> lc r u 2a u 19,921 19,840 21.050 17.880(w), 18,290(s)

, and 18,350(s)

5 g —>27tu 2n u 21,937 21,534 21,614

Average o f orbital energies for alpha and beta spin manifolds.
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Figure 6.6. Potential energy curves for 2Zg and 2Ag relative to JF + 4F atomic limit. 

BLYP density functional result is given here.
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o f  some o f  the vertical transitions o f the doublet manifold o f  dizirconium cation are 

given in Table 6.8. Nevertheless, the theoretical transition energies are consistent with 

the observed spectra. The lcrg2 —» 1ctu* transition (Table 6.8) is dipole allowed is 

probable candidate for the assignment, as seen in Table 6.8, B2£ iT - X2Z g~- Although 

such an agreement should be considered fortuitous, there are not too many possibilities 

for assigning the spectra consistent with the predicted energy separations. Table 6.8 

shows the experimental transitions and the most consistent assignments for these 

bands; the assignments o f  the observed bands are by no means definitive.

V I3. DISCUSSION

The ground state symmetry o f dizirconium is predicted to be JAg, arising from 

the l a 2gln4u2ag5g configuration, by all density functional methods with effective core 

potential (ECP) plus double zeta (DZ) basis set. In order to test the accuracy o f  the 

density functional calculations, we calculated the well-known ground state 

configurations o f  the Ti2, V2, and Nbi. Several density functional methods predicted 

the lowest ground states o f  V2 and Nb2 to be JXg\  arising from the ...2crg28g2 

electronic configuration, in agreement with experiments and other theoretical 

calculations.7'9'58'59

As known there are several distinct factors which combine to determine the 

strength and character o f  the chemical bond between transition metal atoms such as in 

Ti2. One such factor is the loss o f  exchange energy which occurs upon formation o f  d- 

electron bonds, thereby reducing the strength o f  the chemical bonding. While bonding 

considerations for Ti2 favor the 4sog23d7ru43dorg2, 'Xg~ state, is as the lowest ground
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state, the several density functional predicted to be °Ag, arising from the 

...lcjg2l7iu42 a gl5g1, due to the exchange effects dominate in Ti2 , in agreement with 

experiment.60 Therefore, as in V2/Nb2 , the ground state o f  Zr2 might be the same as in 

Ti2 to be °Ag. The calculated vertical orbital transitions o f  the triplet states o f  

zirconium dimer molecule: 2arg —»• 27ru(Te(3n u, 3<J>U)= 14,275-15,565 cm'1); 2ag -> 

2cru(Te(3Au)= 22.743-24,276 cm'1); la g -► 27tu(Te(3n u, 3Ou)= 22,098-22,663 cm'1); 

using various density functional calculations. The l c g and 2crg molecular orbitals are 

5s-5s and 4d-4d atomic bonding orbitals, respectively. These are in agreement with the 

experimentally observed electronic transitions,20'10 which are 25,641, 23,697, 17,094 

and 16,260 cm'1, ref. 23 and 15,230, 25.773, 25,773 ( has shoulder at 24,938 and 

23,529) cm'1, ref. 10.

In summary, we have experimentally determined the dissociation energy o f  the 

zirconium dimmer cation to a very high degree o f  accuracy, by observing a sharp 

threshold between the two- and three-photon photodissociation continua. The value 

obtained, 4 .184±0.005 eV, is in remarkable agreement with several density functional 

calculations. Further we extended these calculations to the neutral Zr2, obtaining good 

agreement with previous experimental data from this and other laboratories, including 

vibrational frequencies. Several bands in the resonance photofragmentation spectra o f  

Zr2~ could also be fit to theory, although in these cases, the assignments are somewhat 

less certain.
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CHAPTER V n  

PHOTOFRAGMENTATION SPECTROSCOPY OF THE NIOBIUM  

DIMER CATION AND THE AB INITIO STUDIES ON Nb2, Nb% 

Abstract

The dissociation energy o f  the niobium dimer cation molecule is measured by 

multiphoton fragmentation. The molecule is produced by laser vaporization o f  a niobium 

target rod and cooled in a helium supersonic expansion. The molecular beam containing 

niobium dimer cation is interrogated in the range 15.500-20,000 cm'1, using a pulsed dye 

laser to dissociate the molecule. The dissociation threshold was observed at 15.880 cm'1. 

Fluence studies and density functional calculations indicate that the muitiphoton process 

should be a three-photon process, 15,880 cm'1 + Edissoc. Edissoc ^ 31.760 cm"1. With this 

knowledge the dissociation energy was accurately determined to be 5.907 ± 0.056 eV. 

Several different density functional calculations predict the dissociation energy o f  Nb2 

and Nb;T in remarkable agreement with experiment.

VTI.l. INTRODUCTION

The dissociation energy o f  niobium dimer was measured by Gupta and Gingerich7 

from third-law determination and gave D°(Nb2) = 5.22 ± 0.02 eV. A collision-induced 

dissociation measurement o f  the Nb2 bond energy gave D° =5.22±0.31 eV .18 Simard et 

a /.10 have determined the lowest ground state to be the 3Xg, arising from the lcT7c42cr82 

electronic configuration; the vibrational frequency and the bond distance were found to 

be 424.8917(12) cm'1 and 2.077 81(18) A, respectively, from rotationally resolved 

electronic spectra o f Nb2. Simard and co-workers10 have calculated the dissociation
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energy De, equilibrium distance and vibrational frequency to be 4.05 eV, 2.08 A , and 450 

cm'1. Walch and Bauschlicher14 have calculated the dissociation energy, equilibrium 

distance and vibrational frequency for diniobium to be 2.24 eV, 2.1 A  and 448 cm'1, 

respectively, by CASSCF calculation. Three density functional calculations give 5.1 

eV .12 5.0 eV ,13 and 5.24 eV.14 Shellers13 in an effective core potential treatment, and 

Shim16 both predict that Nth has a 1lTg ground state, arising from the same configuration.

The electron spin resonance (ESR) study on by Zee, Li, and Weltner17

suggested that Nb2~ has 22Tg ground state, arising from the electronic configuration 5scr 

4dcr14d7T44d52. A collision-induced dissociation measurement o f  the Nhb+ bond energy 

gave D°(Nb2+) =  5.87 ± 0.21 eV.18

VII. 1. EXPERIMENTAL STUDY ON THE NIOBIUM DIMER CATION 

VII 2.1. FLUENCE STUDY

Fluence dependent studies at 560 and 560.24 nm were performed in an attempt to 

determine whether the absorption process was a one-photon or multi-photon process. 

Figures 7.1 and 7.2 show the results o f  these fluence dependent studies at different 

wavelengths. The order o f  the absorption event leading to dissociation was estimated 

from the extent o f  fragmentation o f  laser fluence to be 2.7 at 560nm and 2.3 at 560.24 

nm. These nonlinearities in the curves at the different wavelengths negate the possibility 

that the absorption was a one photon process,3-22 however the determination o f whether 

the dissociation was two or three photon process is still unclear. But as
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Figure 7.1. Plot o f Nfcf fragment relative

intensity.

Figure 7.2. Plot o f  NtT fragment relative

intensity.

(daughter —Background)/Parent (daughter -Background)/Parent,

vs laser power for fluence dependence 

studies at 560.24 nm (or 17.849 cm'1).

vs laser power for fluence dependence 

studies at 560 nm (or 17,857 cm'1).
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discussed in section VI. 2, because o f  the fluctuations in the laser and cluster beams, and 

mismatch in the laser and cluster ion beam overlap, two photon process look like one 

photon, three photon processes look like two-photon processes. Additional information 

supporting this view comes from knowing that the bond dissociation energy18 o f  Ntb+ is 

5.87 ± 0 .1 9  eV. The calculated dissociation energy o f  the NIh+ by several DF methods 

indicated that the multiphoton fragmentation o f  the N b^ in this experimental region 

must be three photon process, see Chapter VIL2.2. These coupled to the fact that the 

power studies at 560 and 560.24 nm -  2.2 eV, a three-photon process was a minimum 

possibility to dissociate the niobium dimer cation.

VII .1.1. DETERMINATION OF THE LOWEST DISSOCIATION ENERGY 

LIMIT AND THE THRESHOLD ENERGY SPECTRUM OF THE Nb+2:

Figure 7.3 shows the multiphoton photo fragmentation spectrum o f  NbV in 

15,400-16,100 cm'1 region. The background o f  the spectrum exhibits a fairly sharp rise at 

the threshold. 15,880±150 cm"1, when the multiphoton fragmentation changes from a 

four-photon process to a three-photon process. The threshold appears at total laser energy 

(15,880 ± 150 cm'1 + Edissoc-) o f  47,640 cm'1. The lowest dissociation threshold energy o f  

Ntb+ is therefore 47,640 ±  450 cm'1 (5.907 ± 0.056 eV). Experimental determination o f  

the lowest dissociation energy limit o f  Nb+ 2  is in agreement with the collision-induced 

dissociation experiment (CID)18 and the calculated dissociation energy by various DF 

methods in section VII 3.
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Figure 7.3. The photodissociation threshold o f  was observed in an one color

multiphoton fragmentation action spectrum. The spectrum rises abruptly out o f  

background at 15,880 ±150  cm'1.
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VII 2.2. RESULT OF CALCULATIONS 

V n  2.2.1. Nb2 :

Several density functional calculations predict the ground state o f  niobium dimer 

to be 3Z*g, arising from 5scr4dcT4d7c44d52 electronic configuration, in agreement with 

rotationally resolved electronic spectra10 and other theoretical predictions.10'11"14 The 

calculated equilibrium bond distance and vibrational frequency in the ground state, JX g, 

are in agreement with experiment10 within 4% and 5% errors, respectively. The 

dissociation energy o f Nb2(JZg" ) was calculated from the lowest energy o f  NbiCZg" ) 

relative to the Nb(5s'4d4) + Nb(5s‘4d4) atomic limit and potential energy curves, see Fig. 

7.4., o f  Nb2(JZ"g). The best results were predicted by BLYP and BP86 density functional 

methods, as shown in Table 7.1. The lowest singlet ( ‘r g: ...2crg2 5g2) and quintet (5AU; 

...2<jg' 5g2 Su1) states o f Nb2 were predicted to be 0.295 eV and 0.476 eV above X3Z’g 

state. The experimentally observed Q = 0 <— Q = 0 transitions: 14,648 (A system). 14.705 

(B system), 14,829 (C system), 14.834 (D system) , 14,845 (E system) and observed £1 

= l<—Q =1 transitions: 14.441 (A' system), 15.245 (B' system), 15.634 (C' system)10 

could be fit to theory, BLYP/BP86: 5g-> 5U =  12,722/13,150 2aĝ lcy u =12,642/13.500, 

lcrg ->1ctu = 16,601/17,400, and 5g 2nu = 18,384/19,100.

The assignment o f  the observed bands in Table 7.2 is by no means definitive. 

Nevertheless, the theoretical transition energies are consistent with the observed spectra. 

Furthermore, the transitions listed in Table 7.2 are dipole allowed and hence are probable 

candidates for the assignment, as seen from Table 7.2, (A,B,C)3ZVA3n„ — X3Z"g. 

Although such an agreement may be considered fortuitous, there are not too many
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De toe re 3XZg- ' r g 5sc 4dc DFT

(eV) (cm*1) (A) (eV)

4 .915a (4.809)b 444 2.157 0.296 1.024 3.903 BLYP

4.769 454 2.154 0.363 BP86

5.22±0.027 424.810 2.07810 Expt.

5.22±0.3118

aE(Nbi; ...2crg25 g2 ) — 2E(Nb: . ..5 s ‘4d4), bfrom potential energy curve, see Fig. 7.4. and 

cgross population on each niobium atom.

Table 7.2. Some o f  selected calculated orbital-orbital transitions. Te in cm"1, of triplet 

states o f  Nb2(X T g( 1 tcu4 1 crg22cjE2S g2)).

BLYP BP86 Exp.10

5g —>SU 3r u, 3r u 12.722 13,150 14,648/14.705 A/B system

2crg—>lcru 3S"U 12,642 13,500 14,829/14,834 C/D system

2cte—>8U 3a u 15,965 16,400

1 crg—> 1 cru 3r u 16,601 17,400 14,845 E system

8g —>2~u 3n u, 3o u 18,387 19,100 15,242/15,634 B7C' system
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Figure 7.4. Potential energy curves o f  Nbi (X 'rg. and 5AU), De(Nb2 ;X 3Z g) = 4.809 

eV. BLYP density functional used here.
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alternative possibilities for assigning the spectra consistent with the predicted energy 

separations.

VII 2.2.2. Nb2+:

Several density functional and complete active space self-consistent-field 

(CASSCF) were performed on the niobium dimer cation. All methods predicted the 

lowest ground state o f  NfrT to be 4Z~g- arising from the la g27cu42cjgI8g2 electronic 

configuration. Even though the electron spin resonance (ESR) study on Nth~ by Zee. LL 

and Weltner17 suggested that the lowest ground state o f Nb~2 is 2Z*g state, arising from 

the electronic configuration l<7g27ru42 a gl8g2; the lowest doublet state o f the Nb2~ using 

Hund's rules is predicted to be a 2I~g. arising from the electronic configuration 

la g27iu42ag'5g2. The 2Tg was calculated to be 0.20-0.35 eV above the X4Z'g ground state, 

see Fig. 7.5. The calculated spectroscopic properties o f  Nb2 +(4Z’g) are given in Table 7.3. 

All the density functional methods underestimated the dissociation energy with respect to 

the Nb(5s'4d4) + Nb~(4d4) atomic limit, but the potential energy curve o f Nb2~(4Z’g) 

overestimated the dissociation energy limit by 0.28 eV. The assignment of the observed 

bands in Table 7.4 is by no means definitive. Nevertheless, the theoretical transition 

energies are consistent with the observed spectra. Furthermore, the transitions listed in 

Table 7.4 are dipole allowed and hence are probable candidates for the assignment, as 

seen from Table 7.4, (A,B)4X~U and (A,B)4n u —  X4Z"g.
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T a b le  7 .3 . Calculated spectroscopic properties o f  Nb^T'Sg ).

De(Nb2 +;X4Ze) coe re IP(Nb) IP(Nb2 ) X4Z >  2r e 5ss 4ds DFT 
(cm-1) (A) (e V )  (eV) (eV) “

5 .283a(6.189)e 436 2.120 6.853 6.485 0.201 0.547 3.866 BLYP

5.168 467 2.092 0.549 3.858 B3LYP

4.764 474 2.087 0.555 3.852 B1LYP

5.907 ±0.056b 6.894c 6.207 ±  0.3 d Exp.

5.87 ±  0.12 f 6.368±0.001h

aE(Nb2+; 4Zg, l^lCTg^Og^g2 ) -E (N b: 5s‘4d4) -  E(Nb+; SsUd-3). bpresent work. 

cffom ref. 8. Calculated from thermocycle; IPCNbi; XJS'g) = IP(Nb; 6D j) + De(Nb2 ; XJS'g) 

— De(Nb2'; X3S‘g). and 'from potential energy curve, see Fig. 7.5. fFrom ref. 18 eGross 

population on each niobium atom and hR2PI experiment, see Chap. IX.
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T a b le  7 .4 . Some the calculated orbital-orbital transitions o f quartet states o f  niobium 

dimer cation.

Symmetry configuration Te(cm'1)

x 4r g l7iu4lcrg22ag15g2 0

4x-g lTc/lorg^cr/Sg2 6,739

4Ag l^ ld g 'lcT g ’dg0 6.863

4n u l7ru3lCTg22cTg25g2 11,369

4n u(ii), 4«hu l7ru3lCTg22crg18g' 11.496
•*V- 4r~

U** -L U 1tcu4 lo'g22o'g*8g* 18U1 13.365

4Au lTC^lOg^g^u* 13.492

4a u 17ru41 crg22crg 15g 11 cru 1 16.886

4r u 1tC[] 1 o"g 5̂  l^u 17.013

4n u(iii), 4o u (17TU J1 crg 12cTg25gJ’) 18,232

4n u(iv ) ( l^ lc jg ^ a g 'S g 4) 18,359

4r u, 4r u (17ru41 crg '2ag25g 15U1) 20.101

4a u l7ru4lcrg12cjgI5g25u1 20.228

4y-Z- u 17t u41 crg 12ag 15g21 ctu 23.749

4n g. 4d>g 17ru31 o’g22cTg25g28ul 24.861

4n g. 4o>g (l7iu3la g28g38uI) 24.988

4n g (1 tĉ I (Tg22o-g 18g21 ctu 1) 28.382

4n u (17tu41 a g22ag 18g‘ 2ttu 1) 28.504

4n u (1 rcu41 CTg22crg' 8g227ru 1) 28.631

4Z-U- 4a u (lVlCTg^CTg'Sg^CJu1) 31.165

4Z'U (lTT l̂CTg^CJg'Sg^CJu1) 31.292
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Figure 7.5. Potential energy curves o f  Nb2^(X 4Z'g and ~rg ), De(Nb2 ";X 4Z g) = 6.186 

eV. BLYP density functional used here.
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v n  2.3. DISCUSSION

The ground state symmetry o f  diniobium was predicted to be 3X’g. which arises 

from the l<jg2l7ru42a g25g2 configuration, in agreement with experiment10 and other 

theoretical treatments.10'14 The spectroscopic constants and dipole allowed transitions o f  

triplet states o f  diniobium are in remarkable agreement with experiments7'91018 and 

several other calculations.10'14 Even though an electron spin resonance (ESR) study on 

Nb% by Zee, Li, and Weltner17 suggested that Nb+2  has a 22Tg ground state, arising from 

the electronic configuration 5sa24dcrI4d7t44d52, several density functional calculations 

and CASSCF methods predicted the ground state o f NhX to be 4Z'g state, arising from 

the electronic configuration 5sa'M-dcr14d7i44d82: James et al.jI predicted the lowest 

ground state o f niobium dimer cation to be 4X'g state using the density functional and 

CASSCF methods. The lowest doublet state o f  Nb:L 2FE. was predicted to be over 0.2 eV 

above X4X'g state.

In summary', we have experimentally determined the dissociation energy o f  the 

niobium dimer cation by observing a sharp threshold between the four- and three-photon 

photodissociation continua. The value obtained. 5.907 ±  0.056 eV. is in agreement with 

several density' functional calculations within 5-15% errors. We further extended these 

calculations to the neutral Nbj, obtaining good agreement with previous experimental 

data from other laboratories, including vibrational frequencies. Several bands in the 

multiphoto fragmentation spectrum o f NhT could also be fit to theory.
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CHAPTER VIII 

Photofragmentation Spectroscopy and Ab Initio Study of the 

Niobium Trimer Cation

Abstract

The photofragmentation o f  the initially mass-selected Nb3"r to Nt>2+ + Nb 

unexpectedly exhibits a sharp rise in the background o f  the spectrum o f Nb>+ fragment at 

16,190±10 cm'1 according to the collision-induced dissociation (CID) measurement. 

Based on the CED result, the atomic energy levels o f  Nb, and several theoretical 

predictions, we propose two possible cases o f  which one o f these must be responsible for 

this threshold: (1) the Nb3+(°A' i) may dissociate by a three photon process to a higher 

energy limit o f  Nb2 _r(4Z"g)+Nb(2Gj) where the total energy o f  the three photons (6.022 ±  

0.004 eV) is 1.012 ± 0.19 eV above the CID measurement. If it dissociates to N b iT ^  g) 

+ Nb(4F) separated fragment limit in the CID experiment, then the distance between two 

threshold energy in the CID and the photo fragmentation experiment, 1.012 ± 0.19 eV. is 

in excellent agreement with the distance between the 2Gj and 4Fj levels (1.095 eV) o f  Nb. 

Making a correction for this higher energy limit for the separated fragment then brings 

the photofragmentation measurement into agreement with CID measurements and allows 

the bond energy to be determined as D(Nt>2 +-Nb) =  4.992 ± 0.004 eV. (2) The Nbs" may 

be internally excited by collisions in the source region, which must be metastable with 

respect to collision and 0.99±0.19 eV above the ground state, or strongly populated into a 

low-lying state and dissociated into the lowest energy limit by two-photon absorption. 

There is currently no experimental evidence to support this model.
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V m .1. INTRODUCTION

Since the application o f  laser-vaporization techniques coupled with time-of-flight 

mass-spectroscopy for production o f  the jet-cooled cationic transition metal cluster 

beams, the study o f  metal clusters in gas phase has received special interest due to its 

high sensitivity'1'1'5 and mass-selectivity. This has allowed collision-induced dissociation, 

resonant two-photon ionization, and mass selected photofragmentation experiments. 

These have included examinations o f  their reactivity,14-2J reaction rate,25'34 equilibria,35'40 

dissociation energies,41-19 ionization potential,50*54 and band structures.55'58 Due to 

partially occupied open d-subshell orbitals o f  transition metal clusters, even for a dimer, 

hundreds o f  electronic states are expected in the 1 eV range. This makes the spectra o f  

the transition metals become more complicated and sometimes it is impossible to make a 

useful assignment due to strong interaction between the high density o f  vibronic states 

and strong first order or second order spin-orbit interaction.59-65 Therefore, the transition 

metal clusters are still a challenge to both experimental and theoretical investigations 

despite a considerable improvement in the both fields in resent years.

We shall review some o f the previous relevant studies. There are several previous 

experimental and theoretical investigations on the behavior o f  the neutral and cationic 

niobium clusters.14"23 A few topics that have aroused special interest are structural 

isomerism,28'64'65 size dependent reactivity and electron binding,66"68 reactivity with 

CO.69'70 Hales et al.43 determined the dissociation energies o f  Nth+-Nb and NV-Nbs by 

collision-induced (CID) experiments to be 5.01 ±  0.19 and 5.69 ±  0.25 eV. respectively. 

We found three theoretical studies on the neutral and cationic niobium clusters. Sellers71 

in 1990 reported a relativistic effect core potential-configuration interaction single and
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double (RECP-CISD) predictions for Nbn0Ar, n =1 to 4. He reported sextet and quintet 

ground states for neutral and cation niobium trimer and a peak atom to base midpoint o f  

2.90 A  in neutral and 2.94 A  in the cation. Goodwin and Salahub72 using DF with local 

potential, found an isosceles triangle with ground state multiplicity o f  2 for the neutral 

and a D 3h triplet ground state for cation a with bond length 2.37 A . In 1999, Fowler et 

al?2 used Becke’s three parameter hybrid method with the Lee, Yang, and Parr77,78 

correlation functional gradient-corrected density functional methods, B3LYP. They 

reported the dissociation energy for the Nb3+(°Ai ) relative to various spin states o f  Nt>2+ 

+ Nb fragment limit: D(4Nb2 +-4Nb) = 4.50 eV, D(2Nb2+-4Nb) = 4.87 eV, D(4Nb2+-2Nb) =  

5.82 eV, and D(2Nt>2 +-2Nb) =  6.19 eV. Section II presents a brief description o f  the 

experimental methods used in this study, and our results are given in Sec. III. In Sec. IV 

we will present the results o f  calculations, and concluding remarks are then given in Sec. 

V.

VTII. 2 . C a lc u la t io n s

BLYP (a computer code in Gaussian-94 and -9 8  packages) type density 

functional calculations were performed on Nb0/% Nb2 °/+, and NbjL The calculation uses 

Beck’s 88 functional, which includes the Slater exchange along with correction involving 

the gradient o f  the density76 in combination with LYP type correlation functional where 

LYP is the correlation functional o f  Lee, Yang, and Parr, which includes both local and 

non-local terms.77,78 Los Alamos effective core potential (ECP) plus DZ, LANL2DZ 

computer code, basis set79'81 was used in the calculations. The LANL2DZ basis set 

consists o f  linear combination o f  the three s, three p, and two d (Is, 2s, 3s, 4p, 5p, 6p, 7d, 

and 8d are computer code in Gaussian94 and 98 packages) atomic orbitals. Is, 2s2p,
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3s3p3d shells o f  niobium atoms were assigned to the core and treated by frozen core 

approximation. All calculations were performed on Decalpha and Intel ^Pentium II 450 

MMX computers.

The BLYP method with the LANL2DZ basis set predicted the ground state o f  

Nb3+ to be a 3Ai state, arising from the electronic configuration ...2(e')433(ai')2l(e")2 and 

42"g (-..lcr7t42o-182) for Nb>2+. 2G(4d35s2) atomic energy levels o fN b , except the 6S(4d5) 

level, due to the partially occupied d-orbitals. By using the diffeirences between 

6D(4d45s'), 2G(4d45s') atomic energy levels o f  Nb,7j'74 we calculated frhe dissociation 

energy o f  Nb3+ relative to the possible separated fragments (Table 8.1 ): Nb2 +(4Z~g) + 

Nb(6D) (4.826 eV), Nb2+(4S'g) + Nb(2G) (5.920 eV), Nb2+(4F g) + Nb(6S) (6.233 eV), and 

Nb2(35Tg) + Nb+(5D) (5.429 eV). These results indicated that Nb3+ most likely dissociates 

to Nb2+(4X~g) + Nb(6D) in the CID experiment and NhC^X’g) + Nb(2G) in the 

photo fragmentation experiment. The dissociation energy o f Nb3+ relative fro the NbiCXg) 

+■ Nb+(5D) fragment limit (5.429 eV) is in good agreement with that estimated from 

thermochemical cycle, 5.439±0.001 eV. The calculated bond length (2.4^49 A )  is 0.08 A  

and 0.028 A  longer than local potential treatment23 and the B3LYTP11 predictions, 

respectively. We also calculated vibrational frequency o f the Nb3 + to fc>e 238 cm’1 (E 

symmetry) and 361 cm'1 (A i symmetry).
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Table 8.1. Calculated spectroscopic properties o f Nb3+(3A t in D 3 h symmetry). 

The experimental values are given for comparison.

BLYP Experiment.

Ground state

R l2 .  13.23 ( A )

CO1. 2C E ) .  c m ' 1 

(o3( A  1) .  c m ' 1 

De(Nb3+; 3A ’, ), eV 

NbiYlTg} + Nb(6D)

Ai in D 3h 

2.449 

238 

361

4.826

Nb2+(4Z~g) + Nb(2G), 5.997

Nb2(3r g) +  MT(5D). 5.429

4.992±0.004 

5.01±0.19 

6.022 ±0.004 

5.504±0.004 

5.69±0.25

This work 

Ref. 43 

This work 

This worka 

Ref. 43

* Estimated from thermochemical cycle. The global energy o f  the 2G and6D states o f the 

Nb were estimated relative to the calculated global energy o f  Nb(6S, 4d5) by using the 

experimentally known atomic energy levels o f  Nb.
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Table 8.2. Calculated orbital transition energies3 (in eV) o f  triplet states o fN b 3~ are 

averaged alpha and beta manifolds. The ground state electronic configuration 

ofN b 3"is l(a 1')2l(a2")22(a,,) 2l(e' ) 43(al’) 2l(e")2. 3A ,’. BLYP

Ground state (3A ,) ( l e ’’)2 (2e’)° (3e’)° (2e")° ( la , ’’)°

(le" )2 -> 1.477 1.965 2.373 2.647

(2a,’)2 -> 0.199 1.676 2.164 2.572 2.846

( le ’)4 0.616 2.093 2.581 2.989

( la , ’)2 0.786 2.263 2.751

( la 2’’)2 -► 1.377 3.053

a Except (la^")2 —>(lai")° transition, all orbital transitions are dipole allowed.
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V ni. 3. MULTIPHOTON FRAGMENTATION OF THE Nb3+

We studied multiphoton fragmentation caused by pulsed laser photolysis o f  

initially mass selected Nb3+ into NbV and Nb’’’ products in 16,060-16.330. 16,800-17,100. 

and 17.700-18.000 cm'1 ranges. We did not observe any peaks in these regions. However, 

the spectrum o f  the Nb;" product unexpectedly exhibits a sharp rise in the background at 

16.190±10 cm'1 (Fig. 8.1). As mentioned earlier. Hales et al.4j determined the 

dissociation energy o f  Nbj" to NbV + Nb fragment by the CID experiment to be 

5.01 ±0.19 eV. They did not mention the state o f the fragments. The CID measurement 

indicates that the multiphoto fragmentation o f  Nb3~ to Nb^ + Nb separated fragment limit 

is three photon process in this range. 16,060-16,330 cm'1, but the total energy o f  the three 

photons (6.022 ± 0.004 eV) at the observed threshold is 1.01 ± 0.19 eV above the CID 

result. We propose two possible mechanisms, one of which may explain this discrepancy, 

(depicted in Fig. 8.2):

1) The observed threshold in the photo fragmentation experiment may be due to 

the fragmentation o f  Nb3T to a higher energy limit o f the NbV -+- Nb fragment 1.01 ± 0.19 

eV above the CID measurement. Hales and co-workers did not mention the states o f  the 

fragments in the CID experiment. Humphreys and Meggers73'74 have tabulated the atomic 

energy levels o f  Nb. The BLYP density functional methods with LANL2DZ basis set 

predicted the ground state o f Nb3" and Nb3T to be JAi in D3h symmetry and 4Z'g. 

respectively. Sec. IV. If the calculation predicted the true ground state o f Nb3+(:)A |), then 

the dipole allowed excited states o f  Nb3+, having also S = 1, can dissociate when a 

particular excited fragment limit is reached. The discrepancy between the two observed 

threshold energies, 1.01 ±0.19 eV, suggests that Nb(6Dj. 4d45sI) is excited to the 4dJ5s2:

R e p r o d u c e d  with p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



202

2Gj state o f  the Nb in the photofragmentation experiment. The known energy difference 

between the 2Gj and 6D j atomic energy levels o f  the Nb is 1.095 eV (or 8.832 cm'1), in 

good agreement with the difference between the two observed threshold energies. It 

should be noted that triplet state, o f  the Mbs" can be generated by the combination o f a 

ground state o f  N th T ^ 'm ) "nth the excited state, 2Gj, o f  the Nb, S =  1 and 2 and 

transition from the 2Gj excited states o f Nb to the 6Dj ground state is forbidden. Making a 

correction for the energy o f  the Nb, 4d35s2, 2G7/2 state then provides D0(Nb2 +-Nb) = 4.927 

± 0.001 eV in excellent agreement with the CID measurement o f 5.01 ± 0 .19  eV.4j

The dissociation energies o f  Nhs" relative to Nb" + Nth separated fragment limit 

can be readily calculated using the bond energies o f  NbiT-Nb. D0(Nb2+-Nb) = 4.927 ± 

0.001( this work) and ionization energies ofN b (IE =  6.88 ±  0.0001 eV)7" and 

D(Ntb-Nb") = IE(Nb)-IP(Nb2) + D(Nb2+-Nb)

Nb2 (IE = 6.368 ± 0.001 eV )12 using the thermochemical cycle to give D(Nb2-Nb~) = 

5.439 ±0.001 eV.

2) A low lying state o f  the Nbj" cation (0.99 ± 0 .1 9  eV above the lowest ground state) 

could be appreciably populated when the Nb3 _r form in the quenching plasma, and is 

metastable with respect to collisional depopulation (the life-time o f  this state must be 

greater than 30 ps according to our experimental conditions), or there may be a 

alternatively low lying state which is strongly populated in our experiment (case-2 in Fig 

8.2). Then, Nb3+ can dissociate by two photons (at 16,190 ±  10cm'1) to the Nb2'r + Nb
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- icm

Figure 8.1. The spectrum o f  Nb2+-Nb exhibits a sharp rise at 16.190 ± 10 cm'1. 

The threshold energy is determined to be 6.022 ±  0.004 eV.
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case-1

N b , V r i a  )+ N b (2G  7/2) + 6.022(1) eV

case-2

A
1.02(19) eV Nb2+( 4sT/2 ) + Nb(6D1/2 ) + 5.01(19) eV 1

-1 ---------------------— -------------- A —

hv = 2 .0 0 9  eV

Nb +( 3A ), Ground State
3  v 1 '

hv = 2 .0 0 9  eV

(N b + )'

w 0 .9 9 (1 9 )  eV

Figure 8.2. The case —1 and -2  illustrate the dissociation o fN b 3+(JA i) to two different 

dissociation energy limits: aNb2 'r(4S"ic) + Nb(2Gj) by three photon (6.022 ± 0.004 eV. 

this work) and bNb2+(4X*i/2 ) + Nb(6Dj) (5.01 ±  0.19 eV .CID experiment. Ref. 43). The 

lowest ground state o f  Nbs~ and NbC were predicted by several density functional to be

3A| and 4X"g. respectively.
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fragment limit with respect to the CID measurement and this may cause a sharp rise at the 

threshold. The calculated dipole allowed orbital transitions from Nb3+(3A | ) to various 

excited electronic states are given in Table 8.2. Based in part on theoretical predictions, if  

the observed threshold in the photon fragmentation experiment originates from the 

excited Nb3+, then there are only two candidates: 3A2 , 0.765 eV and JE. 1.450 eV above 

the ground state. JA i . There is currently no experimental evidence to support this 

proposal. Simard et al.10 observed several weak electronic transitions which originate 

from the low-lying states. ‘r u <— ’r g and JAU <— JAg, and the lowest ground state o f  

neutral niobium dimer was determined to be We feel that case-1 is most likely

responsible for the observed threshold in the multiphoton fragmentation spectrum o f  

Nb2+-Nb.

V ni. 4. CONCLUSION

A sharp threshold has been observed in the multiphotofragmentation spectrum o f  

Nb3~. This observed threshold is significantly larger (1 .01±0.19 eV) than the bond energy 

o f  Nb3’r measured by collision-induced dissociation methods. The differences between 

atomic energy levels o f  Nb and theoretical prediction suggest that the Nb3~(JA |) 

dissociated to the Nb2+(4£"i/2 ) +  Nb^Di/^) in the CID experiment and Nb2+(4XTi/2) + 

Nb^G?^) in our experiment. Making a correction for the energy o f  Nb, 4dJ5s2. 2G-iri state 

then provides DQsTb^-Nb) =  4.927 ± 0.001 eV in good agreement with the CID 

measurement. This D(Nb2+-Nb) may be combined with literature values o f  other 

properties to give D(Nb2-Nb+) =  5.439 ± 0.001 eV. The atomization energy (AE) o f  Nb3"r 

is calculated to be AE(Nb3’r) =  10.899 ±  0.056 eV using the thermochemical cycle.
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AECNbs^ = D(Nt>2+-Nb) +  D (N bO  with D(Nb2+-Nb) = 4.927 ± 0.001 eV and D(Nt>2+) =

5.907 ±  0.056 eV.48

Several density functional methods were performed on Nb3T Ail o f  them 

predicted ground state o f  Nb3+ to be JAi in D3h symmetry (results o f BLYP methods with 

ECP plus DZ basis set are only presented here). The predicted bond energies o f  

Nb3+(JA |) relative to various separated fragment limit in remarkable agreement with their 

experimental values.
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CHAPTER IX 

PHOTOFRAGMENTATION SPECTROSCOPY OF THE NIOBIUM  

TETRAMER CATION AND THE AB INITIO STUDY ON Nb4, Nb4+ 

Abstract

The dissociation energy o f  the niobium tetramer cation molecule was measured 

by one color multiphoton fragmentation. The molecule was produced by laser 

vaporization o f  a niobium target rod and cooled in a helium supersonic expansion. The 

molecular beam containing niobium tetramer cation was interrogated in the range 16.060- 

16.380 cm'1, using a pulsed dye laser to dissociate the molecule. The dissociation 

threshold for Nbj^-Nb product was observed at 16.115 ±  10 cm'1. The previous collision- 

induced dissociation (CID) experiments and density functional (DF) calculations indicate 

that the multiphoton process should be a three-photon process at 16,115 cm'1. Therefore, 

the dissociation energy is accurately determined to be 5.994 ±  0.001 eV. Calculated 

dissociation energies o f  Nb4 and Nb4~ are in agreement with experiment.

IX. 1. INTRODUCTION

Laser vaporization and molecular beam techniques have given tremendous scope 

to researchers investigating the chemistry and physics o f transition metal clusters.1'14 The 

partial occupation o f  d orbitals distinguishes transition metals from main group elements, 

and confers on them many o f their special properties. Transition metal clusters present a 

particularly difficult challenge to our understanding o f  molecular structure due to strong 

electron correlation, and existence o f  many electronic states overlapping with one
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another. The heavier transition metal clusters have the additional problem o f  large 

relativistic effects, which severely alter chemical bonding.

The niobium clusters have received special attention. The dissociation and 

ionization energies o fN t>2 have been reported to be 5.22 ± 0.28 eV 13 and 6.368 ± 0.001 

eV,12 respectively. Smalley and co-workers have studied photo fragmentation with time- 

of-flight techniques and observed a small portion o f  the electronic spectrum o f  Nt>2 +.lb 

Hales et or/.15 have used collision-induced dissociation techniques to measure the bond 

energy o f  Nbn+, n = 2-11. where D0(Nb2+) = 5.87 ±  0.19 eV. D0(Nb2 ^-Nb) = 5.01 ± 0.19 

eV. DolNbsVNb) = 6.00 ± 0.30 eV (5.90±0.20 eV 16). We have used photofragmentation 

with time-of-flight techniques to measure the dissociation energies o f  Nbi’’’.14 Nbs*.23 and 

Ix-i 30 using a similar technique to Smalley et al.lb

We found a few theoretical works related with niobium clusters. In an 

investigation o f  the reaction o f  CO with small transition metal clusters. Anderson et a l.xl 

performed DFT calculations using a local spin density approximation to explore the 

characteristics o f  Nbj. They found a near-tetrahedral structure o f  Cjv symmetry, a 

rhombic, and a square planer isomer. They reported that the C3 V structure had the lowest 

energy o f  the three, 15.7 kcal/mole below the rhombus, and 73.8 kcal/mol below' the 

square. Goodwin and Salahub studied Nbn, n = 2-7, using both local and nonlocal 

potentials.18 With the local potentials, they found a singlet ideal tetrahedron to be the 

most stable isomer o f  Nb4 and a doublet expanded ideal tetrahedron to be the most stable 

isomer o f  Nb^. They also encountered a neutral triplet ideal parallelpiped, which was 

less stable than the singlet tetrahedron by 27.7 kcal/mole. Sellers, in 1990, used RECP- 

CISD methods and found planar C2 v minimum energy configurations for both Nb4 and
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Nb4+.19 No mention was made o f  any nonplanar isomers and discussion was centered on 

the dimer/dimer character o f  this Cs structure. Fowler et al.20 studied neutral and caationic 

niobium trimer and tetramer clusters by using several methods (PUHF, PMP2, PMEP3. 

PMP4, CCSD, CCSD(T), and B3LYP). They reported that B3LYP with the SBJK basis 

set gave the best results for the dissociation energies o f  Nb4 and N b /: Nt^/Zg")- 

NbiCTg') = 4.35 eV, Nb3(4Ai)-Nb(4F) = 5.38 eV, N b /(4Xg")-Nb2 (3Lg") = 5.27 eV. 

Nb3+(°Ai )-Nb(4F)=5.18 eV, and Nb3+(;>Ai)-Nb(4F) = 5.91 eV.20 Section II presencs a 

brief description o f the experimental methods used in this study, and our results are- given 

in Sec. III. In Sec. IV we will present the results o f  calculations, and concluding rermarks 

are then given in Sec. V.

IX 2. MULTIPHOTON FRAGMENTATION SPECTRUM AND THE 

DETERMINATION OF DISSOCIATION ENERGY LIMIT OF N b /- »  N b /"  + Nb.

We studied photofragmentation o f the N b /  into three possible fragmeentation 

pathways in the ranges 16,060-16.380, 16,800-17.100, and 17,700-18.000 cm"1. We did 

not

N b /  ->  N b /  + Nb 1

N b /  -»  N b /  + Nb2 2

N b /  ->  Nb+ + Nb3 3

find any peaks in these regions. However, the multiphotofragmentation spectrum! o f  the 

Nb3~ fragment ion exhibited a sharp rise in the background at 16,115 ± 10 cm'1 (EFig 9.1) 

As was mentioned earlier, the dissociation energy o f  the Nb3+-Nb has been foumd to be 

6.00 ±  0.30 eV15 and 5.90±0.20 eV 16 bv Armentrout and co-workers. These: results
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suggest that the multiphoton process at the observed threshold (16,115 cm'1) in the 

photofragmentation experiment should be a three-photon process. The threshold energy 

o f  the Nbs^-Nb fragment ion was then determined to be 5.994 ±  0.001 eV, in excellent 

agreement with both o f  the previous experimental results.15'16 As will be discussed in Sec. 

V, the BLYP type density functional with an effective core potential basis set, predicted 

the dissociation energy o f  the Nh>4 ~( 2Bi) relative to the various spin states o f  the Nb and 

Nb3+(JA i) separated fragments limits (Table 9.2). The Nb3̂ (JA |) -+- Nb(4P;4d',5s2) 

fragment limit (5.917 eV) is more consistent with the experimental value instead o f  

Nb3̂ °Ai) + Nb(4F;4d35s2) fragment limit (5.439 eV). The calculation may underestimate 

the global energy o f  the both atomic energy levels, the 4F and 4P. o f  Nb.

This value may be combined with the known bond energies o f  Nbi (5.395 ±  0.056 

eV. see Sec. IX. 4) and NT>y-Nb(4.927 ± 0.001 eV)2j and using the thermochemical cycle 

D°(Nb2+-Nb2) = D°(Nb3+-Nb) + D°(Nb2+-Nb) - D°(Nb2) 4

to give the bond energy o f  Nb2T-Nf>2 as D°(Nb2’’-Nb2) = 5.526 ± 0.056 eV in good 

agreement with theoretical prediction. Likewise, the bond energy o f  the Nb.T relative to 

the Nb’' + Nb3 separated fragment limit can be readily calculated using a thermochemical 

cycle with the known ionization energy

D°(Nb+-Nbj) = IE(Nb) - IE(Nb3) +  D°(Nb3+-Nb) 5

o f  the Nb(IE = 6.88 ±  0.0001 eV)24 and the Nb3 (IE = 5.81 ± 0.05 eV )15 and using 

thermochemical cycle gives a value o f 7.06 ±  0.05 eV for the bond energy o f the Nb+- 

Nb3. The atomization energy (AE) o f  the Nb.|+ may be calculated using the bond
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F ig u r e  9 .1 . The multiphoton fragmentation spectrum o f  Nbs'-Nb exhibits a sharp rise at 

16.115 ± 1 0  cm*1.
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AE(Nb4+) =  D°(Nb3+-Nb) + D°(Nb2+-Nb) + D°(Nb2+) 6

energies o f the Nb3'r-Nb, NbY-Nb, and Nb^ and the thermochemical cycle to give 

AE(NbO = 16.83 ± 0.06 eV.

The dissociation energies o f  Nb4 and Nb3 in possible fragment pathways can be 

readily calculated using bond energies o f  the NbT’-Nb, Nb^-Ntb, and the literature 

values o f the ionization energies ofN b4(IE = 5.81 ± 0.05 eV) and Nb3(IE =

D0(Nb2-Nb) = IE(Nb3) -  IE(Nb2) + Do(Nbf-Nb) 7

D0CNb2-Nb2) = IE(Nb4) -  IE(Nb2) + DofNb^-Nbz) 8

D0(Nb3-Nb) = D0(Nb2-Nb2) + DofNtfe) - D0(Nb2-Nb) 9

5.58 ± 0.056 eV) with the thermochemical cycle. Eq.7. 8. and 9, as DofNTb -̂Nb) = 4.369 

± 0.05 eV. D0(Nb2-Nb2) = 4.798 ±  0.056 eV, and D0(Nb3-Nb) = 5.824 ± 0.056 eV

IX 3. METHODS OF CALCULATIONS 

IX 3.1. COMPUTING DETAIL

The BLYP type density functional method with the effective core potential basis 

set was performed on Nb. Nb20/T Nb3"\ and Nb40/+. The B3LYP is a computer code in 

Gaussian-94 and —98 programs. The calculations use Beck's 88 exchange functional.23 in 

combination with LYP correlation functional, where LYP is the correlation functional o f  

Lee, Yang, and Parr, which includes both local and non-local terms.26 Los Alamos 

effective core potential (ECP) plus DZ, LANL2DZ computer code, basis set27'29 was used 

in o f all the density functional calculations. The wave function consists o f  linear
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combination o f  the three s. three p, and two d (Is, 2s, 3s, 4p, 5p, 6 p, 7d, and 8 d are 

computer code in Gaussian94 and 98) atomic orbitals. Is, 2s2p, 3s3p3d shells o f  niobium 

atoms were assigned to the core and treated by frozen core approximation. All 

calculations were performed on Decalpha and Intel Pentium II 450 MMX computers.

IX 3.2. RESULT OF CALCULATIONS 

IX 3.2.1. Nb4:

The lowest ground state o f  the neutral niobium tetramer cluster is predicted to be 

an 'Aj state o f  tetrahedral (Td) slightly distorted to C2 v symmetry. The calculated side 

bond lengths are given in Table 9.1. In the Civ structure, there are three slightly different 

bond lengths. Rn bond is 0 . 0 0 1  A  longer and R3 4  bond is 0 . 0 0 1  A  shorter than its four 

equivalent bond lengths. R 13. 14.2 3 .2 4 - Three fundamental vibrational frequencies o f  the 1 Ai 

state o f  niobium tetramer were predicted to be 167, 245, and 359cm ' 1 and the ratios o f the 

fundamental frequencies are 1: 1.47: 2.15. which are close to the ratio o f  1: V2: 2 

expected for the regular tetrahedral structure. The DFs with ECP plus DZ (LANL2DZ) 

basis set predicted the dissociation energy o f  Nb4 ( ‘Ai) with respect to the Nb2 (3 Zg') +  

Nb2 (JZg ) separated fragment limit to be 4.367 eV in excellent agreement with value that 

estimated using thermo chemical cycle. 4.369 eV (see Sec. IX. 2), and with the B3LYP 

prediction, 4.35 eV . 2 0  The calculated bond lengths, R 13. R 34 , and R 13.14.23.24  are 0.0136 A , 

0.0128 A , and 0.0135 A  longer than the B3LYP prediction (The B3LYP predicted the 

lowest ground state o f  Nb4  to be ‘Ai state o f  Td symmetry). The lowest triplet state o f  

Nhu was predicted to be the "A2 state o f C2 v symmetry (0.984 eV above the singlet 

ground state, ’Ai) with bond lengths: R i 3= 2.6821 A , R 34 = 2.4832 A , R 13. 14.23.24  = 2.5656 

A , and dihedral angle: a (4 -2 -l-3 ) = 69.174°.
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IX.3.2.2. N b /:

The ground state o f  the niobium tetramer cation cluster was predicted to be a 2Bi 

state o f  Civ symmetry with three slightly different bond lengths. R12 and R3 4  bond lengths 

are 0.0242 and 0.0773 A  shorter than its four equivalent bonds, R 13.14.2 3 .2 4 , respectively. 

We calculated the dissociation energy o f  N h /(2Bi) relative to the Nb2 +(4Zg") + Nb2 (3Xg~) 

and N b s^ A i) + Nb(4F, 4d35s2; 4P, 4d35s2) fragment limits. The calculations could not 

predict the global atomic energies o f  the 4F and 4P levels o f  Nb atom because o f partially 

occupied do. d±i. and d± 2 orbitals, but predicted true global energy for the 6S (4d5) atomic 

level. Therefore, we calculated the global energy o f  these states, 4F(4dJ5s2) and 

4P(4dJ5s2). relative to the predicted global energy o f  the 6S (4d5) atomic level using the 

known energy difference between the 6S-4F (1.265 eV) and 6S-4P (0.787 eV)30_>I atomic 

energy levels o f  Nb. The dissociation energy o f  N h /(2Bi). relative to the TSfr/C*!/) +  

Nb2(JZ s) fragment limit, is predicted to be 5.676 eV. in agreement with the CID 

measurement (5.50±0.21 eV )13 and 5.526 ± 0.056 eV( from Eq. 4 in Sec. III). The 

calculated dissociation energy o f  Nb4 T(2Bi) relative to the Nb3~(JA [) + Nb(4F) separated 

fragment limit, 5.439 eV, is approximately 0.56 eV lower than the CID measurements. 

5.90 ± 0.20 and 6.00 ± 0.30 eV ,15'16 and the photofragmentation measurement, 5.994 ±  

0.001 eV. The Nb3+(3Ai) + Nb(4P) fragment limit (5.917 eV) is in good agreement with 

the experimental results (Table 9.2). Fowler and co-workers calculated the dissociation 

energy o f  N F /  leading to triplet ISfr/ with quartet Nb to be 5.18 eV and 5.91 eV for the 

quintet N b /  with quartet Nb.20 They reported that the B3LYP prediction would agree 

with experiment if  the threshold energy o f  Nb3+-Nb fragment was observed at a higher 

energy in the CID experiment.
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Table 9.1. Calculated spectroscopic properties o f  Nb4.

DFTs BLYP Experiment

Ground State ‘A,

R-I2- A 2.564

R-13.14.2324- A 2.563

R-34- A 2.565

a(4-2-l-3)° 

D°(Nb4 : ‘A,). eV

70.886

Nb2(3Xs-) + Nb2(3Xg) 4.809 4.798 ±  0.056 2

Nb2 + Nb 5.824 ± 0.056 2 

5.9±0.8 [24] 

6.26±72 [15]

2 Estimated from the thermo chemical cycle, see Sec. IX 2.
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Table 9.2. Calculated spectroscopic properties o f  the doublet state ofN b4~.

DFTs BLYP Expt.

Ground State 2b ,

R l 2. A. 2.576

R-l 3 .1 4 .2 3 .2 4 , A 2.600

R 34. A 2.523

a (4 -1-2-3)° 67.902

D°(Nb4+, 2B,). eV

Nb/C4̂ ' )  + Nb2(3S g") 5.676 5.50 ±0.21 [15] 

5.526 ± 0 .0 5 6 a

Nb3T A ,')  + Nb(4F) 5.439 6.00 ± 0 .30  [15]

Nb3T A ,')  + Nb(4P) 5.917 5.90 ± 0 .2 0  [16]

5.994 ±0.001 (present work)

W + N b 3 7.06 ± 0.05 a

AE(Nb4+), eV 16.83 ± 0 .0 6

IE(Nb4), eV 5.618 5.64 ± 0 .0 5  [33] 

5.80 ±0.31 [15] 

5.58.o.,^-0 [32]

a Calculated from the thermochemical cycle. Sec. IX  2.
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The BLYP (this work) and B3LYP by Fowler and et al.20 predicted two different 

ground states for the Nb4 , 2Bi and 2A| in C2 v symmetry, and ‘Ai in Td. slightly distorted 

to C2v, and *Ai in Td symmetry for the Nt>4 +, respectively. Our calculation (BLYP with 

LANL2DZ basis set) predicted the ionization energy o f  Nb4( lAi) to NbY(2Bi). 5.618 eV 

is in a remarkable agreement with experimental value, IE(Nb4 ) = 5.64 ±  0.05 e V /J within 

0.4% error, while the B3LYP with the SBKJ basis set20 predicted the ionization energy 

o f  Nb4('Ai) to Nb4~(2Ai), 5.37 eV, is in agreement with the experimental value within 

4.8% error. Based in part on the ionization energy o f  Nb4. the predicted ground state o f  

the Nb40/T by the BLYP is more favored than the B3LYP predictions by Fowler et al.20

IX.3.2.3. CONCLUSIONS

The pervious experimental results suggest that the multiphoton fragmentation 

process should be a three-photon process at the dissociation threshold. The total energy o f  

three photons gives a value o f  5.994 ± 0.001 eV for the fragmentation o f  initially mass- 

selected Nb4 + ion to the NbY + Nb separated fragment limit. This, DfNba^-Nb). may be 

combined with values o f  other properties, IE(Nb) = 6.88 ± 0.0001 eV, 24 IEOSfrb) = 

6.368 ± 0.001 eV ,12 IE(Nb3) = 5.81 ± 0.05 eV ,15 D°(Nb2) = 5.395 ±  0.056 eV, D°(Nb2 +- 

Nb) = 4.989 ± 0.001 eV,23 to give D°(Nb2 +-Nb2 ) =  5.526 ± 0.056 eV, D°(Nb+-Nb3) = 

7.06 ± 0.05 eV, and A E ^ j * )  = 16.83 ± 0.06 eV.

The lowest ground state o f Nb4 was predicted to be an 1 A[ state o f  tetrahedral (Td) 

symmetry, slightly distorted to C2 v symmetry. The calculated dissociation energy o f  

Nb4('Ai) relative to the Nb2(JZg’) + Nb3(JZg’) fragment limit, was underestimated

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



224

approximately 1 ± 0.8 eV, but better than the B3LYP predicted value.20 The calculated 

bond lengths are in agreement with other theoretical predictions.

The lowest ground state o f  Nb4+ is predicted to be 2B t state o f  C2 V symmetry is in 

disagreement with the B3LYP prediction. 2Ai state o f  Czv symmetry. The calculated 

dissociation energy o f  Nb4+ relative to the Nbs+(3Ai )+Nb(4P) fragment limit is good 

agreement with experimental result, but to the Nb3+(J Ai )+Nb(4F) fragment limit is 

approximately 0.5 eV lower than the experimental value.

The calculated dissociation energy o f  Nb4+(2Bi) to the Nb2 +(3Xg") + Nt>2 (3Zg") 

and ionization energy (5.618 eV) o f Nb4( ’Ai) to Nb4~(2B i) are in agreement with 

experimental value within 1.5%. 3%, and 0.9% errors, respectively (Table 9.2). The 

predicted dissociation energy o f  Nb4( lAi) with respect to Nb2(3Xg~) + Nb2 (3Xg")

fragment limit is in excellent agreement with the value predicted from the

thermochemical cycle and other theoretical predictions. So far we have not found any 

experimental information about the lowest ground state and geometric properties o f  

Nb40/’r and the states o f  the fragments for comparison with theoretical predictions.

IX. 4. BOND ENERGY OF THE Nb2

The dissociation energy o f  neutral niobium dimer was determined to be 5.22 ±  

0.28 eV 16 and 5.22 ± 0 .3113 eV by Hales and co-workers using thermochemical cycle. 

Gupta and Gingerich21 measured D°(Nb2) with a high-temperature mass spectrometric 

method, finding 5.57±0.41 eV using the second-law method and 5.22 ± 0.02 eV by a 

concurrent third-law determination, but when using calculated values for the molecular 

constants and an electronic degeneracy consistent with V 2 , the third-law value was

revised to D°(Nb2) = 4.86 ±  0.02 eV.22 This value may be combined with the known
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ionization energy o f  Nb (6.88 ±  0.0001 eV)24 and bond energy o f  the Nbi+( 5.907 ±  

0.056 eV14 or 5.87 ±  0.12 eV 15) and using thermochemical cycle to give a value o f  

IE(Nb2) =  EE(Nb) + D°(Nb2) - D°(Nb2+) 10

5.833 ± 0.056 eV for the D°(Nb2i  = 5.907 ±  0.056 eV or 5.87 ± 0.12 eV for the D°(Nb2+) 

= 5.87 ±  0.12 eV is 0.5 eV lower than the resonant two-photon ionization (R2PI) 

measurement. 6.368 ±0.001 eV .12

We calculated the bond energy ofN bi to be 5.395 ± 0.056 eV using 

D°(Nb2)=IE(Nb2)+D°(Nb2+)-IE(Nb) 11

thermochemical cycle (with the value ofIE(Nb) = 6.88 ±  0.0001 eV.24 IEfNhz) = 6.368 ± 

0.001 eV .12 and D°(Nb2̂ ) = 5.907 ± 0.056 eV 14) in agreement with the CID results.13'16
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ELECTRONIC STRUCTURE OF NIOBIUM DIM ER CATION 

ABSTRACT

Resonant multiphoton fragmentation spectra o f  niobium dimer cation (NbO have 

been obtained by utilizing laser vaporization o f  a Nb metal target. Ions are mass-selected 

with a time-of-flight mass spectrometer followed by a mass gate, then fragmented with a 

pulsed dye laser, and resulting fragment ions are detected with a second time-of-flight 

reflectron mass spectrometer and multichannel plate. Photon resonances are detected by 

monitoring ion current as a function o f  fragmentation laser wavelength. A rich, but 

complex spectrum o f  the cation is obtained. The bands display a characteristic triplet 

structure which may be interpreted as involving transitions between a ground 4X~±i,a and 

several excited 4f l  states. These are the A 4 r i n ( ^ u J 1 a g 2 2 a g  18 g J ). B4na( tt u J 1 o /2 o s28?2). C 

4ria(7ruJlCTg22CTgI8gJ). and the D 4riQ(7iuJlcrg22crgI5gJ). In addition various vibrational 

progressions are identified. Spin orbit parameters, vibrational frequencies and 

anharmonic corrections are obtained.

X. 1. INTRODUCTION

The spectra o f  the diatomic molecules o f  transition metals are of particular 

interest both theoretically and experimentally due to their complex band structures. This 

is caused by the existence o f  partially occupied d-orbitals. The ionic and neutral transition 

metal clusters have received special interest since advent o f  techniques such as laser 

vaporization o f  a solid target, chemical reactions in laser-produced plasmas, supersonic
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cooling, mass-selccted resonant two-photon ionization, laser-induced fluorescence, and 

collision-induced dissociation.''29

The clusters o f Nb0/+ and related compounds have been examined under numerous 

experimental conditions and several diatomic species including niobium have shown 

multiplel structures. The first detailed account o f  the NbO spectrum by V. R. Rao30 was a 

classification o f  its visible emission bands into three systems which are denoted Af420- 

510 nm), B(5I0-610 nm), and C (6 10-640 nm). In 1952, V. R. Rao presented a rotational 

analysis o f  the A system and suggested that the lower state is a quartet. In 1953. V. R. 

Rao investigated various bands in the 600-770 nm regions and obtained vibrational 

assignments. The structure o f  the bands indicated the A and C bands share a common 

lower state. The ESR work o f  Brom et al.ji confirmed that the ground state was X‘lZ In 

1987, however, the A and C bands were assigned to be due to 4XT - transitions by 

Femenias el al.22 from a rotationally resolved experiment. Still other rotationally 

resolved analyses o f  the B bands by Femenias el cil?2 and Adam el al.2] indicate that the 

B band is due to a 4n  - X4X* transition, and that the ground state and excited state arise 

from the electronic configuration .. ,2cr '8 2 and ...8  2n respectively.

In a rotationally resolved electronic spectrum o f NbC Simard et a l .21 using laser- 

induced florescence (LIF) and resonant two-photon ionization (R2PI) spectroscopy, 

identify several bands in the 13,500-18,00 cm'1 regions. Evidence is presented that the 

transitions are to the B2fIi/2(10(T57r4l l<r22867t), C 2Fl|/2 ( 1 0 ct5 tc4 1 lcr22S67r), and D 

2I1 |/2 (10 ct257c4 1 Icr67t) states which originate from the same lower ground state 

X2A3/2(l0c57r41 l<r22867t). They report that the A and B bands extrapolate to the second 

and third lowest atomic energy limits o f  Nb and C separated fragments. B and C bands
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are observed to be about 906 and 1052 cm'1 above the A band. Simard et a l } 1 also 

observed three other systems which terminate to the same B/C/D 2Hm- but originate from 

the A22T low-lying state (830 cm'1 above the ground state) as well as many unassigned 

weak transitions. Their density functional calculations predicted ground state and low- 

lying state in agreement with the their experimental observations, but the DF predicted 

the 2n  - 2A transition to be about 5,000 cm'1 above the observed (0,0) band and A 2Y }  

low-lying state is predicted to be 3,400 cm'1 above the X2A ground state.

A rotationally resolved electronic spectra o f  Nfcn Simard et al.2* identifies several 

bands and assigns as A, B, C. D. and E near 14,650, 14,705, 14,828, 14,833, and 14.844 

cm'1, respectively, which originate from the ground state, XJZ’g( ...<rg2 5g2).

Smalley et a l.19 have used a resonant two-color photo fragmentation experiment to 

investigate a portion o f the electronic spectrum o f  Nb2T They found an intense, 

somewhat irregular pattern totally uncharacteristic o f  a diatomic species. At that time no 

attempt was made to assign the spectrum. In 1994, a ESR study on NhT in argon 

matrices by Weltner et al.20 suggested that ground state o f  Nb2+as a 22Tg- arising from 

the electronic configuration ..^ag'Sg2. A theoretical work using the density functional 

method by James et a l.2:> predicted ground state o f Nb2+ to be 4Z’g, arising from the same 

electronic configuration ..^CTg'Sg2. They reported the second-order spin-orbit interaction 

between the ground state 4XT±i/2  and low lying (To =  3,900 cm'1) state 2£ +±i/2  to be 142

„ -Icm .

Balasubramanian and Zhu44 have used complete active space multiconfiguration 

self-consistent field (CASMSCF) followed by the multireference singles + doubles
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configuration interaction (MRSDCI) to investigate spectroscopic properties o f the Nth 

and Nth"1’. The authors report the 45 low-lying states within 26 ,115 cm'1 for the Nbj and 

18 low-lying states for the Nth"*" within 18.000 cm'1. Their calcuilations predict the lowest 

ground states o f  the niobium dimer cation to be a X4Z g symmetry, arising from the 

electronic configuration ...lCTg2l7tu42a gI6g2, with the spectroscopic constants Re = 2.091 

A . coe — 430 cm'1, and De = 4.58 eV. The authors recommended that the dissociation 

energy o f  the Nbi~ would be 5.4 ± 0.4 eV on the basis o f  higher-order correlation effects. 

They reported four low-lying 4n u states: 4n„ (61.8 % o f  1 o g2l7ru3la g15g3, 7.6% o f  

la g2lrcuJlCTg15glSu2, and 2.5 % o f  lo^ lT vT og’Sg4) with the Te =  4,501 cm'1. Re = 2.264 

A . coe = 339 cm'1. 4n u(n) (68.0% o f  l a / W W S g 2, 4.7% o f  1 Og2l7iu3la g25u2, and 3.0% 

o f  la ,g2l7ru'’la gI8e'’) with the Te = 5.383 cm'1. Re = 2.270 A , coe =  419 cm*1. 4n u(III) (21.7 

% of log1 litu^lOg'Sg4, 32.2% o f lcj’g2lTCu3lcygI8g3, 6.2 % o f lcrgL i7tu:TcygI8g28u2, etc.) with 

the Tc = 16.328 cm'1. Re = 2.322 A . coe = 288 cm'1, and 4n u(IV) (31.0% o f  

la gllKu3la g18g4. 26.4% o f la g2l7ru3lcrg18g3, 8.0% o f  la g' ln/lcyg'Sg^u2, etc.) with the Te 

= 16,882 cm'1. Re = 2.284 A . o e -  381 cm'1.

In the present study, we carry out a resonant multi-photon fragmentation 

experiment to obtain the optical spectrum o f  Nb̂ "’’. We observe the same features reported 

by Smalley19 and extend this investigation from the 15,000 up t o  20,000 cm'1 regions. We 

find multiple bands in the 16,000-18,500 cm'1 region and threshold energy o f  the Nbi+.4j 

We also performed several density functional calculations to predict the lowest ground 

state and second-order spin-orbit coupling in the ground state.43 Our calculated ground 

state symmetry as well as the observed multiple bands suggest that ground state to be 4Z~g 

(2o,g18g2), which is in agreement with the previous theoretical predictions.25'44 The
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predicted ground state symmetry 4Z"g(2agl5g2) o f  Nb2 + is supported by the experimentally 

determined ground state electronic configurations o f  the NbO and Nt>2 . ...2 a  ‘8 2 (4ZT 

symmetry) and ...2 a g2Sg2 (3Z"g symmetry), respectively. Further support comes from the 

observed multiplet structure o f  the spectrum. Allowed transitions are to states which are 

o f necessity at least quartet in spin multiplicity. With the aid o f  the previous experimental 

works and density functional calculations, we present a proposed assignment o f  this 

spectrum in terms o f  transitions from a X4Z’g ( ...2 a g‘5g2) ground state to several 

overlapping excited states o f  symmetry 4n u(7ru3la g22agl8g3) and 4n u(7i:u3lag22ag28g2).

X. 2. ONE-COLOR MULTIPHOTON FRAGMENTATION

Fig. 10.l(a-b) shows the resonant three-photon dissociation spectrum o f  Nb2 + 

obtained by detection o f  the Nb+ fragment as a function o f  incident photon energy, taken 

at a resolution o f  1.3 cm'1 in range 16,000-18,450 cm'1. Our results do not provide 

sufficient resolution to observe rotational lines. The spectrum shows several strong and 

weak bands, characterized by about 8 strong features centered around 16,127, 17,065, 

and 17,891cm'1 and as many relatively weak features centered around 16,565, 17,525, 

and 18,378 cm'1. A comparison o f  the spectrum from Smalley et a l.15 to our (Fig. 10.1b), 

indicates complete agreement over this limited range (the intensities o f the peaks at 

18,040, 18,065, and 18,085 in our spectra are relatively weaker than corresponding peak 

intensities in the spectrum from Smalley et a l.15). Their region o f  observation is from 

17,850 cm'1 to 18,200 cm'1. A comparison o f  intensities, however, does indicate that our 

beam expansion conditions were rotationally hotter than Smalley et al. which was ~20K  

as indicated in Ref. 19. The absorption spectrum o f  Nb2 + from the R2IP experiment is 

evidence that the absorption spectrum o f  Nb2+ in our experiment is due to a resonance in
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the first photon. In any case, we presume the temperature is sufficiently low, and that 

sufficient collisions take place in our beam that all transitions arise from the lowest state.

Several calculations predict25'43'44 the ground state o f  Nbz^ to be X4Z"g (..^c^ Sg2) 

symmetry with vibrational frequency 436-474 cm'1. There is no first order spin-orbit 

splitting in a 4X"g state, but in each case this state may be split into Q = ±1/2 and Q = ± 

3/2 components by a second-order spin-orbit coupling between the 4Z~±i/2  with a nearby 

low-lying 22T±i.a- Such coupling displaces the Q = ±1/2 components to lower energy, 

leaving the Q = ±3/2 component unchanged. The second-order spin-obit coupling in the 

ground state, X4S ’i/2(2crg8g2), and first order spin-orbit coupling in the 

4n u(l7tuJlcrg22<Tg28g2) and 4n u(l7tu3lo g22agl8gJ) excited states are derived in the Sec. X. 4. 

The spin-orbit splitting between the Q =  ±  1/2 and ± 3/2 components o f  X4Z’o ground 

state is due to the second-order spin-orbit interaction between X4Z"\n and a near by low- 

lying 22T 1/2 states is 119 cm*1 for the calculated unperturbed energy difference AE° = E°( 

X4Z~i/2 ) — E°(2X+i/2 ) = 4,946 cm'1 by the BLYP method. The BVWN DF method gives a 

value o f  AE° = 3.408 cm'1 and the spin-orbit splitting in Nb2+ is estimated to be 166 cm'1. 

The BVWN5 method gives 109 cm'1, AE° = 5402 cm"1. In any case, the splittings are 

sufficiently large to allow us to presume that all transitions originate from a X4T'±,/2 

state.

There are only two types o f dipole allowed electronic transitions: either to 4Z"U or 

to 4n  states, and we analyze this spectrum with this in mind. It is clear from the irregular 

nature o f  the spectrum that it represents a region o f several overlapping transitions. For a 

single electronic state we might expect vibrational spacings o f  approximately 400-500
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cm'1, and several distinct sets o f  lines can be distinguished with progressions in 486 cm'1 

and 500 cm'1. These transitions involve clear multiplet structure. In most cases, sets o f  

three lines can be distinguished. Thus, these cannot involve transitions to 4X’U- 

Transitions from the Q = ±1/2 ground state are allowed to only three o f  the four 

components o f  a 4n  state (i.e. to Q = ±1/2 and +3/2, the case ( c) selection rule is AQ = 0. 

±  1). Spacings within these triplets are typically 90-235 cm'1, in the range we might 

expect for spin-orbit coupling. The estimated first-order spin-orbit separation between the 

Q and Q -1 components o f  A4n u( 17tu31 o-g22cSg15g3) and B4n u( 1 nu31 o-g22o-g25g2) excited 

states from the average o f  the corresponding atomic spin-orbit parameters, A4rio  -A4ITfj.i 

= \l3]2as-a.x\ should be 88 cm'1 and B4ITn - B4rin-i = 1/3[az] should be 231 cm'1, 

respectively, for the ag = 478.2 and aK = 692.5, in good agreement with the observed

values o f 90-235 cm'1), see Sec. X. 4.

The spectrum may be assigned by invoking at least four excited states. These are 

the A/C/D4rin(l7tu3lcig22crg18g3), B4ITn(l7iu3 la g22ag25g2). Only in the case o f the B and D 

states can a clear origin be established, while the intensities for the A and C states require

that we utilize a relative quantum number v which remains to be established. The origin

o f  the B(Q = -1/2) ^ X  (Q = +1/2) state is 16,568 cm'1 while that o f  the D(Q = -1/2) <—X 

(Q = +1/2) is presumed to be 17,768 cm'1. Table 10.1 lists our assignments, which must 

be regarded as tentative in the absence o f  rotational resolution. States A, B, and C display 

clear triplet structure from which we can extract experimental values for the spin-orbit 

splittings. The vibrational progressions lead to values for coe and (oeXc for each o f  the 

states, which are listed in Table 10.2 along with the other spectral parameters.
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The observation o f  four nearby 4n u excited states is interesting but not surprising 

since three 4n u(l7tu3lag22crgI5g3) excited states arise from the lowest atomic limit Nb(6D, 

4d45s) + Nb+(5D, 4d4), second lowest atomic limit Nb(4F, 4d35s2) + Nb+(;>D. 4d4), lying 

1.449 cm'1 (spin-orbit average) above the lowest energy limit, and third atomic limit 

Nb(6D, 4d45s) + Nb+(5F, 4dJ5s), lying 2,639 cm'1 (spin-orbit average) above the lowest 

energy limit. The distances between A, C, and D excited states, C^Tlsn ~ A4ri3 /2  =17.117 

-  15,708 = 1,409 cm'1 and D4n 3/2 - A4n 3/2 =18,013 -  15,708 =2,305 cm'1 are in excellent 

agreement with the difference between corresponding atomic limits. 1449 and 2639 cm'1. 

This approach explains almost all observed lines in the spectrum. There are only a few 

transitions which cannot be assigned using this scheme.
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Figure 10.1a. Low resolution one-color multiphoton spectra ofNt>2+ in the 16.000- 

17,300 cm'1 region.
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10.1b. Low resolution one-color multiphoton spectra o f  Nb2 + in the 17.200-

18,450 cm'1 region.
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Table 10.1. The assignments ofvibronic bands ofN bi+ in the 15,700-18,500 cm"1 region. 

All assigned transitions are originating from the X4y"±  ̂ground state. A/C/D4n u and 

B4n u excited states arise from the 17tu31 a-g22o-gl8g3 and l7ru3la g22ag25g2 configurations, 

respectively.

Wave number (cm-1) assignment

15.708
16.018
16,027
16,100
16.127
16.198
16203
16208
16.277
16.310
16.456
16.495
16,530
16,568
16.700
16.705
16.793
16.883
16.914
17,000
17,017
17.030
17,065
17.093
17,105
17,117
17,187
17,293
17.364
17.365 
17,483 
17,524 
17.542 
17,551 
17,590 
17596

A4n 3/2(v,0)

A 4EL,/2(v+1.0) 
A4n 1/2 (v+1.0)

A4n 3 /2  (v + i.o )

A4rL1/2 (v+2,0)

A4n 3/o (v+2.0)

A4EL,n (v+3.0)

A4n,/2 (v+3.0) 
A4n 3/2 (v+3.0)

B4n .I/2 (0 .0 )

B4n i - (0.0)

B4n 3/2(0,0)
B4rLi/2 ( l , 0 )

B4n I/2 (i,0 )  

B4n,/2 (i,o)

B4rLI/2 (2,0)

c4rLI/2 (v.0) 

c4nI/2 (v.o)

c4n3/2 (v.o) 

C4U . ia (v+1,0) 

c4n I/2(v+i.o)

c4n3/2 (v+ i,o)
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Continuation o f Table 10.1.

Wave number (cm-1) assignment

17,609 A4n 1/2 (v+4.0)
17.768 D4rLI/2 (0,0)
17.785 B4n l/2 (2 ,0 )
17,800
17.815
17.830
17,848 C 4 r L i /2 (V-r-2,0)
17,891 D4n 1/2 (0,0)
17,901
17.934
17.958 c4nI/2 (v+2 .0 )
17.998 A4n.I/2 (v+5,0)
18.005 B4n 3l2 (2.0)
18.013 D4n 3/2 (0.0)
18.042 B4ELi/2 (3,0)
18,066 c4n3/2 (v+2,0)
18.088 A4n l/2 (v+5.0)
18.268
18270 B4n 1/3 (3.0)
18.298
18,325 C 4 n .,. .n  (V+3.0)
18.377 D4n 3/2 (i,0)
18.437 c4n1/2 (v+3.0)
18.501 D4n 3/2(i,0)

Where the C and D4rii/2(l7tuJ lGg22aglSgJ) associate with the second and third lowest 

atomic limits since A4̂ I/2(lTcu:>lĉ g22o■gl5g:,) associate with the lowest atomic limit. 

B4rin(5g227ru) is expected to associate with the lowest atomic limit.
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Table 10.2. The spectroscopicaiy determined parameters of Nb2+ in cm*1.

4n.a A(v.O) B(0,0) C(v.0) D(0,0)

4rLI/2 16,027(5) 16,568(3) 16,883(3) 17.768

4n1/2 16,127(2) 16,793(3) 17,000(2) 17,891

4n3/2 16,203(5) 17,030(3) 17,105(2) 18.013

As.o. 89(5) 231(6) 111(5) 122(5)

C0e 502(3) 496(5) 485(5) 487

«e7.e 1-7(6) 1.9(5) 1.8

Where A is the spin-orbit constant and is determined from the average o f  the first- 

order spin-orbit width between Q = -1/2 and Q  =  3/2 components o f the 4rii/2(l7ruJlcrg2 

2<Tgl5gJ) and 4rii/2(lKuJlcrg22cjg25g2) excited states, respectively, (4ri3/2 - 4rLi/2  = 2As.o.)- 

CDe and cOeXe are a average o f  the vibrational frequency and unharmonicity for A/B/C/D 

4n n. Q = 3/2,1/2. and -1/2. excited sates, respectively. The uncertainties are due to the 

broadened band widths.
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X . 3. D I S C U S S I O N

Even though the ESR study on the Nb)2+ in argon matrices suggests that the 

ground state symmetry o f  the Nb2+ is 2Zg+, arising from the electronic configuration 

. . . lo"g27tu42cTg18g2. according to Hund’s rules and the taking exchange energy into 

account, the electronic configuration ..^cig'Sg2 indicates that a 4Z g’ state is the more 

likely ground state and the 2rg and 2Z g+ are the second and third lowest symmetry, 

respectively. This is in agreement with the theoretical predictions.25'43 The ground state 

electronic configuration o f the Nb^ may be comgpared to those o f  NbO, VNb+, and V2+. 

The rotational assignment gives the lowest groinnd state o f  the NbO to be 4X \  arising 

from the electronic configuration . ..2cr 5 2.22 In resonant two-photon ionization 

experiments o f  the V2, VNb, and Nb2 by Simarcfi et al.,25 two thresholds were observed 

from the photo-ionization spectrum o f  the molecniles V2 and VNb via Q = 0 and Q = 1. 

They assigned the ground state o f the V2+ and V N b+ from the threshold via Q = 1 to be 

4I  g\  arising from the electronic configuration .. .2CTg'8g2.,25 with second-order spin-orbit 

splitting o f  20(3) and 82(3) cm'1. These experimentally determined ground states o f  the 

molecules NbO, V2+, VNb+, and the observed nwultiple bands in the electronic spectra o f  

the Nb2+ in the gas phase suggest that the transitions in the 16,000-18,500 cm'1 regions 

provide evidence that the ground state o f  the Nfc^ may be 42  g’, arising from the 

electronic configuration ...2<s&l8g. We believe that the observed transitions originate in 

the same ground state under the expectation that the all populated vibrational and low  

lying electronic states are thermally deactivated to  the lowest ground state due to the long 

delay time about 30 ps between the supersonic expansion and the photofragmentation. 

Based on the observed band structures in the NbO 21’22’30'32 and NbC 27 it is suggested that
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the observed multiple bands are most likely due to the quartet-quartet transitions which 

are assigned as A/C/D4TIn( 1 rcu31 ag22o-g'8 / )  <— X45r±i/2(l7cu4l<7g22cyg18g2) and B4IIn(l7cll:> 

lcrg22crg28g2) <— X4Z~± i /a( 1 ttu4 1 crg22crg 18g2) transitions with selection rule AQ = 0, ±1. It is 

very difficult to determine whether a 4ITn( 1 tcu4 1 <Tg25g22 cu) <— X4X~g lies in this spectral 

region. Density functional calculations predict 4_> only a vertical orbital transition 2ou <— 

2og. 4Z"u(l7tu4l<7g28g2lcru) <— X4Z'g, to occur in this region, at about 17,000 cm'1. The 

calculation predicts six 4n u low lying states in N b^. Two o f them, resulting from the 8g2 

and 2<rgl <— l7tu4 transitions, are predicted to be 11,369 and 11,496 cm'1 above the X4Z"g 

ground state, respectively. The second two 4nu excited states (resulting from two-electron 

excitations. 4nu( 17tu31 o g 12<Tg28g3) and 4nu(l7iuJlcTg12CTg18g4) where the groimd state 

configuration is 17tu41 cjg22c7g18g2) lie around 18.300 cm'1 (these two transitions are not 

accessible in our one-color multiphoton spectral regions because the one photon energy is 

in the range 16,000-18,500 cm'1). The other two 4n u excited states (27ru <— 28g and 2tcu <— 

2crg) are predicted to be around 28,000 cm'1.

It is not possible to assign the complex band structure utilizing the 4Z'U <— X4Z~g 

transition. Therefore, we feel that even though the density functional calculations 

underestimate the frequency o f  the 4f lu <— X4Z'g, 8g <— 1ttu and 2crg<— 1ttu. The 

separations between the bands around 16,127 cm'1, assigned A band, 17,065 cm'1, 

assigned as B band, and 17,891 cm'1, assigned as D band are consistent with the 

estimated first-order spin-orbit splitting between 4IIn( 1 ttuj 1 a g22o’g28g2) and 

4n n( 17ru31 a g22cTg18g3) excited states. The reason the density functional methods 

underestimate the orbital-orbital transitions might be due to the exchange-correlation
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energy and multiconfigurational interactions contribution in the 4n u excited states. For 

example, as we will discuss in the Sec. X. 4. Langridge-Smith et al.2& determined the 

3n 0.u <— X4S*o.g transition in V 2  at 14,306 cm*1 by rotationally resolved gas-phase 

electronic spectrum o f  the V2, using the technique o f  resonant two photon ionization 

spectroscopy. They did not mention the electronic configuration o f  the Jn u state. Our 

calculations4' predict the following transitions: AJn u( 1 tcuJ1 a g22o-g2 5gJ) <— X3Z"g 

(1 t t u 4  1 a g22cTg25g2) transition to be 10,000 cm'1 and B3n u( 1t t u 3 1 a g22o-gl 6g4) <r- XJX'g 

(17ru41 cyE~2c7g18g4) transition to be 11,865 cm'1. As discussed in Sec. X.4, the 

experimentally observed first-order spin-orbit coupling indicate that the observed Jn u <— 

X T 'e transition must be due to AJn u <— X3X"g transition and our calculation predicted to 

be 4.300 cm'1 lower than experimental values (14,306 cm"1). In Sec. X. 4. we roughly 

estimated a value for Te(4n u) o f  the Nb2~ to be 16,446 cm'1, by scaling the calculated Te 

value o f  Nb2~ and the calculated and experimental Te(Jn u) values o f  the V2. in good 

agreement with our assignment.

Balasubramanian and Zhu44 calculated 18 low-lying states for the Nbi" 

withinl 8,000 cm"1, using the CASMSCF followed by MRSDCI methods. Their 

calculations predict four low-lying 4n u states: 4n u with the Te = 4,501 cm"1, 4n u(II) with 

the Te = 5,383 cm'1, 4n u(IH) with the Te = 16,328 cm'1, and 4riu(IV) with the Te = 16,882 

cm'1. The last two 4n u excited states here lie in the spectral region, but it should be noted 

that these transitions are most likely two-electron excitations, see introduction for the 

electronic configurations. As mentioned above, the two-electron excitation is not possible 

in one-color multiphoto fragmentation experiment in this spectral region.
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The observed peaks in the present work are red degraded, which indicates that the 

bond lengths in the excited states are longer than the bond length in the ground state. We 

have also observed a set o f  dissociation thresholds for Zr2+, NbV*", Nb3", and NhT from 

the fragmentation o f  the Zr2+, Nth". Nb3". and Nbj+ 43 into their fragments, using the 

present experimental techniques, and will report on these in a subsequent publication.

X . 4. F I R S T - a n d  S E C O N D -O R D E R  S P I N -O R B I T  C O U P L IN G

The second order spin-orbit interaction between the ground state and low-lying 

state excited state can be treated as a simple two-state perturbation problem. The relevant 

Slater-type wave functions23 for the Q =1/2 spin-orbit components o f  the two state are:

X 4 X ' i /2 [ 8 g 2 ( 3 X g ) ® 2 c j g ]  = 3 ' l / 2 1 5~5'cr (Pact +- aPa+aaP)> 1

2IT 1/2 [ 5 g 2 ( , X g ) ® 2 < T g ]  = 2'1/2 | STTcj (Paa- a.pa)> 2

Using these expressions to derive the spin-orbit matrix element, we obtain the result

HI2 = < X 4 X ' i /2  I X.a.L.S, | 2XU ,2  > = ( 8 / 3  )l/2[ao] 3

The corresponding non-trivial solution o f the eigenvalue equation for this system or 

second-order spin-orbit splitting, A = E°i(4Z"i/2 ) -Ei(4X~i/2 )- can be given:

E°2(2r i/2 )  -  E0,(4Z*./2) = -A + H2,2/A 4

Based in part on the calculated unperturbed energy difference AE° = E°( X4X'i/2 ) — 

E°(2X î,2 ) between the X4Z"g and a near by low lying 2X+g states, the second-order spin-
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orbit splitting in the ground state. A =  Ei(X4F / 2 ) — Ei(X4F i/ 2) = 1 1 9  cm'1 for the AE° = 

E°(X4Z'i/2) -  E°(2F i / 2 ) = 4,946 cm'1 by the BLYP, 166 cm'1 for the AE° =  3,408 cm'1 by 

the BVWN, and 109 cm'1 for the AE° = 5,402 cm'1 by the BVWN5 method.

In the A4n u(l7ru3lcrg22og25g2) and B4nu( 17ruJ1 CTg22og 15g3) excited states, we 

derived the following relevant Slater-type wave functions40 and corresponding first-order 

spin-orbit coupling (see Table 10.3):

A4ri5/2(5g27ru) = | 5g227cu (a a a ) > 5a

A 4n 3 /2 (5 g 27uu) =  3'1/215 g227ru ( a a P  +  (3a a  +  a . p a ) >  5b

Hso =< A4n 5/2 I X.a.-L.S, I A4n 5/2> = (l/2)[a*] 6

A4n 5/2 - A4FL3/2 = (1 /3 )a* 7

and

B4n 5/2 (cjg 5g7tu) = | a8^7:u'(aaa) > 8a

B4n 3/2(CTg8g7ru) = 3'l/2 | <j£Ttz~ (aa.p + P aa  +  aPa)>  8b

Hso=< B4n 5/2 I La.-L.S,-1 B4n 5/2> = (l/2 )[2as-aj 9

B4n 5 /2  - B4rL3 /2  = (l/3)[2a«-a*] 10

Where as(Nt>2 +), 478.2 cm'1, can be readily estimated from average o f  the atomic spin- 

orbit constant corresponding to a§(Nb; 4d45s, 6Dj) =  454.3 cm'1 41 and as(NV; 4d4, 6Dj) = 

502 cm'1.42 We did not find any value for the spin-orbit constants a* in Nb3T So. we
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roughly estimated a value for the a*(Nb2T; 4n u) by scaling the value from the art(V2; 

A3n).

The total spin-orbit width o f  the A3n  o f  V2 28 is reported to be 80 cm'1, but the 

authors did not mention to the electronic configuration. If  A3II arises from the electronic 

configuration l7ru32crg22cglSg4 or l7cu32(jgI2crg28g4, then the total spin-orbit width would 

be a^(V2; AJn )  = 80 cm'1, which is not possible because aTC(VO; B4n )  = 193.5 cm'1.39 

Therefore, ATI(V2) must arise from the l7ru32crg22cFg28g3 and then the total spin-orbit 

width is AJn 2 - ATIo = [2a  ̂— a j  = 80 cm'1. This gives a value for a^(V2; ATI) = 210 

cm'1 by using the known value o f  as(V; 6D ,  4d45s) = 145 cm'1.23

In Nb2_, a^CNbT; A4n )  can be obtained by scaling the value from corresponding 

a^(V2; AJIT). as(Nb2+; X4Zg*). and as(V2; XJXg') using the following equation:

aji(Nb2+; A4n )  =  a^(Nb2; A3n )x  as(Nb2~; X4S g')/a^(Nb2; X 3Zg")

= a,(V2; A3n )x  as(N b/; X4Zg')/a«(V2; X3Z g') 11

= 210x478.2/145 = 692.5 cm'1

Now. we can readily calculate the spin-orbit width between the Q = 3/2 and Q = 1/2 

components o f  A4n (8g227ru); A4n 5 /2  - A4n . 3 /2  =  ( l/3)aTr =  (l/3)x692.5 = 231 cm'1 and that 

for B4n(2crg8g27iu), B4n 5/2 - B4rL3 /2  = (l/3)[2a«-a*] = (l/3)(2x478.2 -  692.5) = 88 cm'1.

Our calculations predicted the 8g <— l7iu, 3n  (lTtuTcrg^cFg1 8g227iu 1) <— X3Z’g 

(l7iu4la g22ag2 8g2) transition to be 10,000 cm'1, To(exp.28) =14,306 cm'1 and the predicted 

3S U- (17ru41 CTg22CTgI8g21 <7U 1) <r- X3Z*g transition is 12,645 cm'1, To(exp.28) =11,811 cm'1 

for the V2. These indicate that while density functional calculations with the effective
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core potential (ECP) plus double zeta (DZ) basis set underestimate 8g3 <— l7tuJ transition 

and predict the a u <— lcrg transition in agreement with the experimental value within 800 

cm'1 error.

Therefore, we fell that the DFs underestimate the 5gJ <— l7ru3 transition (Te =

11.496 cm"1) in Nb2+. A value o f the To(4n u; 5g3 <— 1tcu3) = 16,446 cm'1 for the Nb;f can 

be roughly estimated by scaling the calculated value of the To(4 n u; SgJ <— l7tuJ) transition 

in Nb2" and the calculated and experimental values o f To(3n u; 5g3 <— l7tuJ) transition in 

V 2.

T o lN b o ^ ) = T o ( N b 2+)ca!cxT o(V 2)eXp / T 0( V 2) calc = ( 1 1 ,4 9 6 x 1 4 ,3 0 6 ) / 1 0 , 0 0 0  cm'1 

= 1 6 ,4 4 6  cm'1,

in excellent agreement with the observed multiple bands in Nb^, in the 16.000-18.500 

cm'1 region (this work) .
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Table 10.3. The selected first- and second-order spin-orbit coupling for various 

electronic states o f  the Nt>2 +-

Electronic state Slater-Type Wave Function First-order spin- 
orbit splitting

Secod-order spin- 
orbit splitting

X 4 Z ' 3 / 2 E: ...2 a e5e2 
2X'.P_(S?(3X'g)®2ag)

2 Z + i / 2 ( 5 g 2 ( I 2 T g ) ' 8 > 2 a g )

S  3/ 2 u? -  • • 2 o r g 8 g 5 u  

2 X . / 2 u ( 2 a g 5 g ( 3 A g ) ® 5 u )

2

I <rS 8* (aaa)>
6'1/2 ( <jS+8' (2(3aa - aa(3 
a(3a)>
T ia I ctS+S+ (Pa(3-p{3a)>

I S ^ S ' c r  ( a a a ) >

6 " I / 2  1 2 c r g 8 g 5 u  (2aaP - P aa  
aPa)>

i/2 U: (2cyg8g( lAg)®8u) 2*I/212<rg8g8u (PaP-aPP)>

4l3/2U; --- 8e2l<yu
2 X l / 2 u ( 5 g 2 ( 3 Z g ) ® l C J u )

( 8 g 2 ( ' Z g ) ® i c j u )

A4 Els^; 2crE827Xu

ai2Il3/2;..  . 2 < T g 8 g ( 3 A g ) ® 7 i : u 

a 2 2 r t 3 / 2 [ 2 a g 8 g ( 1 A g ) ®  r c u ]

B4n5,r>;. .  . 8 g " 2 7 r u

b.2n 3/2[8g2(3ir g)®7uu]

b22n 3/2[5g2( 1Z +g)®7i:u]

X-2r 9/2.g[5g8g2cig] 
2T9/2.u [Sg8glCTu] 
4r  11/2 .U [o-gSgSu] 

2r 7/2,u[5g8u (3r u )®ag] 

2r 7/2 .u [5gs u ( 'r u )® ag]
4d>9/2.u [2crgs g7ru]

20 7/2.u [2 crg5 g( 3A g)® 7T u]

I STTcr (aaa)>
6'1/218+8'a (2aaP - P aa  
ap a)>
T m  18+8‘cr (pap-app)>

c r 8 " r 7 c ‘ ( a a a )  >

6'1/21 u8~n (2aaP - p a a  - 3‘‘[4a^+a-]
apa)>
2‘1/2 I CT8+7t'(aPa - Paa)>

I o8+n (aaa)>

6'1/2 I SUlr (2aaP - P aa  - 
aPa)>
2'1/21 8+8'tc  (apa - Paa)>

2'1/2 [ 8^8+cr(apa -p aa)>  
2'1/21 STTcj (ap a  -Paa)>  
I a  8^8~(aaa)>

6'1/21 8+8+a(2aaP - Paa - 
apaj)>
2'1/21 crS+8+(aPa - paa)>
I cr8+Tc+ (aaa)>

6‘1/2 | ct8+7t+ (2aaP - P aa  - 
apa)>

0

0
0

0

B^Pag-a*]

-if

3-‘[aJ

-3-'[aIt(3X g)]

-T'ta^'lTg)]

0
0
(4/3)36

(4/3) [a$(3r u)] 

0
(l/3)[2a6+aTC]

(l/3)[4a6-aj

0

(8/3)I/2[ao( ' r g)]

(8/3)1/2[a6( ‘F g )]

-(8/3)1/2[as( 'Z_g)]

-(2/9)-,/2[a6+a,]

(4/6)-I/2[a6]

-(2/9)-,/2[a ,(3Z'g)] 

(8
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CHAPTER XI 

CONCLUSION

The photofragmentation spectroscopy in a reflectron time-of-£light is a useful tool 

to determine spectroscopic properties o f  cluster ions such as: dissociation energy, 

vibrational frequencies, rotational parameters, first- and second-order spin-orbit coupling, 

and so on. In this study, we determined the dissociation energies o f  the 90Zr2 ,̂ Nbz-. 

Nb3+. Nb.T from the onset o f the fairly sharp rise in the background o f  their 

photo fragmentation spectra and the electronic structure o f  Ntb+ in the 16,000-18,500 cm'1 

region. In the red region o f  the A(v.0) band, the niobium dimer cation can be dissociated 

by a four photon process, using a one-color experiment, with respect to its observed 

threshold energy at 15.880 cm'1, see Chap. VII. Therefore, it is difficult to observe the 

electronic transitions by a one-color fragmentation experiment. In the blue region o f  the 

D band, we attempted to probe the electronic transitions up to 20,000 cm'1, in this case, 

because o f  the lower power o f dye laser, the probability o f  the fragmentation o f the parent 

ions decreases which leading very weak structure and it is hard to distinguish these from 

the background.

The measured dissociation energies o f  the Nb2 +, Nbs^- Nbj+ are in good 

agreement with the previous collision-induced dissociation (CID) measurements and with 

theoretical predictions, see chapter VII, VIII, and IX. The uncertainties on these energies 

are reduced to the 0.056 — 0.001 eV range from 0.12-0.19 eV (in CID experiments). The 

dissociation energy o f  the Txi was measured and calculated for the first time and only 

three peaks, one relatively weak, are found around 18,290 cm*1. Both the experimental
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and the calculated dissociation energy o f  Zr2+ are in agreement within a minor 

uncertainty (see Chapter VI). We also calculated dissociation energies o f  these neutral 

and ionic trimer and tetramer niobium clusters for the other possible dissociation 

pathways, using the thermo chemical cycles (see chapters VIII and IX) and the first 

ionization energy o f  the Zr2  (see Chapter VI).

So far we have not found any experimental study on their ground state symmetry, 

except an electron-spin-resonance (ESR) experiment on I'frb'’’ ion in an argon matrix. The 

ESR study suggests that the ground state o f  ISfrh’’’ is 2X+g. which arises from the electronic 

configuration ...2crE8E2. The initial mass selected multiphoton fragmentation spectrum o f  

Nb2 * in gas phase (present study) show many strong bands with an interval 940 and 830 

cm'1 as well as many weak transitions. The observed multipleband structure of NfrT 

indicates that more than three electronic bands lie in this explored spectral region and are 

heavily mixed. The separations between the peaks, and their regular progression suggest 

that these transitions are most likely due to quartet-quartet transitions. This spectroscopic 

observation may eliminate the 22Tg(2cig8g2) to be the lowest ground state as suggested by 

the ESR experiment. The 4X'g symmetry, arising from the electronic configuration 

. ..2agSg2, is favorable for the ground state according to Hund's rule and taking the 

exchange energy into account, which is in agreement with the ab initio predictions (DFT. 

CASSCF, HF).

The most likely interpretation o f these bands is discussed in Chapter-X. A 

comparison o f the estimated first-order spin-orbit coupling, based on the corresponding 

atomic spin-orbit parameters for the 4n u( 1 tcu3 1 crg22<7g2Sg2) and 4n u( l n uJ l crg22CTg 15g3) 

excited states, with the relative distance between the observed peaks suggest that the
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observed multiple bands are due to the A/C/D4n u(l7tu3lCTg22crgl5gJ) <—  X4S'g(l7Tu4lCTg2 

2<TgI5g2) and B4n u( 17cu31 <rg22crg2Sg2) <—  X4S'g transitions, see Table 11.1 in Chap. X. We 

would like to note that this assignment is not definitive without rotational evidence. We 

attempted to probe the rotational structure at several bands positions, but it failed due to 

the broad band width o f  the fragmentation laser (~  0.07 cm'1).

The calculations predict only lcru 2<rg vertical orbital transition B4X'u(l7ru4lo g2 

5g2lcruI) <— X4X'g lies in this spectral region, but it is not possible to assign the multiple 

bands based on the 4X"U <— X4Z"g transitions. Even though the 5g <— 1ttu and 2org <—1tcu 

vertical orbital transitions. A4n u( 17ruJ 1 crg22cjgl 5gJ) X4X*g and B 4n u( 1 tiuJ1 a g22ag25g2) 

<— X4X'g- are predicted to be approximately 4,500 ±  500 cm'1 below the experimental 

region by the DFs (see Chapter VII), the multiple structures o f  the spectra suggest that 

these electronic transitions may be due to the 4n u 4X~g transitions, assigned as 

mentioned above. We feel that the density functional calculations underestimate tt <-» 5 

transitions but predict cr <-» cr transitions within a few hundred wavenumbers. It seems 

that the reason the density functional methods underestimate the n <-> 8 orbital-orbital 

transitions, might be due to the correlation energy contribution in the excited state or due 

to the densityfiinctional methods do not include isoconfigurational effects in the 

calculations. For example, as we discussed in Chapter X, Langridge-Smith el al. 

determined the fflo.u <— X4Z’o.g transition in V 2 at 14,306 cm'1 by rotationally resolved 

gas-phase electronic spectrum o f  the V 2. While the BLYP densityfiinctional method 

predict the 3n  (l7tu'5lcrg22cjg25g:>) <— X3X"g( 1 rcu41 crg22<7g2 8g2) to be about 4,300 cm'1 below 

the experimental value o f  To = 14,306 cm'1, predicts the lcru <— 2crg transitions or JX"U <—
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X3I ' g transition to be 12,645 cm'1, in agreement with the experimental value o f  11,811 

cm'1 within 830 cm'1.

In this study, the goal o f  the density functional calculations were to understand 

and determine whether the DF methods with the ECP plus DZ basis set are successful or 

fail to predict the spectroscopic properties o f  the transition metals within an acceptable 

uncertainty. Researchers have attempted to investigate the spectroscopic properties o f  

transition metals using several different theoretical models, but it is not yet clear which o f  

one predicts true properties o f  the molecules. For example, the complete active space 

self-consistent field (CASSCF) method has been used to predict dissociation energy o f  

the niobium dimer by Bauschlicher et al. see Chap. VII. This method underestimates the 

dissociation energy (2.24 eV): a CID measurement gives a value as 5.22 ±  0.22 while it 

overestimates the bond distance and vibrational frequency within a minor errors. 0.8% 

and 5.4%. respectively. However, the density functional methods predicted the 

dissociation energy within 2-22% error and the bond length and vibrational frequency are 

predicted within minor errors, see Chap VII. On the other hand. DF methods have had 

difficulty determining the true ground state for some o f  the transition metals like Ni (due 

to many low lying state lie a hundred wavenumber above the ground state) while the 

CASSCF method predicts that the ground state o f  nickel dimer is in agreement with the 

experimental suggestion ( 'r u or Jr u). The density functional methods with effective core 

potential plus DZ (LANL2DZ) and coupled effective core potential like ECP-121G, - 

31G, etc. basis functions were performed on the first-, second-, and third-row transition 

metal clusters (ions) to predict their spectroscopic properties such as ground state

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



258

symmetry, dissociation energy (De), ionization energy (IP), electron affinity (EA), 

equilibrium bond distance (Re), and vibrational frequency (coc) or force constant (ke).

Here we would like to present the predicted ground state symmetries with the 

electronic configurations, toe (or k e ) .  R e ,  EA, and IP for the second-row transition metal 

dimer molecules. The predicted dissociation energies o f  the neutral and ionic zirconium 

and niobium clusters are given in Chapter VI-IX. For the first- and second-row transition 

metal dimers, only calculated the force constants, ke, are presented. Table 11.1 shows the 

calculated IP. EA. Re, coe. and ke o f  the neutral and ionic second-row transition-metal 

dimer molecules with their electronic configurations and symmetries. The method 

overestimates the force constants, most likely with a constant error, for the neutral 3-d 

transition dimer molecules, but well correlate with their experimental values (see Fig 

11 . 1).

For the 4-d series, the calculated force constants are correlated with their 

experimental values within minute errors (see Fig. 11.2a). Fig. 11.2b show's the 

calculated force constants for the anionic and cationic dimer molecules are in the same 

trend. Unfortunately, we did not find any experimental value for the comparison. The 

predicted ionization energy o f  the Zri (5.702 eV). Nth (6.485) and Mo2(7.079 eV) is in 

excellent agreement with their experimental values are 5.822 eV, 6.368 eV, and 6.948 

eV, respectively. The calculated bond distances for the second row transition metal dimer 

molecules are consistent with the experimental values within 1-4% errors. In the third- 

rowr transition-metal dimer molecules, there is no a regular correlation between calculated 

and experimental force constants (see Fig. 11.3).
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Even though the calculations on the dissociation energies o f  the transition metal 

clusters (ions) have not been completed yet, so far our calculations indicate that DF 

methods overestimate dissociation energies for 3-d series, predict within minute errors for 

the 4-d series, and underestimates for the 5-d series for the neutral dimer molecules. The 

ion ization  energies o f  the transition metal clusters are consistent with the experimental 

values within 1-3% errors. This might be evidence that the exchange-correlation energy 

is not well defined in either atoms or molecular state to predict a accurate dissociation 

energies o f  the transition-metal cluster (ions).
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Table 11.1. Calculated spectroscopic properties o f  the second-row transition metal dimer 

molecules. Where ©c in cm'1. Re in A. ke in mdyne/A, EP and AE in eV.

X2 S y m m . Configuration ©e Re ke I P Exptl. EA

R b i lrg i 2i 21 cru 1 crg 5 3 4 . 2 5 9 0 .0 6 7

R b 2 + 2r g tO‘u“lC7gI 3 6 4 . 9 8 7 0 .0 3 1 4 . 0 4 6

R b 2* 2ru l o ^ l c / l c r , , 1 3 0 4 . 9 9 7 0 .0 2 2 0 .4 0 9

Sr2 ■rg i 2i 2i 2IGTU 10“g l a u 2 2 5 . 4 6 7 0 .0 1 3

Sr2̂ 2ru t 2i 2i Ilcru l a g lcru 5 2 4 . 6 2 9 0 .0 7 0 5 . 0 4 6

Sr2‘ 2n u « 21 21 Il ̂ 2  l cru »:ru 3 2 5 .0 3 1 0 .0 2 6

y 2 ‘S T . 1 CTg217TU2 2 2 1 2 . 5 6 0 1 .2 8 4 0 . 3 1 3

y 2 5Z ' U iTr^ICTe1 lCTg‘ 1 8 0 2 . 9 6 0 0 .8 4 7 4 . 9 6 1

y 2+ 4r g I Og217lu22<Jg* 2 0 0 2 . 8 7 4 1 .0 4 9

y 2- 6a u lCTg2lcru' l - u22CTg'6eI 171 2 . 8 9 4 0 .7 6 7 0 .3 8 6

Zr2 3A g Ia g2l7ru42CTgl5gI 3 1 1 2 . 3 3 6 2 .5 1 1

Zr2 lr g la g 2l7iu42c-g2 3 6 6 2 . 3 5 0 3 .5 4 6 0 . 2 9 9

ZrY 2r g I:ru4 lCTg22crg1 2 5 9 2 . 3 7 7 1 .7 8 1 5 . 7 0 2 5 . 8 2 2

Zr2‘ 2A g I c g2l7r1142cr8g l 3 6 0 2 . 3 0 4 3 .4 3 3 0 . 1 6 2

Zr2- 4r g I a g2l7ru42crgl5g2 3 2 8 2 .3 0 3 2 .8 5 4

N b 2 3£ -s 17r„41 ag22crg25g2 4 4 4 2 . 1 5 8 5 .3 9 6

N b 2+ 4z-g l7ru4lCTg22CTg'8g2 4 3 6 2 . 1 2 0 5 .2 0 5 6 . 4 8 5 6 . 3 6 8

N b 2‘ 2A g lCTg2l7tu42cjg25g’ 4 5 8 2 . 1 0 9 5 .7 5 0

N b i ' 4r u I crg217cu42c7gI 5g2 1 au 1 4 1 6 2 . 1 8 4 4 . 7 3 2 0 .5 6 3

M o 2 5rg 17ru41 a g22(ig28g28u2 4 1 9 2 . 1 6 8 5 .0 7 8

M o 2 T . l7tu4lCTg28g42CTg2 5 2 4 2 . 0 0 6 7 .9 1 8 7 . 0 7 9 6 .9 4 8

M o 2+ 2rg 1 7ru4 1 <Tg25g42CTgl 5 0 0 1 .9 9 4 7 .2 1 8

M o2' 2z+u 17tu41 crg22crg28g41 cru 1 5 0 0 2 .0 2 3 7 .2 0 8 0 .5 1 2
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Continuation o f  Table 11.1.

X 2 Symra. Configuration <0e Re ke IP E x p tl .  E A

Tc2 'r s 1 TCu41 crg22cTg2og45u2 2.030 6.973 0.470

Tc2 3Z'g ljru4lcrg22cyg26g45u2 2.029 7.001

Tc2+ 4X-g 17ru41 cr̂ Sĝ a-g15U2 2.041 6.033 7.352

Tc2- 2r u 2<Tg25g4 5u2-a“ lcrul f5 2.050 6.361

Tc2* 4z - u 2crg28g4 8ulcru 2.053 6.221 0.731

Ru2 7au 5 /  I crg25u2 i 7tg21 cru 1 315 2.310 2.971

Ru2+ 6r . 5g45u2l7rg2lcru' 266 2.378 2.126 7.772

Ru2* 6r g 2CTE28gJou' 1 ctu 11 ĝ2 299 2.311 2.694 0.886

Rh2 5ru 273 2.348 2.264

Rh2+ 4ru S^lTr/lCT,,1 245 2.418 1.820 7.512

Rh2" 6Ag 5u5l:rg2lcru12 c gI 278 2.333 2.348 7.226

Rh2' 6au 2cTg251JJ 1 a u’ 17rg22cru 1 278 2.326 2.341 1.269

Pd2 32Tu Icrll15u4l7ig42c7l.1 198 2.538 1.225

Pd2 lI r t 8u4l a u2l7ig4 144 2.739 0.645 0.360

Pd2̂ 2ru 5U41 cru 11 TTjj4 253 2.676 0.704 7.505

Pd2' 2-, u 2ag2lCTul 5U4 17rs4 203 2.495 1.289 1.642

Ag2 ‘rg l7Tg4 lCTu22CTg2 174 2.616 0.958

Ag2+ 2:r?g 17rg41 cru22 a g1 126 2.793 0.503 7.844

Ag2' 2r°u l7rg4lCTu22CTg22<TuI 126 2.778 0.503 0.939

Cd2

Cd2+
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Continuation o f Table 11.1.

x 2 Svmm. Configuration CDe Rc ke IP Exptl. EA

Sn2 3r g 1 <rg21 crll22cr!f217tu2 163 2.904 0.929

S n f 4r g l^lCTu^CgMjr,,2 139 2.932 0.669 6.809

Sn2" 2n u ■ l<rg2lCTu22c7g2lJtuJ 180 2.796 1.112 1.375

In2 6n u lO"u*2CTg* 1 Tty2! Tig1 2.829

In2-

In2'

Sb2 ' r g Icru22crg21 tiu4 249 2.58 2.212

Sb2+ 2n u lCTu22cjg2I - u3 213 2.711 1.610 8.416

Sb2* 4n u lcru-2ag'l7ru 156 2.968 0.865
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Figure 11.1. Plot o f the calculated force constants with their known experimental
o

values for compression, mdyne/A, for the first-row transition metal neutral 

dimer molecules.
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Figure 11. 2(a). Plot of the calculated and experimental force constants, in mdyne/A, 

for the second-row transition metal neutral dimer molecules.
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Figure 11. 2(b). Plot of the calculated force constants, in mdyne/A, for the 

second-row transition metal cationic and anionic dimer molecules.
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Figure 11.3. Plot of the calculated force constants with their known experimental 

values for compression, in mdyne/A, for the third-row transition metal neutral 

dimer molecules.
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