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Abstract 

Clusters of atoms or mol cules form the building blocks of nanoscience and are regarded as 

a new type of material, as they constitute a bridge between microscopic and macroscopic 

forms of matter. The experimental and quantum theoretical study of structures, chemical 

and physical properties and reactivities of nanorlusters r pr ent an innovative and very 

active field of research, which has resulted in a wide range of applications. 

Independent of the mooel used to d scribe the bonding in these clusters, one of the 

prime objectives is to find the geometrical arrangement of the atoms or molecules, for a 

given duster size, which corresponds to the lowest energy on the potential energy hyper­

·urface, the global minimum. In order to find such an arrangement, a density functional 

theory based genetic algorithm code, which is rooted in the Darwinian evolution concept 

of the survival of the fittest, is developed and utilized to systematically search for the 

global minimum isomers of homo-nuclear clusters consisting of up to twenty atoms of 

cesium, tin, gold and of nine atoms of copper. The performance of this algorithm is ex­

cellent as numerous energetically lower-lying cluster isomers (compared to those reported 

in the literature) are found. Extensive valence basis sets together with energy-consistent 

scalar-relativistic pseudopotentials are employed to optimize the geometry of these clus­

ters and to calculate their electronic properties accurately at the density functional level of 

theory. Moreover, in collaboration with the Technische Universitiit Darmstadt, the mean 

static polarizability of tin clusters are measured by a beam deflection method. The qual­

itative agreement between measured and calculated dipole moments and static electric 

dipole polarizabilities of tin clusters up to twenty atoms is satisfactory, thus confirming 

the accuracy of the theoretical models used in this work. Furthermore, the performance 

of density functional theory in the field of metallophilicity is investigated for dimeric and 

trimeric [X-M-PH3J compounds (X = Cl, Br, I; M = Cu, Ag, Au) and it is found that the 

metallophilicity decreases down the group 1 1  elements of the periodic table of elements. 
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Chapter 1 

Introduction 

1 . 1  Motivat ion 

The invest igat ion of new forms of materials presents a formidable chal lenge and a huge 

potent ial for novel discoveries. The reactivity and physical properties of bulk materials 

change dramatically as their d imensions are reduced to t he nano-scale. Among nano­

part icles , nanoclusters play a very important role, as th y are the building blocks of nano­

science. The field of nano-science extends through physics, chemistry and engineering 

and deals with a vast number of important issues, ranging from fundamental science to a 

variety of technological applications. 

Nanoclusters are regarded as a new type of material , since t hey consti tute as a bridge 

between microscopic and macroscopic forms of matter [ 1 ] .  An aggregate of a countable 

number of particles ( i .e .  atoms or molecules) l acking translational symmetry is considered 

a cluster. In contrast to molecules, nanoclusters do not have a fixed size or a fixed 

composition. Clusters may contain any number of constituent particles and ,  for a specific 

size, present a vast variety of morphologies . 

Due to their fascinating and peculiar properties and unique reactivit ies, t he probing 

of their geometrical and electronic structures and both chemical and physical properties 

is of gr at fundamental interest .  Th se xceptional f atures ar highly size-dependent, 

giving t he ability to tailor cluster propert ies for specific applications by manipulation of 

t he number of atoms .  

Due to their small s ize, nanoclusters have an immense surface to  volume ratio and are 

well suited for many applications. Traditionally, the interest lies in the area of catalysis [2] , 

10 



CHAPTER 1. L TROD r.. CTION 1 1  

but developments towards biological uses and material sciences are ever increasing. O f  

intere t are however also historical applicat ions such 3S the llse o f  nanoclusters i n  t he 

decorat ion of majolicas with luster [3 , 4] .  

Besides technological prospects ,  a driving force for cluster research has been the fun­

damental quest ion: How does matter develop from t he atom to  systems of increasing 

size, and how do propert ies change in t he course of t his growing process? This innova­

t ive field of research has already resulted in a wide range of applicat ions . Gold clusters , 

for instance, are known for t heir superb catalyt ic propert ies and are used for part ial 

hydrogenat ion of acetylene or low-temperat ure oxidat ion of CO on an industrial scale . 

Moreover , t hey are predicted to play a major role in t he design of nano-scale opt ical and 

electronic devices (see chapter (6) ) .  In order to develop cluster applications, however , 

i L  is imperat ive to  characterize their minimum geometrical s Lruct ures and to be able to 

predict t heir fundamental physical propert ies as a funct ion of size . 

Independent of  t he model used to describe t he bonding in clusters, one of t he prime 

object ives is to find the geometrical arrangement of atoms, for a given cluster size , which 

corresponds to t he lowest potent ial energy on t he potent ial energy hypersurface. This 

arrangement is called t he global minimum (G 1\1) [5] . The number of local minima rises , 

however, exponent ially with increasing cluster size, making it a formidable t ask to  finu 

t he global minimum. 

One of the above ment ioned propert ies is  the stat ic electric dipole polarizability (a), 
which is important in t hree broad areas of physics and chemistry [6] : 

• Electromagnet ic field-matter interac tions, where polarizabilit ies determine t he re­

sponse of neutral part icles to applied fields. 

• Collision phenomena, where polarizabilit ies determine the behavior of neutral par­

t icles as partners in interact ions wit h other neutral and/or charged particles. 

• A an indicat ion of physical size, structure and shape . 

The t at ic electric dipole polarizability, which is described t horoughly in sect ion ( 1 .3 ) ,  is 

an observable for understanding t he electronic propert ies and st ruct ures of small clusters . 

It is very sensitive to  electron correlat ion, basis sets ,  electron density of valence electrons 

and to t heir delocalizat ion [7] . The t heoret ical and experimental accurate determinat ion 

of d ipole polarizabilit ies is a very act ive and challenging field of research. 
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For at least t hree millennia  gold has been known as "King of Metals", or t he most 

"noble" of t he meta ls referring to its resistance towards corrosive forces and its pretty 

color [8] . Maybe unsurprising, t he physics and chemistry of gold have a unique position 

in t he periodic t able of lem nts: 

• Bulk gold has a yellow color . 

• Its electrochemical potent ial is the lowest of all met als. 

• Gold is t he most electronegat ive of all metals. 

• Gold vapor consist of diatomic molecules whose dissociat ion energy is higher t han 

many other non-metal element , such as iodine [9]. 

• Gold compounds show a strange interatomic attract ive force (aurophil icity, (see 

chapter (8) ) .  

These examples of astonishing propert ies are strongly influenced by relat ivis t ic effects .  

Indeed , gold has the largest relat ivist ic eff cts among any oth r element wit h Z< lOO, 
thus establi hing unu ual tructures, propert ies and applicat ions for homo-nuclear 

gold-cl usters. 

The object ive of this study was to find the global minimum structures of homo­

nuclear clusters consist ing of up to  20 cesium, t in and gold atoms ut ilizing a density 

functional theory (DFT) based genet ic a lgorithm approach and to calculate t he ir 

propert ies from density based methods . Alt hough there have been many publicat ions 

regarding clusters 1 , most of t hem do not claim to have ystematically searched for t he 

global minimum structures. Those who have, ut i lized in general global opt imizat ions 

procedures, such as the basin-hopping method for instance, in combinat ion wit h empirica l  

methods and usually did not study t he dipole polarizabilit ies as a funct ion o f  cluster size .  

To my best knowledge, this t hesis represents the first systematic search for the most 

stable homo-nuclear isomers of cesi1.lffi, tin and gold cl1.lsters employing a DFT based 

genet ic algorit hm approach. In collaborat ion with t he Techni che Universitat Darmstadt, 

cluster synthesis and polarizability measurements of small t in clusters were undertaken 

in order to  obtain hands on experience on t he experimental side of t his field of research, 

1 In chapter (6) the number of publications on gold compounds using computational methods is de­

picted for the t ime scale 1975 to 2005. 
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to validate t he t heoret ical models used in t his work and to aid the experiment alists to  

gain insight into parts of t heir experiments that cannot be  understood without the use 

of theoret ical approaches. Since experimental measurements of the dipole polarizability 

on Cs, Sn and Au clusters have not been reported , a t horough theoretical approach to a 
is of great  interes t . 

To fur ther test t he efficiency of t he genet ic a lgorithm approach and to  discuss t he 

large discrepancy between observed and calculated polarizabilit ies of copper clusters , t he 

dipole moments and polarizabilit ies of t he most stable copper nonamer isomers w re 

studied ut ilizing a large basis set . 

Finally, the trend in metallophilicity, t he attractive interact ion between closed-shell 

species of  group 11, in [X-M-PH3] (X = Cl, Br, I; M = Cu, Ag, Au) dimers and trimers 

obtained at the DFT level of theory is studied and t he performance of DFT in the field 

of metallophilicity is addressed. 

1 . 2 Theoretical Met hods 

I n  the following a brief de cription of different theoretical methods of theoretical chemistry 

is given. For detailed information about t hese methods, t he reader is referred to t he 

t extbooks of theoret ical and computational chemistry [10-12] . 

1.2.1 Schrodinger Equation 

As a result of t he post ulates of quantum mechanics, a system is assigned a wavefunct ion 

wand all properties of the system can be derived from it. W is a function of t ime (t), 

the coordinates2 T = T (Tl , T2,,,. , TN )  of all t he N particles in the system and is in t he 

non-relat ivistic case a solut ion to t he time-dependent Schroclinger equat ion3 : 

8W (T,t ) 
H (T ) ifJ (T ,  t) = i 8t (1.1) 

For a time-independent (stationary) Hamilton operator, t he wavefunction can be sepa­

rated into 

ifJ (T, t) = ifJ (T )  ·8 (t )  ( 1.2) 

2Spatial- and spin coordinates. 
3 All equations are given in atomic units. 
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and the t ime-independent Schrodinger equat ion can be  derived 

HW = EW, (1.3) 

where E = (WIHIW) can be identifi d as the energy of the system for normalized W. The 

wavefunct ion is not an observable, however, according to t he Copenhagen interpretat ion 

(Heisenberg & Born), t he square of t he wavefunction can be regarded as a probability 

density. The total Hamilton operator of an atomic or molecular system is t he sum of 

individ ual operators of the potent ial V and kinetic T energy of the nuclei (n) and electrons 

(e) : 
(1.4 ) 

For interact ing part icles, the t ime- independent Schrodinger equat ion is only analyt ically 

solvable for one part icle systems. Hence, for most chemical relevant problems, approx­

imat ions have t o  be applied . The Born-Oppenheimer approximat ion is based upon t he 

large di fference of masses of electrons and nuclei ,  a factor of 103 to 105 . Assuming an 

instantaneous react ion of the electrons to the movement of the nuclei ,  it is just i fied to 

solve the electronic Schrodinger equation for a given arrangement of t he nuclei : 

( 1.5) 

where 

(1.6) 
The total  energy in the electronic Schrodinger equat ion (1.5) depends thus only para­

metrical ly on t he coordinates of t he nuclei, hence in th is pict ure the nuclei move on a 

potential energy surface (PES) ,  which is the solut ion of the electronic Schrodinger equa­

t ion .  The total energy of a system is t he sum of t he electronic energy and the energy of 

the nucleus-nucleus interaction (Vnn). The latter can be calculated as a constant for a 

given geometrical arrangement of the nuclei . Usually, the elect ronic Hamilton operator is 

furt her separated into one- and two-part icle terms h( i) and g( i, j) 

where h (i) is given by 

n n 

He = Lh(i) + Lg(i,j) + Vnn, 
i<j 

(1. 7) 

( 1.8) 
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and represents the kinet ic energy o f  an  elect ron i and i t s  potent ial energy i n  t he potent ial 

caused by the nuclei . The two-part icle term g( i, j) specifies t he instantaneous potential 

energy between two moving electrons: 

1 
g(i,j) = -

rij 
( 1 .9) 

Since equat ion ( 1 . 5 )  cannot be solved exact ly for systems containing more t han one 

part icle, approximate wavefunct ions <I'> are generated from funct ions containing single 

electron wavefunct ions cPi (orbitals) :  

<I'> = L aj!j(cPl ... cPn) ( 1 . 10 )  
j=l 

These t rial wavefunctions <l'>i are t hen improved to resemble t he exact wavefunction as 

c lose as possible using t he variat ional principle [ 1 2] . It states that, as long as H is bound 

from below, t he energy of t he trial wavefunction is higher or equal to t he energy of t he 

exact wavefunct ion: 

E' = (<I'>IHI<I'» > E = (wIHlw) 
(<1'>1<1'» - (wlw) ( 1 . 1 1) 

In pract ise E' is never equal to E because t he expansion in equation (1.10 )  i finite .  

The most simple representat ion of such a funct ion, which must obey t he Pauli exclusion 

principle [ 1 2]4, is t he Slater determinant (SD) : 

1;1 ( 1  ) 

cPl (2) 

(Pz(1) 

cP2(2) 
( 1 . 1 2 )  

The columns in a Slater determinant are s ingle-electron wavefunctions mult iplied by t he 

elect ron spin (spin orbital) , while t he electron coordinates are all along t he rows. The 

SD has N electrons occupying N spin-orbitals (cPl, 1;2,· . .  ,cPN) without specifying which 

electron is in which orbital .  
4Two identical fermions may not occupy the same quantum state simultaneously. 
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1 . 2 . 2  Basis Sets 

In order to calculate the Lrial wavefunction q" the orbitals <Pk are expanded into a linear 

combination of basi functions f,j: 

/11 
rPk = L Cjkf,j 

j=l 
( 1 . 13 )  

In general, the orbitals can b e  expanded into any arbitrary basis. For molecular systems, 

however, usually the Ansatz of linear combination of atomic orbitals (LCAO) is u ed to 

generate the basis. Here, the orbitals are expanded into a linear combination of atomic 

orbital centered at each atom. From the solution of the 8chrodinger equation for the 

hydrogen atom it can be derived that each ingle-electron wavefunction is always of the 

form 

( 1 . 14) 

where N is a normalization constant, Rnl(r) the radial function, Ytm(8, <,0) are the spherical 

harmonics that describe the angular dependence of the orbital and n, l, m the quantum 

numbers. The calculation of two-electron integrals, arising from equation ( 1 .9 )  is sim­

plified by approximating the ba is functions {f,j} into classes of exponential functions 

that resemble the hydrog nic orbitals. The most convenient functions are the Gauss type 

orbitals (GTO) of the form 

( 1 . 15 )  

N is a normalization constant, the sum o f  i + j + k yields the angular momentum quantum 

number l and er is the orbital exponent. A second type, the Slater type orbitals (81'0) , 

are defined by 

( 1. 16 )  

In this work GTOs are solely used and contracted with fixed coefficients Cap to further 

reduce computational requirements 

1 . 2 . 3  Hartree-Fock 

{: CGTO = '""" C . {:GTO 
<"p � ap <"a . 

a 
(1.1 7) 

The Hartree-Fock approximation (HF) is the first step in quantum mechanical calculations 

and is also referred to as the mean field approximation because electron correlation is 
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accounted for in an average fashion . The wavefunction \lI is represented by a single orbita l  

configuration <P, which is  expressed as a Slater determinant (equation ( 1 .12) ) ,  where t he 

orbita ls are expanded into  a set of  basis funct ions E,j (equat ion (1. 13) ) .  The energy E of 

t he system is  evaluated as t he expectat ion value E = (\lI I H I \lI)  / (\lI I \lI)  and variat ional 

opt imizat ion of this energy yields t he Hart ree-Fock equat ions: 

( 1 .18 )  

In this Eigenvalue equation ,  f( i )  denotes t he Fock operator, <PJ,;{ i) its eigenfunct ions and 

El.; the eigenvalue . The Fock operator is given for t he elect ron i by, 

n/2 
f (i ) = h(i ) + 2:)2Jl (i ) - Kl (i ) )  (1. 19 ) 

where Jl (i )  denotes the Coulomb operator 

( 1 . 20) 

and Kl (i ) t he exchange operator 

( 1 . 21) 

The sums of Coulomb and exchange operators represent in HF t heory the elect ron-electron 

interaction .  Minimizat ion of the energy E with respect to t he orbitals <PI.; (bet ter t he 

orbital  coefficients Cjl.;) yields the HF wavefunction of t he system . Since t he orbitals 

depend on t he Fock operator and t he Fock operator on t he orbitals, the HF equat ions 

must be solved iterat ively ; i .e .  t he HF equat ions are solved unt i l  self consistency is 

achieved . The aforement ioned equations describe the closed shell-H F  method ( restricted 

H F ,  RHF ) ,  where the orbitals <Pi are either fully o ccupied or fully unoccupied; i . e .  t he 

same set of orbitals is optimized for et- and ,B-electrons. H igh spin, i . e .  al l unpaired 

electrons possess the same spin, systems can be calculated using restricted open shell-HF .  

For generic open shell systems, unrestricted-H F  (UHF)  i s  used. 'While restricted Hartree­

Fock theory employs a single orbital  twice, once mult ipl ied by the et spin funct ion and 

once mult iplied by the ,B spin function in the SD, u nrestricted Hart ree-Fock t heory uses 

different orbita ls for the et and ,B electrons. Therefore, th is approach is also called t he 

different Q7'v'itals for different spins (DODS) method .  
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Electron Correlat ion 

The elect ron correlat ion energy is , within t he basis set l imit , defined as the difference 

between the non-relat ivis t ic Hartree-Fock energy and the lowest possible energy. 

ECorr = Eexact - EH P  (1.22) 

S ince t he Hart ree-Fock method yields the best one-determinantal t rial wavefullct ion, 

within the given basis set , i t  seems sensible to use this wav funct ion as a start ing point 

and to implement it wit h further determinants .  

(1 . 23) 

Configuration Interaction 

In the multiconfiguration-SCF ( NICSCF) method,  the wavefunction is not determined by 

only one Slater determinant , as opposed to  the HF method ,  but by a sum of Slater deter­

minants. In general ,  MCSCF methods are employed for calculat ions of excited st ates or 

whenever a realist ic t reatment of a system by a single Slater determinant is not sufficient . 

The JVICSCF method was not used in this work and the reader is referred to the before 

mentioned textbooks on t heoret ical chemist ry. 

For N electrons and j1J basis funct ion , the HF method yields N /2 occupied molecular 

orbitals (MOs) and l\I - N /2 unoccupied (virtual ) MOS5 . The addit ional determinants <Pi 

(equat ion (1 .23)) are generated by replacing MOs that are occupied in the HF determinant 

by MOs t hat are unoccupied . Depending on t he number of electrons that have been 

excited into virt ual MOs, th Slater d terminants ar denoted singly, doubly, t riply, etc .  

excited relat ive to  t he HF determinant . 

The determinant <P��n has been generated by excit ation of the occupied � IOs 1Yn and 

1Ym into the virtual MOs 1Yr and 1Ys . I n  a configuration interaction (Cl ) calculation the 

coefficients of the series expansion of the form 

WCI = ao<po + L a n r<P� + L a nmrs<P�� + . . .  
n ,r n<m,r<s 

( 1. 24) 

are variat ionally optimized . In  the multireference-CI (MRCI ) approach, the reference 

function <Po denotes a MCSCF-wavefunct ion. The wavefunct ion of a full Cl (FCI ) calcu­

l at ion , i . e .  t aking into account all possible determinants for t he respect ive system in the 

5Except for the case of a minimal basis. 
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above equat ion ,  is for an indefinite basis identical t o  the exact wavefunct ion . I t  recovers 

1 00 % of t he elect ron correlat ion . 

However, t he expansion series has to  be t runcated as a FCI calculat ion is infeasible 

for all but t he smallest systems. The number of determinants grows factorialy wit h  the 

s ize of the basis set . Typically truncated series containing double excitat ions (CID = 
Cl doubles) or single a.nd double excitat ions (CISD = singles & doubles) are considered . 

Truncated Cl calculat ions have t he drawback of being size inconsistent and hence recover 

less and less elect ron correlat ion as t he ystem grows larger and a lso cannot be u ed for 

d issociation react ions if the Cl-space is small [ 1 0j .  

Many-body Perturbation Theory 

A widespread method to add correct ions t o  solut ions in quantum mechanics, is many­

body perturbat ion theory. I f  t he correct ion t erms are small compared to t he already 

solved problem, the total Hamilton operator H can be  expressed a t he sum of a reference 

Hamilton op rator Ho and a pert urbation operator H' . 

H = Ho + AH' ( 1 .  25)  

H' denotes a small pert urbation6 ( i .e .  correlat ion, elect ric field e tc . )  and the variable A 

t he magnitude of t he perturbat ion . For A =1= 0, t he new wavefunction and energy can be 

expanded into a Taylor series in powers of the perturbat ion parameter A . 

W = WO + AW l  + A2W2 + A3 W3 + . . . 

E = EO + AEl + A 2 E2 + A 3 E3 + . .  . 
( 1 .  26) 

I n  the MRiller-Plesse t  Perturbation Theory ( lVIP) [ 13] , t he sum of Fock operators is used 

as t he reference Hamilton operator. 

( 1 .  27) 

The M0ller-Plesset expansion eries has to  be carried out to  second order (MP2) at least, 

because MP1  only yields the Hart ree-Fock energy. The expense of  t he calculat ion scales 

as Nn+3 for an MPn calculat ion7 . Therefore, calculat ions are not usually carried out to  

higher t han the fourth order. The coupled cluster method is preferred if higher accuracy 

61n this case t ime-independent. 
7 N denotes the number of basis functions. 
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is required . MP pert urbation t heory is size consistent8 , but not variational . The l at ter is 

not neces arily a problem as t he interest is usual ly in energy differences and not in the 

total energy itself. 

M P  calculat ions are less computer-t ime demanding t han Cl and are th refor t he 

preferred method for including elect ron correlat ion .  However, the main drawback of per­

t urbation theory is t he assumpt ion of a sufficient ly mall pert urbat ion operat or . In other 

words, the poorer t he HF wavefunct ion describes the ystem,  the larger the correlation 

t erms and t he more terms have to be included into the MP series. Moreover, if t he ref­

erence st ate is poorly described, the convergence can be very slow or unpred ictable so 

t hat pert urbat ion methods cannot be used . This method i for example not applicable 

for met allic systems. 

Coupled Cluster Methods 

In t he coupled cluster theory (CC) [ 1 4 ,  1 5] ,  the xact wavefunct ion lIT is writ ten as an 

exponent ial Ansatz .  which i expanded into a Taylor series 

III = eT <Po 
T 1 2 1 r 3 L T/.; 

e = l + T + -T + - T + . . . = -
2 !  3 !  k !  

/.;=0 

( 1 . 2  ) 

( 1 . 29 )  

( 1 . 30) 

<Po is t he HF ground-state determinant and t he excitat ion from the ground-state into 

various excited Slater determinants is described by t he excitat ion operator � 

ace vir 
Tl<PO = L L t ;�<P� 

n r 
ace vi,· 

T2<Po = L L t��<P�� . 
n < m  r<5 

( 1 . 3 1 ) 

where t he amplitudes ( the expansion coefficients t ) are equivalent to  the coefficients a in 

equat ion ( 1 .24) . From equations ( 1 .29 and 1 . 30) t he exponent ial operator may be written 

8In contrast to truncated Cl. 
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as 

( l . 32 )  

The first term generates the reference HF  and t he second the  first excited determinant 

The terms in t he first parenthesis , which are labelled connected (T2 ) and disconnected 

(Tf) , generate all doubly excited states. In analogy t he terms in t he second parenthesis 

generate all possible t riply excited states. 

Operat ing on the HF wavefunction with Ti generates a ll possible excited determinants 

and is hence equivalent to ful l  Cl. Moreover , it has t he same computational expense. The 

advant age in CC theory, however , l ies in the consequences associated with t runcation of 

T. Considering for instance only double excit at ions, i . e .  T = T2 , t he exponential function 

in equat ion ( l . 28) remains indefinite and gives 

( l . 33 )  

where CCD denotes coupled cluster doubles. In  ot her words, i f  the h ighest exci tat ion level 

in T is n 

( l . 34)  

t hen Slater determinants excited more than n t imes may ( and usual ly do) s t i l l  contribute 

to the wavefunction III because of t he exponent ial Ansatz .  Therefore, coupled cluster 

terminated at Tn recovers more correlation energy than configuration interaction with 

n excitat ions. This is t he reason why truncated CC is size-consistent as opposed to 

t runcated Cl .  

CCSDT, which allows for excit at ion operators of t he first , second and t hird order, 

in general recovers 99% of t he correlat ion energy. However , CCSDT scales as N8 and 

can only be used for small sy tems .9 The mo t common approach to include triples 

contribut ions is to evaluate t hem by perturbation t heory and to add t hem to t he CCSD 

result .  This approach is known as CCSD(T) . 

The CCSD(T) method is very accurate, fails only for systems containing mult i refer­

ence character and has emerged as t he reference method for quant um mechanical calcu-

9vVhere N denotes the number of basis functions. 
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lat ions. However, for t he scope of clusters invest igated in t his work, t he applicat ion of 

CCSO(T) i computationally not feasible. 

1 .2 . 4  Density Functional Theory 

Density functional theory (OFT) is an approach to t he same problem as that outlined 

so far ,  but from a different perspect ive. Unlike the wavefunct ion , t he total density is 

an observable and for a N-part icle system it depends only on three coordinates. Hence, 

\-vhile the complexity of a wavefunct ion increases rapidly with t he number of elect rons, 

t he elect ron density has t he same number of  variables . 

Th basis for O FT is the proof by Hohenberg and Kohn t hat t he ground-state elec­

t ronic energy is determined completely by t he ground-state elect ron density p [ 1 6] . In 

ot her word , the ground-state electronic energy of a system can be described as a func­

t ional of the electron density E[p] . This is significantly different from the wave mechanics 

approach , where t he energy is described as a funct ional of t he wavefunct ion. For two 

external potent ials vl (r) and v2 (r) resulting from the same density p(r) ,  t he ground-state 

energies can be writ ten as 

( l .35 )  

As a consequence of t he variat ional principle, 

EP = (w 1 1  H 1 1 w 1 )  < (w 2 1  H 1 1  w 2) 

(w2 I H1 I W 2) = (\lJ2 I H2 I W2 )  + (W2 1 H1 - H2 1 w2) ( l .36) 
= Eg + J p(r ) [1h (r) - v2 (r) ] dr 

The latter can only be t rue i f  v1 (r) = v2 (r) and shows t hat two external potent ials can 

only be the resul t  of  two different elect ron densit ies . Hence t he external potent ial is 

uniquely determined by p( r) and the energy may be writ t en as 

E [p] = T[p] + Vne [p] + Vee [p] = J p(r) v (r)dr + T[p] + Vee [p] ( l . 37) 

where Vne [p] describes the interact ion between t he nuclei  and t he electrons ,  T[p] the k inetic 

energy and Vee [p] t he electron- electron interaction. In analogy to the variat ion theorem 

for wavefunctions , t he t rue energy is always a strict lower bound to t he energy of an 

approximate density E[P] . 

( 1 .38)  
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For a mod I system of N-non-interact ing electrons in N orbitals (h t he kinetic energy Ts 
and t he nergy can be written asl O : 

( 1 .39) 

E[p] = Ts [p] + 
/ 

vs (r)p(r)dr. ( 1 . 40) 

By including t he electron electron interact ion Vee , expressed in terms of a Cou lomb J [p] 
and an exchange part Exc [p] , t he energy becomes 

E[p] = 
/ 

v(r)p(r)dr + T[p] + Vee [p] 

= 
/ 

v(r)p(r)dr + Ts [p] + J [p] + (T [p] - Ts [p] ) + ( "Vee [P] - J [p] ) 

= 
/ 

v(r)p(r)dr + Ts [p] + J [p] + Exc [p] . 

\¥here t he Coulomb interact ion is given as 

J [p] = 
� / / p(r)p(r' ) drdr' . 2 I r  - r' l  

( 1 . 4 1 )  

( 1 . 42 )  

Thus, Exc accounts for t h  difference between t he classical and quantum mechanical elec­

t ron elect ron interact ion and includes t he difference in k inet ic energy between t he nOIl­

interact ing system and t he real system . The minimizat ion of E[p] by variation of p leads 

to an equat ion of a system of non-interact ing electrons in an effect ive, external potential 

veff ( r ) 
8E[p] 8Ts [P] 

J.l = 8p(r) 
= 

8p(r)  + vne (r) + vJ (r )  + vxc (r )  

8Ts [p] 
= 8p(r)  + veff (r- ) . 

( 1 .43) 

This system of non-interact ing elect rons can be solved exact ly, if t he exact exchange­

correlation funct ional could be determined , by N one-part icle Schrodinger equat ions 

[_ lV2 + veff (ri )] cPi = E icPi · ( 1 . 44 )  

Solving t he o-called Kohn-Sham equations (Eq .  ( 1 .44) ) yields the elect ron density, which 

is obtained from t he wavefunct ions cPi (K ohn-Sham orbitals ) ,  

N 
p(r) = L I cPi (r ) 1 2 .  ( 1 . 45) 

lO The subscript s specifies the non-interact ing system of  electrons. 
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The minimizat ion occurs now from t he variat ion of  the Kohn-Sham orbitals in the orbital 

space, where t he restrict ion of orthonormality has to be t aken int o Ftccount for. The Kohn­

Sham orbitals are expanded into a set of basis funct ions and the respect ive equations 

are solved i terat ively unt il self-consistency is reached Furt hermore, as the correlat ion 

between elect rons of parallel spins is different from t hat between elect rons of opposite 

spins, in open-shell systems coupled Kohn-Sham equat ions Ftre considered in order to 

obtain the (1" - and ,6-Kohn-Sham orbitals .  The coupling is  included into t he effect ive 

potent ials which are u ually expressed as funct ions of t he spin polarizat ion � [ 10] 
pG _ pf3 

� = ---,­pG + pf3 ' 
( l . 46) 

I f  Exc [p] was known, DFT would provide t he exact total energy, including T[p] , \!;te [P] and 

Vee [P] . However, since t he exact form is unknownl l , t he difference between DFT methods 

is t he choice of t he funct ional form of the exchange-correlation energy. 

In t he local density appro:rimation (LDA)  it is assumed that t he electron density can 

be t reated locally as a uniform lectron gas and the exchange-correlat ion energy Exc is 

written as a sum of exchange energy Ex and correlat ion energy Ec . \tVhile this is a good 

approach to model the behavior of simple metals in the bulk , it is clear that the shift 

from a cont inuous system of spat ial ly uniform density to  t he finite regime of molecules 

and clusters with their sharply varying density requires more sophist icat ion. An obvious 

start ing point , is not to make the correlat ion and exchange energies only dependent on 

t he local value of t he density, but also to consider t he extent to which the density is 

locally changing. Such methods are known as generalized gradient corrected approximation 

(GGA) methods. 

As discussed in sect ion ( 1 .2 .3 ) ,  HF-theory can determine t he exchange energy " ex­

act ly" . Since t his energy can only be accounted for approximat ively in DFT-theory, a 

strategy has been developed to  combine t he " exact" HF exchange part with t he DFT cor­

relat ion part . Here , only an adjust able part of the exchange energy is calculated via DFT 

(i .e .  GGA) and t he rest via t he t he Kohn-Sham functions according to  t he Hartree-Fock 

method. These hybrid funct ionals are 1..1 ually more accurate for evaluat ing molecular 

geometries than " pure" GGA funct ionals , but require more computat ional t ime. 

The limitat ions and problems of DFT are hence associated with the exchange­

correlat ion potent ials . Different GGA-potent ials, for instance, yield bonding energies that 

1 1 And maybe does not exist at all. 
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can deviate from each other and from experiments significantly. Moreover, DFT fails to 

account for long-range correlat ion of the charge density ( i . e .  van der Waals interactions) . 

LDA and GGA underest imate in general the HOMO-LUMO energy gap12 . For l arger 

systems and even for t he small-sized c lusters investigated in th is work, however, DFT is 

t he method of choice as it makes t he best compromise between a realist ic t reatment of 

the electronic st ruct ure and t he computat ional cost . 

1 . 2 . 5  Relativistic Effects i n  Chemistry 

Although the t heory of relat ivist ic quantum physics had been developed in 1928 ,  its 

relevan e in chemist ry was only recognized in t he late seventies [ 17 ,  18] . For valence 

shells ,  t hese effects increase roughly l ike Z2 but have to be considered already for small 

systems such as Ht or H2 , if very precise calculat ions are required [ 19] . Relat ivist ic effects 

can be defined as anything arising from the finite speed of light ( i . e .  c � 1 37 .036 a.u . )  as 

compared to c = 00 ,  and can be evaluated for a given property as t he difference between 

the resul t s  obtained in a non-relativist ic and relat ivistic calculation. 

The qualitat ive effects of relat ivity in chemistry can be ascribed to the h igh kinetic 

energy of t ightly bound core elect rons in heavy atoms. Due to the relat ivistic mass 

increase 
mO m = -,.==:;=:=:= V1 - v2/c2 ' ( 1 . 47) 

where mo denotes t he rest mass and v t he speed of the electron,  the effect ive Bohr radius 

( 1 . 48) 

with EO denoting the vacuum permitt ivity, n the Planck constant (h/21T ) and e the ele­

mentary charge , decreases for core electrons with large average speeds. The average speed 

of a I s-electron is Z a. u . ,  which means that for Au a rough est imation gives a radius of 

only VI - 792 / 1372 � 0 .82 t imes what it would be non-relat ivist ically. The contract ion 

( i .e .  energet ic stabilization) of s-orbitals with a great density near t he nucleus denote 

direct relativist ic effects .  Due to orthogonality constraints, t he energy of the valence s­

orbitals must also be stabilized . The contraction of these orbitals improves the shielding 

of the nucleus and results in the expansion ( i . e .  energet ic destabilization) of the d- and 

f-orbitals. This is called an indirect relativistic effect .  

12 HOMO is the highest occupied molecular orbital and LUMO the lowest unoccupied molecular orbital. 
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Hence, even t hough relat ivistic effects are greatest near t he nucleus, the indirect effects 

on t he valence e lectrons affect t he valence orbitals and t hus play an important role in 

bonding. It is wel l  established t hat gold shows unusually large relat ivist ic effects compared 

to  o ther elements in t he Periodic Table of Elements. The whole chemistry of  gold IS 

dominated by relat ivist ic effects and is discussed in t he refs . [8 , 20-23] . 

1 . 2 . 6  Pseudopotentials 

One of the most fundamental assumptions in chemistry is t hat low lying core elect rons 

are inert and are not pert urbed by a molecular environment . In l ine wit h t his assumpt ion , 

significant computat ional savings in a quantum m chanical invest igat ion can b achieved 

by res trict ing t he actual calculat ion t o  the valence electron system and incl ude t he in­

fluence of t he core e lect rons by means of a (core) potent ia l ,  i . e .  t he core orb it als are no 

longer variat ionally determined . This approximat ion is called t he frozen core approxima­

tion ( FCA) .  Even greater computat ional savings can be obt ained , once in addit ion to t he 

FCA t he interact ion of the core elect rons among each other and t he interact ion of t he 

core electrons with t he valence elect rons are replaced by a scalar pseudopotential (PP) . In 

other words, the object ive of t he PP approximat ion is to const ruct a Hamiltonian which 

is only dependent upon t he coordinates of t he valence elect rons, but takes into account 

the influence of t he inert core elect rons . This approach goes back to  t he p ioneering work 

of Hellmann and Gombas [24, 25] in t he mid t hirties .  To fully exploit computat ional sim­

plificat ions, it t urned out to be necessary to int roduce a pseudo-orbital t ransformat ion ,  

which eliminates radial nodes of valence orbita ls yielding pseudo-valence orbit als [26] . 
A suitably parameterized PP offers two central advantages over an all-elect ron (AE) 

calculat ion. First ly, the PP approximat ion is t he key step in making calculat ions of  

molecules containing heavier atoms feasible 1 3 , since the number of basis functions to  

describe t he oscillat ing behavior of t he valence orbitals in t he core region i s  drast ically 

reduced by t he pseudo-orbital t ransformation . Secondly, i t  a llows in an efficient and 

elegant way to implicit ly introduce direct and indirect relat ivist ic effects into ( formally) 

non-relat ivist ic calcul at ions. Fur thermore, t he hasis set s1lperposition error (BSSE) is 

reduced, since t he core orbitals are described by an effect ive potential rather than basis 

funct ions. 

13pp are already adopted for molecules containing elements of the third period of t he Periodic Table 

of Elements. 
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Pseudopotent ials are dist inguished according to  t he adjustment of t heir parame­

ters. Shape-con istent pp are parameterized usually from a single atomic (ground) state 

whereas energy-consistent pp are derived from a mult i tude of atomic states. Since t he 

general idea of a pp is to  develop it once for an atom and t hen also to  use it for different 

states of t he atom as well as in molecules , energy-consistent pp ensure bet ter t ransfer­

ability and accuracy. In both cases, t he core-valence division in construct ing t he pp is 

performed in a ,vay t hat t he core remains inert , i . e .  i t s  polarizability should be small and 

it should noL contain elect rons t hat could overlap with the valence electrons of another 

atom or molecule. 

PPs are generated in the framework of the independent -part icle model, as electrons 

are indi t inguishable and a n-part icle Hamiltonian cannot be separated into a core and 

a valenc part . Parameterizat ion from Hartree-Fock calculat ions yields non-relat ivist ic 

pseudopotent ials, whereas adjust ing t he parameters t o  Wood-Boring calculat ions (Dirac­

Fock calculat ions) yields scalar-relat ivist ic ( relat ivist ic) ones. Scalar-relat ivist ic PPs ac­

count only for direct and indir ct relat ivist ic effects, whereas relat ivist ic PPs a lso consider 

spin-orbit coupling. 

In t his work energy consistent pseudopotent ials generated by t he STUTTG A RT group 

[27] are solely used . These are, unless otherwise stated , derived from Dirac-Focl< calcu­

lat ions. However, since spin-orbit coupling has not been considered in the invest igat ion 

of the clusters ment ioned in this work 1 4 , t he ut ilized p eudopotent ials only account for 

scalar-relativistic effects. 

Pseudo-orbitals need to fulfi l l  two condit ions. They have to be consistent in shape 

with t he all electron orbitals in t he valence region and smooth (nodeless) in the core 

region .  The former condit ion ensures comparability with al l  electron calculat ions, while 

t he lat ter gives rise to drast ic reduct ions in computat ional costs .  Figure ( 1 . 1 )  depicts t hese 

two requirements by means of the radial d ist ribution funct ions of fict i t ious 5s-orbitals. 

Approximat ing the cores as spherical symmetric ent it ies carrying charges Q>. = 

Z).. - n e,).. (where Z is t he nuclear charge and n e  the number of core electrons) , the non­

relativist ic valence Hamiltonian can be written as [28] 

( 1 .49) 

Here n v  denotes t he number of t he valence elect rons,  � , J are valence-elect ron indices, 

14 Except for the tin atom. 
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Figure 1 . 1 :  R adial di t ribut ion funct ions of fic t it ious 5 -pseudo- ( red) and 5s-all elec­

t rons orbit als (blue, dashed) 

A , /-L are core-electron indices and V: P denotes the short-range part of the core-valence 

potential .  V!P is t he main focus in pseudopotential theory. I n  t he semi-local Ansatz, vj P 
is dependent on t he orbital angular moment um of th  valence electrons ( i . e .  �PP

; l = 

s ,  p, d, f, . . . ) and is given for t he above ment ioned Hamiltonian as 

L- l 
V!P(ri> J = V{P (ri>. ) + I)V/P(Ti>. ) - V{P(ri>. ) )PI .  ( 1 . 50) 

1=0 

Here L - 1 is t he greatest total orbit al angular momentum upon which a semi-local 

pseudopotent irtl term �PP can act on and PI i rt project ion operator ar.t ing on the 
spherical harmonics at the nucleus A : 

I 
PI = L / lml >< lmt / ( 1 . 5 1 ) 

ml = -I 

All local potent ials V[P can in principle be expressed by semi- loca l terms. Moreover, 

since t he semi- local terms decrease with increasing orbital  angular moment um quantum 

number I, t he local t erms can be discarded if L is t aken high enough . 
L - l  

V!P (Ti).. ) = L �PP(ri)" )PI 
1=0 

( 1 . 52) 

F inally, t he semi- local terms of the pseudopotential can be conveniently written as an 

expansion in terms of Gauss functions mult iplied by r( 
17PP (r · ) - " r 

nlk B e-f3lkTi] VI z)" - L i).. 11.: ( 1 . 53 )  
I.: 

where A and i represent the nuclei and electrons t his potent ial is applied to and k labels t he 

Gauss funct ions that have exponents NI. and coefficients B/k . Since t he exponents nil.: are 

usually set to zero in STUTTGART pseudopotentials, only t he exponents and coefficients 

of the Gauss functions need to be adjus ted . 
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Arguably, t he geometrical structure of a cluster is i ts  most fundamental property. The 

experimenta l  evidence on t he struct ures of small clusters is however scarce , consti tut ing 

one of t he major d ifficulties in the understanding of t hese fascinat ing materials . In order 

to gain insight into the geometrical structures of clusters in experiments, t heoret icians 

must guess or predict cluster geometries and find t he most stable isomer. Since met al 

c lusters often have severa l  isomers with similar energies , t he accuracy of the calculat ions 

may not be sufficient to determine which one is t he most stable isomer. Hence, it is 

advisable to also calculate propert ies that are sensit ive to t he geometry and compare 

t hese with measurements .  

As discussed in section ( 1 . 1 ) ,  the static electric dipole polarizability of small  clusters 

is a very interesting property, not only because it probes t he response to a simple field 

perturbat ion, but also because it is sensitive to the morphology of small clusters. I n  t he 

exper iment al studies of polarizabilit ies , t here are in general large variat ions observed in t he 

per atom polarizability of t he cluster on going from one size to  the next . These variat ions 

are as ociated with a variation on the clusters' geometric structures. A comparison of 

experimenta l  polarizabilit ies with t heoretical values predicted for different i omers can 

t hus give clear insight into t he structure of t he observed cluster . 

I ndeed, t he measurement of t he stat ic electric dipole polarizability of sodium clusters 

[29] and its interpretation in terms of the jellium model [30] can be regarded as one of 

the t riggers for the research activit ies that today form t he field of modern metal cluster 

physics. 

A collection of import ant physical quantit ies t hat depend on t he scalar polarizabil ity 

are l isted in [6] . When an external static electric field (F)  is applied to  a molecu le , i ts 

charge distribution will interact with the electric field and its dipole moment wil l  change 

according to equat ion ( 1 .62) . 0: is defined as the magnitude of that change per unit of  

electric field strength and denotes a second-rank tensor15 . That is ,  t he polarization of 

the molecule is proport ional to the external field, but the direct ion of the induced dipole 

moment may not be the same as the direction of t he applied field. 

151n other words, Cl: is a measure of the molecule's ability to respond to an electric field and acquire an 

electric dipole moment . 
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The scalar polarizability is defined t o  be 

and th  anisotropy for t h  diagonal form of  t he polar izability t ensor is given by 

For a SI herically ymmet ric system 0: is a scalar quant ity ( i . e .  O:xx = O:yy = O:zz ) · 

1 . 3 . 1  Calculation of Polarizabilities 
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( 1 . 54 ) 

( 1 . 55 )  

( 1 .56)  

The calculat ion of st at ic lectric dipole polarizabilit ies can be realized by the finite field 

method, a numerical method first employed by Cohen and Roothaan [3 1 J .  and analyt ically 

following perturbat ion t heory16 . In t he former framework ,  the perturbat ion of a small but 

finite uniform external elect ric field is applied to a system, where its interact ion with the 

system is described by a pert urbing Hamiltonian 

( 1 .57)  

where qi is t he charge of the part icle i at t he location ri . The polarizability i t hen 

evaluat d from numerical different iat ion of t he change in nergy or the induced d ipole 

moment via 

[P E 
I 

8J1i 

I 
8J1j 

I 
(
. .  { } )  

O:ij = - 8F 8 F = - 8F = - 8F 
Z , ] = x ,  y ,  z . 

. t J F==O J F==O t F=O 

Thi expr ssion origins from the Hellmann-Feynman theorem 

dE 
= 
/ 8H )  

dP \ 8P , 

lG The polarizability is always calculated at T = 0 K, unless stated otherwise. 

( 1 . 58) 

( 1 . 59 )  
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where here t he total H amiltonian is a sum of  t he unpert urbed HO and t he pert urbed H I  
operator and t he derivat ion is with respect to  the electr ic field strength Fi . Since H O i 

independent of Fi it fol lows from equat ions ( 1 . 57) and ( 1 .59) : 

�� = (��) = (8;�il) )  = - (�i ) ( 1 .60) 

The energy E of a molecule in the presence of an external elect ric field can be developed 

in t erms of a Taylor expansion relat ive to its energy E(O) in the absence of t he field F 1 7 :  

8E I 1 82 E I E = E(O) + 8F 
Fi 

+ 
:2 8F8F 

FiFj 
t F=O t J F=O 

1 83 E I + "6 8Fi8Fj8Fk F=O 
Fi Fj Fk 

+ 
. . . ( i ,  j, k = {x ,  y, z } )  

I t  t hen follows from equat ion ( 1 .60) t hat 

(�i ) 
= 
_ 8E 

= _ 8E I _ 82 E I Fj -
� 83 E I Fj Fk - . . . 

8Fi 8Fi F=O 8Fi8Fj F=O 2 8Fi8Fj8Fk F=O '-v-" "-v--" v ; ' 'V ; 

J-to + . . .  , 

( 1 . 6 1 )  

( 1 .62) 

where �o denotes t he permanent dipole moment , aij t he polarizability and (3ijk t he fir t 
hyperpo lar izab il i  ty. 

For the grollnd stat e 1 0 ) ,  t he pert urbat ion expre sion for t he energy E is given as 

( 1 . 63) 

where the summat ion includes all elect ronic states. For a homogeneous electric field 

perturbation along t he z-axis wit h  H ( 1 ) = -l-lz Fz , it follows 

E = E (O) _ 
(0 1  1 0) F 

+ 
""" (O l l-lz l n )  (n l l-lz I O )  F2 + 

. . .  o 0 I-lz z � E _ E z . 
n#O 0 n 

( 1 . 64 ) 

The first derivative wit h respect t o  the external field at Fz = 0 st ates t hat t he permanent 

electric dipole moment of the molecule is t he expectation value of t he dipole moment 

operator in the unpert urbed state of t he system . 

dEO I I-loz = - dFz Fz =O 
= (O ll-lz I O) ( 1 .  65) 

1 7When an index variable appears twice in a single term, a summation over all  its possible values is 

implied. 
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As derived above, t he dipole polarizability is defined a the second derivative of t he energy 

wit h respect to t he external field , which give after set t ing Fz = 0 t he so-called um-over­

t ate expre ion : 
_ - 2 '" (O l {tz ln )  (n l J-L z I O) 

azz - � E - E n#O 0 n 
( l .66) 

Using � Eno = En - Eo and writ ing t he mat rix elements (O IVc l n )  as I t:;,on . implifies the 

above cxpres ion to :  
- 2 '" J -L z,OnJ-Lz , nO  

a-z - � � 
� Eno n#O 

( l .67) 

For applied fields along t h  x- and y-direct ion , analogous expressions are found and the 

mean polarizability, t he property observed when a molecule is rot at ing in a fluid and it 

presents all orient ations to the applied field, yields 1 8 :  

a = � L J-Lx ,OnJ-Lx, nO + J-Ly,On J -Ly ,nO + J-Lz ,On J-Lz,nO 
3 � Eno n#O 

= � '" l J-L n O l 2 
= 

� � . .  
3 � 6.E 3 �

a
H 

n#O nO  i 

( l .68) 

In general ,  t he unit of polarizability is given in cubic meters . This is realized after int ro­

ducing t he polarizability volume, a' ,  which is defined as 

where EO i t he vacuum permit t ivity. 

, a 
a = --

47TEO ' 
( 1 .69 ) 

The int ensit ies of spect roscopic t ransit ion also depend on t he square of t he transit ion 

dipole moments and t heir frequencies . A measure of absorpt ion intensity is t he oscil lator 

st rength j, which for t he transit ion n r- 0 is 

( l .  70 ) 

Hence, t he polarizability can be expressed in t erms of osci l lator st rengt hs and so pro­

vides a link between spect roscopy and pr dict ions of polarizabilit ies (oscillator st rength 

formula) 19 . It follows t hat 

( l . 71) 

18The appearance of t he expression is simpli fied by writing t he numerator as a scalar product of two 

vectors , J-LOn . J-LnO = {�x,O n J-L x , nO + /ly ,On/-L y ,nO + /l z ,on/-Lz ,no  and acknowledging t hat /-L is hermitian, J-Lon = /-L�o ' 
19 Strong absorptions at low energies give rise to large polarizabilities. 
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where t he summat ion includes all electronic states , both discrete and cont inuum. The 

oscillator strengths of the dominant transit ions may be taken from xperiment , from a 

calculat ion of the excitat ion spectrum or from estimates based on general sum rules .  T heir 

respect ive energies can be t aken from t heir locat ions on t he frequency sca le .  Ev n if i t  is 
not feasible to obtain all fno ,  equat ion ( 1 . 7 1 )  is st ill ext remely useful in establishing t he 

bounds of the dipole polarizability. Thi re ult from t he fact t hat  0 cillator t rength 

sat isfy t he Thomas-Reichc-Kuhn (TRK) sum rule [32] 

( l .  72) 

where Ne is t he tot al number of electrons . Hence, for a subset n' of t ransit ions with known 

oscil lator strengths, a lower bound on Cl: is given by 

( l .  73) 

Consequent ly, t he upper bound is found by assigning t he remaining oscillator strength, 

Ne - Lnf;iO fn fo to t he smallest possible energy difference Emin · The exact expression in 

equat ion ( 1 . 7 1 )  can be developed by approximating that all excita t ion energies are equal 

n2e2 
Cl: � m t:. E2 L fno 

e n;iO 

and gives according to t he TRK sum rule: 

n2e2 Ne Cl: �  --­
me t:. E2 

( l . 74 )  

( l . 75 )  

Thus, t he polarizability increases as the number of  total (va lence) elect rons increases 

and as the mean excitation energy decreases. The two effects reinforce one another , so 

molecules composed of heavy atoms are expected to  be strongly polarizable . 

1 .3 . 2  Measurement of Polarizabilities 

There is a variety of experimental methods for determining t he polarizability [6] . S ince 

it is l inked to the dielectric constant and t he refractive index, in traditional methods 

the polarizability is evaluated after measuring t hese properties .  For small metal clusters , 

however, beam deflection techniques , as depicted in figure ( 1 . 2 ) , have been established 

as t he method of choice. In the following, a brief summary of t he t heory behind this 
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s c a n n ing plate 

F, e x cime r la s e r  

TOF ma s s  s p e ctro lll e t e r  

Figure 1 .2 :  Sketch of the experimental set up used to measure t he stat ic electric dipole 

polarizability by deflect ion of a molecular beam. 

method, which was used to measure polarizabilit ies of small t in clusters, and its technical 

implement at ion is given . 

Here , the polarizability is determined by observing the deflect ion of a eollimaterl e l l l  ter 

beam which is passed through a st at ic, inhomogeneous elect ric field F. The external field 

induce a dipole moment in a neut ra l  cluster according to equation ( 1 .62 ) .  In order to 

simplify t he following expression , it is assumed that t he permanent dipole moment !-Lo 
and al 0 the hyperpolarizability {3 can be neglected.  Fmt h rmore, t h  polarizability i 

regarded as a scalar .  Due to the induced dipole moment in the external field F,  a force 

F = 'VF . /-L ,  acts upon t he clu ter and accelerates it t owards higher field st rengths. In 

general ,  the field is  const ructed in such a way, that only the z-component of the field 

gradient in z-direct ion is sign i fi cant ly different from zero, thus giving: 

( 1 . 76) 

For a cluster with velocity v and mass m t hat passes such a field of length L 1 in y-direct ion , 

t he deflect ion is given as 

( 1 . 77) 

where L 1 denotes t he length of the elect rodes as depicted in figure ( 1 .3 ) .  This deflect ion 

results in a change of t he z-component of t he velocity 

a fJFz Vz = L I - Fz � ,  
m v  uz 

( 1 . 78) 
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Figure 1 . 3 :  Overview of t he cluster beam deflection in an inhomogeneous, electric field. 

The distance between t he steel elect rodes is 1 .4 mm, t heir length 1 60 mm, 

t heir thicknesses 3 .77 mm and 4 . 00 mm, respect ively, and the field strength 

adj ustR.ble up to 30 kV Imm. 

and yields, after a second fl ight route L2 outside of  the electrical field, an addit ional 

deflect ion fld2 = D..vz �2 . The total deflect ion D..d = fld1 + D..ch is t hus expressed as 

( 1 .  79) 

According to t he above mentioned approximat ions, the deflection is thus proportional to 

t he polarizability and the product of field strength and field strength gradient . Moreover , 

the velocity of t he cluster needs to be determined experimentally. 

A t horough descript ion of the technical implementat ion of the beam deflection appa­

ratus is given in ref. [33J . I ts cluster source consists of a Nd:YAG laser ( 10 Hz, 6 ns; 50 

mJ @ 1064 nm) , focused on a rot at ing metal rod and is connected through a fast nozzle 

to t he helium carrier gas. The so generated plasma cools off in a He atmosphere ( 1  -

0 . 1  mbar) , recombines and condenses to charged and neutral clusters. These clusters are 

then expanded through a nozzle, which is connected to a helium cryost at (50 - 300 K ) ,  

supersonicly into a high vacuum chamber (ca .  5 ·  1 O-7mbar) . A collection o f  skimmers, 

pinholes and collimators are used to narrow t he cluster beam to approx 0 . 5  mm in height 

and 10 mm in width .  According to equation ( 1 . 79 ) ,  t he product of field strength and field 

strength gradient need to be constant throughout the whole geometry of the electrodes. 

This is realized by t he so-called two wire geometry [33J . 

For mass select ion, t he clusters are ionized using a pulsed F2-excimer laser ( 1 .25 mJ @ 
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157  nm) .  Before ionization, the clusters pass an elect ronically controlled shut ter, which 

allows for determining t he intensity distribut ion of t he clusters in arbit rary posit ions of 

the beam. After ionization, the cluster ions reach an orthogonal t ime of fl ight (TOF) m ass 

spect rometer and are accelerated normal to the init ial fl ight route. The final velocity of 

the accelerated ions varies wit h their individual masses. Hence, in combination with t he 

elect ronically controlled shut ter a mass- and po it ion resolved separat ion of the dust r siz 

d istribution in t he beam is realized . Subsequently, the ions reach an Even-Cup detector ,  

where t hey are re-accelerated and impinge onto an  a luminum plate, excit ing elect rons . 

These elect rons are lateral ly accelerated t hrough an aperture onto a scint i l lator plate ,  

result ing in emit ted photons which are detected by a photo-mult iplier and conversed into 

elect rical currents that are picked up by an oscilloscope. 

The cluster velocit ies (up to 1000 m/s for Snl - Sn20 ) are determined using a shut t r ,  

which i s  posit ioned right after the cluster source and i s  used to gradually interrupt t he 

cluster beam [33 , 34] . I n  principle, t he ionization t ime is kept const ant , while t he closure 

t ime of t his shut ter is varied . Together wit h the known d imensions of t he apparatus, the 

velocities can be determined according to  

V = --­
t ion - T '  

( 1 . 80) 

where l represents the flight route  of t he clusters, t ion t he ionizat ion t ime and T t he 

moment where t he shut ter is fully closed. The deflection of the cluster beam is determined 

by comparison of the mass resolved beam profile with and without t he applied field . 
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Clusters 

2 . 1  Definition and Types 

I n  chemistry, an aggregate of a countable number of part icles ( i . e .  atoms or molecules) 

l acking t ranslat ional symmetry is considered a cluster. The const ituent part icles can be 

of t he ame kind, result ing in homo-atomic (or homo-molecular) clusters (Nn ) ,  or t hey 

may be of two or more different species, leading to hetero-atomic (or hetero-molecular) 

clusters (Nnl\Im) .  There are many different types of clusters, such as metallic clusters, 

fullerenes, semiconductor clusters , molecular clusters, rare-gas clusters and ionic clusters. 

The feat ures and propert i s of t hese d istinct physical objects may be studied in t he gas 

phase, in a cluster molecular beam, adsorbed onto a surface or trapped in an inert matrix. 

2 . 2  Size Effects and Experimental Synthesis 

Both theoret ical and experimenta l  invest igat ions on t he size-dependent evolut ion of clus­

ter propert ies and geometric and electronic t ructure represent a major area of current 

research [ 1 , 6 , 7, 35-37] and are rooted in t he fundamental intere t in t he e nano-part icle 

and also in the potential to fine tune cluster propert ies for technological applicat ions by 

carefully controlling t heir size and t he type of part icles t hey are composed of. Important 

quest ions t hat are addressed with this respect are: 

.. Is a dist inct growth-pattern for the geometric structures observable and if so, does 

it give insight into the crystal growth at t he m icroscopic level? 

• How rapidly do c luster struct ures and propert ies converge towards the bulk l imit? 

37 
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• I s  t he nat ure of bonding in discrete clusters t he same as in t he bulk solid? 

• C an phase t ransit ions be observed and are t hey of t he same type as in bulk solids 

or surfaces? 

• When does the onset of metallic behavior occur in finite-sized clusters of metals? l 

The synthesis of clusters may be performed in a number of ways, depending for instance 

on t he type of clusters under invest igat ion ,  t he required size range, production intensity 

and t emperature and can be divided into thr e main stage : c luster generation. cluster 

invest igat ion and cluster detect ion . The most important cluster sources are: 

• Seeded supersonic nozzle sources produce metal vapor in a hot oven, which 

is seeded into an inert carrier ga 2 The mixt ure is t hen expanded into a high 

vacuum resulting in a supersonic beam. This adiabatic expansion cools t he va­

por which becomes at urated and condenses into clusters and cont inues unt il its 

density becomes too low, which results in clusters with hundreds to thousands of 

atom . These sources produce cont inuous, intense cluster beams with  nano"" veloc­

ity d ist ribut ions . The molar mass of t he inert gas , its t emperature and t he nozzle 

apert ure cross-sect ion are the main factors t hat determine t he size and distribut ion 

of clusters. 

• Gas-aggregation sources generate metal vapor by evaporat ion or sputtering and 

ut ilize supersaturat ion of t he vapor int roduced into a flow of cold inert gas to in­

t roduce aggregat ion of (alkali metal ) clusters wit h usually more than 20000 atoms. 

The low temperat ure of the i nert gas ensures t he addit ion of one atom at a t ime, 

ignoring the relat ive stabilit ies of the clusters. 

• Ion sputtering sources produce clusters by bombarding a metal surface with 

h igh-energy inert gas ions ( i . e .  Kr and Xe) and may be used to  generate clusters of 

h igh-melt ing metals. The clusters are ini tially very hot and cool by evaporat ion of 

atoms, thus giving ri e to abundance spectra reflect ing the relat ive st abilit ies of the 

cluster izes . This source typically produces small ,  singly ionized clusters . 

l The use of the term metallic can be problematic for clusters, but in general a closure of t he band 

gap, i.e. smaller than kT, is understood by this. 
2Usually He or Ar .  
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• Spray sources are used to produce clusters from hquids and solut ions. In t her­

mospray sources , a l iquid or a solut ion of a usually involati le sample is part ially 

pyrolyzed before expansion through a needle into a stagnation chamber with a flow­

ing inert carrier gas, whereupon a subsonic beam containing neutral and charged 

clusters is generated . Electrospray sources work in a s imilar fashion, however ,  the 

needle may carry a relative negat ive or posit ive potent ial . 

• Laser vaporizat ion sources3 are used t o  produce small and medium-sized clus­

ters of any type of metal, carbon and silicon for instance. Here, a plasma with a 

temperat ure of around 1 04 K is produced by focusing a pulsed excimer or Nd:YAG 

laser on the urface of a rotat ing metal 1'0 1. I nt roducing t he plasma into a cold he­

lium pulse results in rapid cooling and induces cluster formation. Adiabat ic cooling 

occurs as in t he seeded supersonic nozzle source, but much lower temperatures can 

be achieved . Neutral and ionic clusters are generated in this way. 

• Pulsed-arc cluster-ion sources are very similar to t he laser vaporizat ion sources , 

however an intense electrical discharge is used instead of a laser . 

3This source was used to produce small t in clusters as described in section ( 1 .3 .2) . 
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G lobal Optimization 

3 . 1 Genetic Algorithm 

The global minima and energet ical ly lowest- lying isomers o f  all clusters presented i n  t his 

t hesis were obtained ut ilizing a genet ic algorit hm code BELPHEGOR , which was developed 

in t his work, as described in detail below. In t he research of clusters, obtaining the global 

minimum (G 1) st ructure,  i .e .  t he geometric st ructure wit h t he lowest energy, is one of 

t he most fundamental and challenging problems. Challenging, due to the fact  tha t  t he 

number of local minima increases exponent ially with the number of atoms, giving rise to 

at  least 988 local minima for a homo-nuclear cluster conta ining 13  atoms for instance [38] . 

Fundament al ,  because clusters corresponding to  t he GM are the most l ikely candidates 

for most probable structures formed in a cluster experiment . Genetic algorithms (GA) 

present an efficient solut ion to t his problem . The main functionalit ies of  BELPHEGOR are 

inspired by R. L .  Johnston's review art icle on genet ic algorithms [39] to which t he reader 

is referred for background. Technically, GAs are inspired by the Darwinian evolut ion 

process in which only the fi t test candidates of a populat ion can urvive permanently [40J . 

Numerically, they represent an iterat ive, stochast ic algorit hm maintaining a populat ion 

of individuals. 

The applicat ion of GAs to clusters was pioneered by Hartke,  who invest igated t he 

global min imum of Si4 clusters using an  empirical potent ia l energy surfac [41J . Zeiri 

introduced a GA that employed t he real-valued Cartesian coordinates of the clusters, 

hence removing t he requirement of encoding and decoding binary genes [42] . The next 

step in the development of GAs used for optimizing cluster s tructures was introduced by 

40 
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Deaven e t  al. [38] . I n  his approach each structure generated by the GA i s  subjected t o  a 

gradient driven local minimization. 

Deaven's approach is very significant , as it represents Lamarckian rat her t han D ar­

winian evolut ion.  Characteristics that are acquired by an individual in t he course of i ts 

l ifet ime can be passed on to  its offspring in t he Lamarckian concept of evolu t ion [43] . I n  

t he Darwinian concept o f  evolution t he characterist ics that are passed on to a n  offspring 

are t he ones that t he parent possessed when it was born. The former is preferable since 

t he modified genetic information is passed from parents to offspring. 

A GA can be divided into three essential steps: selection, mat ing (or crossover) and 

mutation.  Figure (3 . 1 )  depicts a flow chart of the operat ion of BELPHEGOR.  The init ial 

populat ion ( typically ranging from 10 - 20 individual struct ures) in t he 'mat ing pool' is 

generated in part randomly by placing the atoms in a cubic box, with edg lengths a that 

are given by 

(3 . 1  ) 

where N represents t he number of atoms and dmin t he minimal distance between any 

two atoms. Further initi al structures were const ructed from global minima Lennard­

Jones structures with adapted bond lengths according to t he cluster type in quest ion . 

Moreover, great effort has been made to  ext ract the predicted lowest- lying minima of 

t he clusters in quest ion from various publicat ions . These empirical structures represent 

the final part of the initial populat ion .  Al l  structures in t he init ial population are then 

relaxed into t heir nearest local minimum using DFT and t he Los Alamos minimum basis 

set and corresponding shape-consistent scalar-relat ivis t ic pseudopotential ( LANL2MB ) .  

In  t he algorit hm the fit ness of each minimum structure i s  determined based on its energy 

Vi (total electronic energy plus nuclear-nuclear repulsion energy) . The structure with the 

lowest energy in a populat ion is assigned a fit ness of 1 and t hat with t he h ighest energy a 

fi tness of O .  The fitness fi of each local minimum of the evolving populat ion is calculated 

using a dynamically sca led potential energy Pi , 

(3 .2 )  

where Vmax and Vmin are the highest and lowest energies in the current population, re­

spect ively. Using t he roulette wheel select ion method [39] two members of t he current 

populat ion are chosen for mat ing ( i .e .  to be parents) according to their fitness. BELPHE­

GOl{. uses an exponential type fitness function, thus favoring t he choice of parents towards 



CHAPTER 3. GLOBAL OPTD\IIZATIOI\ 42 

I n it ial  Populat ion � Local M i n i m ization 

Assi g n  Fitness 

Sel ectio n  for Mating 

M ating J-- - -

,r 
Local M i n i m ization f< -

OFT ( LAN L2 M B )  

No Term i n ation � 
Criteria M et? 

I 
y 

M utation 

I 
- ---1 

Fi n a l  Population ������-�
y
� �� Isomers 

M i n imization 
OFT ( LANL2 0Z) 

Frequency Analysis 
, 

- - - - - - - - - - - - - - - - - - - - - - - - - - - _ . ' 

T Lowest-lying isomers 

Final  M i n im ization 
O FT ( La rg e  Basis) 

Frequency Analysis 

Figure 3. 1 :  Flow chart for t he genet ic algorithm program BELPHEGOR used in t he search 

for t he global minima of cesium, t in ,  gold and copper nonamer clusters. 
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(3 .3 )  

In  t he process of mat ing, t he chosen parent st ruct ures are first aligned according to  

t heir main axis of inertia, then both are rotated randomly about t he same angle and 

finally cut horizont ally through t heir ma centers into halves as depicted in figure (3 . 2 ) . 

Complementary halves are t hen merged to form an offspring, ensuring t hat the number of 

at oms remains constant and that t he lengths of the newly formed bonds are similar to t he 

bond lengths in the parent st ruct ures. This operation is a variant of the so called 'cut and 

splice' crossover operat ion int rod uced by Deaven et al. [38] . The offspring is then relaxed 

into its local minimum . Th struct ural  rearrangements during the minimization step are 

greatest in the region of the splice between t he fragment ' inherited' by its parents and it 

is ensured t hat the minimal (dmin )  and maximal (dmax ) bond lengths are not exceeded . 

• 

. ' .' . . . ' . ' 

Figure 3.2 :  Pictorial repre entat ion of the cut and plice method. Two structures, here 

two AUlO isomers, are selected for mat ing according to their fit ness, rot ated 

randomly about the same angle and cut horizontal ly through t heir mass cen­

ters. Complementary halves are t hen merged , employing a random dihedral 

angle, to form an offspring. 
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After an opt imized offspring has been obtained , a select ion operat ion is performed 

to decide its fate .  I f  i ts  energy is lower than that of any cluster in the mat ing pool, a 

new pair of mates are selected and the process is repeated. The cluster with the highest 

energy in t he mat ing pool is discarded once the population has reached 50 . An optimized 

offspring is, however ,  discarded if its energy is wit hin the minimum energy difference 

51/i of a member of t he pool in order to maint ain t ructural diversity within t he pool . 

St ructural diversity is furthermore increased by allowing members of the mat ing pool to 

mutate .  The percentage mutated i init ia l ly 1 0  % and is increased to 20 % for t he last 

50 mat ing steps . In a mutation the atomic coordinates of a chosen number of t he atoms, 

typically surface atoms, are given randomly generat ed values. The termination criteria 

for BELPHEGOR is set between 100 and 200 mat ing and loca l  minimizat ion steps. 

Once t he t erminat ion criteria is reached, typically four to ten of t he most st able iso­

mers are further optimized from a Los Alamos double-zeta basis set and corresponding 

shape-consistent scalar-relat ivist ic pseudopotential ( LANL2D Z ) calculat ion , and a sub­

sequent harmonic vibrat ional analysis is carried out . From th is set of struct ures, typically 

two to  six energet ically lowest - lying isomers are fur ther opt imized using the extensive 

S TUTTG A RT valence basis set together wit h  the energy-consistent alar-relativistic pseu­
dopotent ial for t he respect ive cluster type in quest ion. Finally, a harmonic vibrat ional 

analysis is performed for all isomers. 

The uniqueness of t he present GA approach towards the global minimum should be 

st ressed . Other studies using GAs to obtain a global minimum structure usually ut i lize 

two-body or many-body potent ials or semi-empirical methods. These approaches are 

highly quest ionable, as such model potent ials cannot describe the bonding nature of metal 

clusters reliably [44] . Empirical methods are usual ly parameterized according to certain 

bulk material propert ies ,  but there are unpredictable differences in geomet ric structures 

and chemical and physical propert ies between bulk materials and t heir clusters. In fact , 

th is is one of t he inspirat ions for t he st udy of t hese nano-materials. As a result , first­

principle methods l ike wave-function based ab initio or density based DFT t reatments 

should be used [45] . 

It has to be mentioned , however, t hat t he DFT approach pre ented in this work i 

orders of magnitude more comput at ionally expensive than u tilizing empirical methods. 

Hence , a l though ab initio and DFT methods describe t he interact ions much more accu­

rately, t he number of mat ing operat ions in t he GA approach required to establish a high 
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probability of having obt ained the global minimum st ructure  cannot be realized neces­

sarily. As many as 5000 mat i ng operat ions were requir d to obta in the ideal icosahedral 

buckyball structure of C60 using a t ight-binding method start ing from four random init ial 

candidates and disregarding the mutation operat ion [46] . 
In this work the number of mat ing operat ions and local minimization st p varies 

typical ly between 100 - 200 , where t he l imit at ion is only due to availability of comput ing 

power. This might seem significantly too small .  Not to  be sneezed at , however, is t hat 

the init ial populat ions in t his work do not only consist of random structures , but a lso 

of published best candidates for lowest- lying minima evaluated at the ab initio and/or 

DFT level .  This drast ical ly reduces t he required number of mat ing steps to find t he 

GM. Furthermore, t he cluster sizes in this work are markedly smaller t han t he buckyball 

C60 , result ing in ignificant ly less structura l  possibilit ie . A t horough descript ion of t he 

parameterizat ion of BELPHEGOR for each cluster type invest igated in t his work is given 

in the respect ive chapters . 



Chapter 4 

Cesium Clusters 

4 . 1 Motivation 

Due to their basic elect ronic struct me, with only one valence electron, the first main group 

c lusters represent t he simplest met al clusters to st udy t heoret ically and, hence, have been 

u ed as an antetype syst em for understanding size effects in met al clusters . Indeed , the 

synthesis of sodium clusters by Knight et al. and detect ion of electronic shell st ructure 

[48 , 49] , as wel l  as the measurement of their static electric dipole polarizabilit ies [29] and 

interpretat ion in terms of the jellium model [30 , 50] can be regarded as one of t he triggers 

for t he extensive research activit ies that  today form t he field of modern metal cluster 

physics. 

In the lowest approximat ion ,  the jellium pict ure [6] ,  an alkali-metal cluster can be 

regarded as a microscopic metallic droplet , consisting of ionic cores and a delocalized 

elect ron cloud, which results from the weakly bound valence elect rons . For an ideal 

cond uctor (E -t (0) with spherical shape, t he polarizability, for t his approximat ion, is 

simply given as [6J 

O'.classical = R3 , ( 4 . 1 )  

where t he posit ive background formed by the ions is denoted by a uniformly charged 

sphere of radius R. The applicat ion of t his expression to microscopic clusters provides 

correct order-of-magnit ude est imates of clu t er polarizabil i t ies. 

Alkali-metal clusters are amongst t he most polarizable part icles in existence [5 1 J  and 

Knight 's et  al. [29] pioneering experimenta l  studies on sodium clusters revealed that the 

polarizabilit ies , depending on t he cluster size n, are enhanced towards the classical value, 

46 
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reaching values of up to � 2R3 , and then slowly decrease to  the  bu lk  value. Phenomeno­

logically, t his enhancement has been at tributed to t he electron spill-out effect ! . The 

elect ron spill out ult imately increases t he effect ive radius of t he part icle and t hus, t he 

polarizability can be approximated by 

Ctclassical � (R  + bl , (4 .2 )  
1 

where R = r ws Nl and 6 denotes t he effect ive radius enhancement . r ws is t he bulk Wigner-

Scitz radius and Ne the tot al number of valence electrons. 

Displaying the largest relativistic correct ion (decrease of Ctiso by 16 % [52] ) and core 

electron contribut ion (decrease of Ctiso by 4 % [53] ) to t he polarizability of t he stable 

alkali atoms , cesium enjoys a rather except ional posit ion wit hin t he group of alkali meta ls .  

This i furthermore confirmed by t he substantial amount of experimental and theoret ical 

studies of the polarizabilities and struct ura l  propert ies of homonuclear and heteronuclear 

lithium [55-63 , 69-72] ,  sodium [29 , 48 , 5 1 , 54 , 56 , 58 , 63 , 64, 73 , 74 , 76-82] and potassium 

clusters [63 , 65-68, 83, 84] '  to name a few, whereas t here is no experimental or theoret ical 

polarizabi l ity studies of small neutral cesium clusters2 . There is also scarce t heoretical 

work done on t he st ructural propert ies of small cesium clusters . Stevens et  al. calculated 

t he polarizabilit ies of polyhedral clusters and compared them to  linear clusters up to  8 

and 10  atoms, respectively, [85] . Borstel et  al. studied t he electronic- , atomic structure 

and inhomogeneous contraction of t he inter atomic distances in CSn clusters up t o  n = 70 

using t he spherical average pseudopotent ial (SAPS) method [86 , 87] . Blaisten-Baroj as e t  

al. [88] and La i  et  al. [89] invest igated t he structure o f  alkali-metal clusters (Na, K ,  Rb ,  

Cs) employing the Gupta potential fitted to the local density approximat ion database to  

account for the interactions between atoms in t he cluster . 

Since Blaisten-Baroj as et al. report only selected structures of cesium clusters in t heir 

publication and do not mentioned how they actually obtained these structures system­

atically, it is not clear if t he displayed CSn structures given by t hem correspond to t he 

lowest energy minima. In  contrary, Lai et  al. obtained t heir structures by ut i l izing t he 

genetic algori thm- and the basin hopping method.  They find the same predicted global 

m inima for both methods . 

I The conduction electrons in a large metallic particle are essentially located in the interior (except for 

a t hin surface layer) .  In a finitc cluster, however ,  a considerable fraction of t hese electrons are located 

near the surface. As a result , a significant portion of the electron cloud spills-out beyond the edge of the 

jellium background. 
2To my best knowledge 
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Maity et  al. looked into the geometrical and electronic propert ies of  cesium clusters up 

to ten atoms employing density funct ional and second-order M011er-Plesset perturbat ion 

theory [90] . They, however, were not looking for global m inima structures , neit her con­

ducted a frequency analysis for their reported structures nor invest igated polar izabilities . 

Regarding t he generat ion of cesium clusters, only the work of Gspann is mentioned 

in t he l iterature [9 1 ] .  He generated clu ters with up to 2500 atoms per cluster from pure 

vapor expansion and invest igated the velocit ies of t hem. A voiding the use of a carrier gas 

means that t he metal vapor cannot cool down sufficient ly to produce small and m dium­

sized clusters in a high abundance and Gspann also st ated t hat " . . .  t he c lusters have been 

predicted to remain l iquid when result ing from pure vapor expansions . . .  " .  It appears t hat 

t he higher suscept ibility of cesium to oxidat ion and explosive nature towards water (even 

to ice) lead to great experiment al challenges for b am deflect ion t echniques. 

There are, however, some experimental and theoret ical studies on t he cesium atom, 

dimer and t rimer (negatively charged) avai lable for spectro copy [75] , ionizat ion poten­

tials [92-96] ,  the polarizability [52 , 53 , 97-10 1] '  lifet ime measurements [ 102] '  St ark shift 

measurements [ 1 03-106] , and photoabsorpt ion spect ra [ 107-109] . 

This work is hence inspired by t he lack of experimental measurements and t heoret ical 

calculat ions of polarizabilit ies and st ructural- and elect ronic data for small cesium clusters 

ranging up to twenty atoms (Cs2 - Cs20 ) .  

4 . 2  Methods 

The prerlicted low-spin global minima (GJ\I[) of cesi1lm cl1lsters (CS2-20 ) were obtained 

ut il izing t he genet ic aJgorithm code BELPHEGOR as described in det ail in sect ion (3 . 1 ) .  

The initial populat ions3 o f  the clusters up t o  s ix atoms were generated randomly, whereas 

t hose for the larger clusters consisted both of randomly generated st ructures as well as 

predicted low-lying minima structures of sodium clusters from the literature [80, 82] .  The 

minimum energy d ifference Si V was set to 0 .002 e V4 , dmin and dmax parameters were 

fixed at 2 .8  A and 8- 1 0  A ,  respect ively. The termination criteria for BELPHEGOR was 

1 50 mating and local minimization steps for clusters up to ten atoms and 100 steps for t he 

remaining c lusters. T he mut ation probab ility was first set t o  10 % and t hen increased 

3Ranging typically from ten to twelve different structures for CS7-20 cluster . 
4The energy difference between the isomers of the larger cesium clusters is often marginal (see table 

(4. 1 ) ) .  
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to 60 o/c for t he last 20 mat ing steps . Depending on the cluster energy distribut ion, t he 

energet ically lowest-lying six to ten isomers were t hen further opt imized from LANL2DZ 

basis set and pseudopotent ial calcula t ions . 

Four to six of t he energet ically lowest-lying t rue minima struct ures obtained by t his 

means were t hen furt her optimized using t he extensive STUTTGA RT valence basis set to­

gether with t he energy-consistent relat ivis t ic pseudopotent ial for cesium [ 1 1 0] .  Finally, 

a harmonic vibrat ional analy is was performed for all clusters in order to  di criminate 

between minima and t ransit ion sta tes on t he potential energy surface. Al l  reported prop­

ert ies were calculated based on t hese struct ures. All calculat ions were performed with 

the GAUSSIAN03 program package [33 1 ] .  For the exchange-correlat ion potent ial ,  t he gen­

eralized gradient approximation (GGA) ,  according t o  t he parameterizat ion uggested by 

Becke [ 1 1 1] and P rdew [ 1 1 2] (bp86 ) ,  was applied in a self-consistent fashion . No sym­

met ry constraints  were applied dur ing the opt imizat ion procedure. 

Several DFT funct ionals comprising d ifferent exchange and COlT lat ion funct ions such 

as b3p86 , b3lyp , b3pw9 1 ,  blyp , bp86 , pw9 1pw9 1 ,  svwn,  svwn5, pbepbe, mpw 1pw9 1 ,  

b 1b95 and pbe1 pbe were tested in  t he ca e o f  t he cesium atom to  look for the best DFT 

funct ional reproducing the experimental ( 59.43 A3 [53] ) and highly accurate CCSD(T) 

calc ulat ion in t he Douglas-Kroll-Hess (DKH) transformation ( 58 .69 A3 [52] ) for t he po­

larizabil ity. As depicted in figure (4 . 1 ) ,  t he exchange-correlat ion potent ial ( bp86) within 

t he generalized gradient approximat ion (GGA) ,  combined with t he extensive STUTTGART 

valence basis set and pseudopotent ial for cesium [ 1 1 0] , gives excellent agreement wit h t he 

aforementioned experimental and calculated results . All structure are singlet states for 

even-numbered c si urn clusters and doublet states for t he odd-numbered ones . 

4 . 3  Res ults and Discussion 

4 . 3 . 1 S tructural D ata 

The following figures (4 . 2-4 .7) and t able (4 . 1 )  show t he st ructures , relat ive energies , av­

erage neighbor di t ances5 , vert ical ionizat ion potent ials (VIP ) ,  vert ical electron affinit ies 

(VEA)6 and cohesive energies per atom of t he the lowest-energy isomers and global min­

ima predicted by t he simulat ions for CSn clusters with 2 :::; n :::; 20. The VIPs (VEAs) 

5Calculated as the arithmetic mean of all distances (d � 6 A ) .  
6Vertical detachment energy (VD E) 
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Figure 4 . 1 :  Static electr ic dipol polarizabilit ies of t he cesium atom in A3 as a funct ion 

of different DFT exchange-correlat ion funct ionals and compared to experi­

menta l  [53J and calculated [52J values. 

are calculated as the energy difference between t he neutral cluster and the cat ion (anion ) .  

The clusters are label led a s  n_m ,  where n indicates the number o f  a toms and m gives the 

rank in increasing energy order . 

Due to  t he considerable sampling of t rial geometries t aken from t he l i terature of sodium 

clusters [80 , 82J together with random structures and most important ly the genet ic algo­

rithm approach, as discussed in sect ion (3 . 1 ) ,  there is great confidence t hat the most s table 

ground state structures have been found7 . As can be seen from t he relat ive energies ( t a­

ble (4 . 1 ) )  of  t he respect ive isomers, a clear dist inct ion between t he global minimum and 

low-energy isomers cannot always be made. The relat ive total energy difference between 

7In saying that,  it must however be noted , t hat it is impossible to search for all possible local minima 

even for these small clusters, as the number of minima increases exponentially with cluster size. 
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Table 4. 1 : Average neighbor distances, relat ive energies, vert ical ionization potentials, 

vert ical electron affinit ies and cohesive energies (not corrected for 7,ero-point 

vi brat ional energy) of t he lowest-energy CSn cluster isomers 2 ::; n ::; 20. The 

geometry notat ion is t hat of figure (4 .2 ) . The not at ion In imp l ie t he value 

is given per atom. 

d t:.E V I P  VEA ECoh d t:.E VIP VEA ECoh 
Cluster (A) (eV) (eV) (eV) (eV In)  Cluster (A)  (eV) (eV) (eV) (eV In) 
LO - - 4.053 0.576 - 1 2_3 5.44 1 0.099 3.057 1 . 001 0.356 

2_0 4.695 - 3.855 0.602 0. 1 98 1 2A 5 . 485 0 . 1 42 2 . 945 1 . 085 0.352 

3_0 4.925 0.000 3.505 0.987 0. 1 92 1 3_0 5. 4 1 7  0.000 2.901 1 . 1 1 9 0.367 

3_1 4 .920 0. 006 3. 375 0.809 0. 1 90 1 3_1 5.385 0.024 2 . 9 1 4  1 . 1 1 2 0.365 

3_2 4.968 0 . 006 3.4 1 0.945 0. 1 90 1 3_2 5.378 0.058 2 . 940 1 . 1 20 0.362 

4_0 5.432 0.000 3 . 296 0.8 1 1 0.234 13_3 5 . 403 0.06 1 2 . 980 1 . 1 53 0.362 

4_1 4.874 0.050 3.402 1 .034 0.22 1 1 3 A  5.42 0 . 1 22 - - 0.357 

5_0 5.22 1 0 . 000 3.264 0.983 0. 263 1 4_0 5.40 1  0.000 2 . 985 1 . 004 0.374 

5_1 4.936 0.209 3.251 1 .240 0 . 222 1 4_ 1  5.402 0 . 0 1 0  2 . 947 0.997 0.373 

5_2 5.451 0.238 3. 252 0.807 0 . 2 1 6  1 4_2 5.376 0.030 2.95-1 1 . 009 0.372 

6_0 5.246 0.000 3. 383 0.837 0.299 1 4_3 5.4 4 1  0.064 2 . 9 1 9  1 . 046 0.369 

6_1 5.223 0.002 3.34 7  0.844 0. 299 1 4A 5 . 485 0.095 2 . 935 1 . 059 0.367 

6_2 4 . 9 1 7  0.400 3. 182 1 .279 0. 232 1 5_0 5 . 495 0.000 2 . 929 1 . 1 2 5  0.380 

LO 5.337 0.000 3.236 0.9 1 0  0.330 1 5 _ 1  5 . 407 0.092 2.900 1 . 1 3 1  0.374 

L1 5. 324 0.096 3. 209 0. 9 1 1  0 . 3 1 7  1 5_2 5 . 455 0.099 2.922 1 . 1 6 1  0.373 

7_2 5.282 0.305 3 . 0i7 1 . 039 0.287 1 5_3 5 . 4 1 3  0. 1 63 2.954 1 . 1 79 0.369 

8_0 5.285 0.000 3.281 0.783 0.353 1 6_0 5. 462 0. 000 2.941 1 . 1  i7 0.386 

8 _ 1  5.393 0.075 3. 196 0.837 0. 344 1 6 _ 1  5.440 0.035 2.906 1 . 1 73 0 . 384 

8_2 5 . 3 1 2  0.089 3.291 0.78 1  0. 342 1 6_2 5 . 4 2 1  0.046 2.956 1 . 1 84 0.383 

8_3 5.356 0.096 3. 2 1 1  0.86 1 0.341 1 6 _3 5 . 4 0 1  0. 1 03 2.962 1 . 1 1 3 0.380 

8A 5 . 258 0.47 1 3.047 1 . 060 0. 294 1 7_0 5. 486 0.000 3.064 1 . 291 0 . 396 

9_0 5.318 0.000 3.077 1 . 023 0. 343 1 7_ 1  5.405 0.020 2.953 1 . 1 95 0.395 

9_1 5 . 409 0 . 0 1 0  2 . 908 0.9 18 0. 342 1 8_0 5 . 391 0.000 3.003 1 . 1 6 1  0. 403 

9_2 5.32 0 . 0 1 9  2 . 9 1 3  0.901 0.341 1 8 _ 1  5 . 4 9 1  0.0 1 7  3. 004 1 . 188 0.402 

10_0 5.343 0.000 2.995 0.954 0. 349 1 9_0 5 . 403 0.000 2.935 1 . 252 0.405 

1 0_ 1  5.393 0.00 1 2.979 0.924 0. 349 1 9 _ 1  5 . 430 0.035 2.834 1 . 1 70 0.403 

L LO 5.400 0.000 2 . 993 1 . 102 0. 356 1 9_2 5 .428 0.046 2.970 1 . 3 1 6  0.403 

I Ll 5.366 0.030 2.967 1 . 071 0. 353 1 9_3 5 . 398 0.053 2.920 1 . 25 1 0.402 

1 L2 5.376 0.035 2.976 1 . 055 0. 353 20_0 5 . 4 3 1  0.000 2.801 1 . 1 6 2  0 .408 

1 2_0 5.431 0.000 2.995 1 . 056 0. 364 20_1 5 . 392 0.004 2.962 1 .070 0.40 

1 2_ 1  5. 439 0.039 3.032 1 . 0 1 6  0.361 20_2 5 . 482 0. 1 40 2.893 1 .077 0 . 40 1  

1 2_2 5.399 0.072 3.022 0.995 0. 358 20_3 5 . 642 0.2 1 7  2.871 1 . 1 1 7  0 . 397 

20A 5 . 426 0.275 2.994 1 .095 0 . 394 
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t he cesium hexamer isomers (Cs6_0 and Cs6_d , for inst ance, adds up to only 0 .002 eV, 

which is clearly too small to appoint either of  t hem as t he global minimum strncture of 

Cs6 . The relat ive energy differences of the isomers which are ment ioned in t he t ables are 

less t han 0 . 5  eV and t hose of t he isomers il lust rated in the d iagrams less t han 0 . 1 eV. 

0 . 5  eV is considered to represent an error bar for relat ive energies computed with GGA 

funct ionals [ 1 1 3] .  

Ra ther t han d iscussing all t he cesium clusters structural ly in det ail and comparing 

t hem to  clusters of other ca lculat ed alkali-metal clusters , only selected structures , with 

dist inct features or abnormalit ies to other alkali-met al clusters, are d iscussed here . As 

aforement ioned , t he relat ive energy differences for t he isomeric clusters is less or equal to 

0 .5  eV, thus making it moot to d iscuss only one isomer. 

For the c lusters CS3 to CS6 it is very interest ing to note, that linear structures are 

true local minima for up to six atoms, with alternat ing bond lengths for the Cs4 , C 5 and 

CS6 isomers. While t he relat ive energy differ nce for the linear tetramer to t he parallelo­

gram (Cs ) is a marginal 0 .05 eV, t hat of t he l inear hexamer compared to t he trapezoidal 

struct ure (D3h )  is already 0.4 eV . The transit ion from planar (2D ) to three-dimensional 

struct ures (3D) is ambiguous, but most probably occurs at cluster size seven , as t he 

pent agonal bipyramid (Csu, D5h ) is energet ically more stable than t he bicapped planar 

t rapezoidal s tructure (CS1-2 , Cs ) by 0 .305 eV. In contrast , for t he pentamer t he isosceles 

trapezoid (Cs5_0 , C2v )  is energet ically favored by 0 .238 eV over the t rigonal bipyramid 

(CS5_2 , D3h ) .  The relat ive energy difference between the capped trapezoidal structure  

(tr iangle surrounded by t hree other triangles) (Cs6_0 , D3h )  and t he pentagonal pyramid 

(CS6_ 1 , C5h )  is extremely small .  

Thu , in t he l ight of relat ive energy differences , cesium pentamers formed in an exper­

iment should be most ly planar, while t he heptamers should be mostly t hree-dimensional .  

For t he hexamer, without considerat ion of any kinet ically driven factors , an almost equal 

mixture of both planar and 3D structures should be expected. The transit ions from 2D to 

3D st ructures for l i thium, sodium and potassium clusters are t herefore somewhat ambigu­

ous. This is, however , also due to t he fact t hat some publicat ions only mention one isomer 

per cluster size or have ut i l ized a computat ional approach t ha t  is regarded as inaccurate 

nowadays. 

For comparison, L i5 is claimed to have a trigonal bipyramidal st ructure [59 , 70] . Hutter 

et al. established t his structure (3D) to be more stable t han the isosceles trapezoid (2D) 
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Figure 4 .2 :  Predicted global m inima and lowest-energy isomers of CS2-S ,  ordered (from 

left to right and top to bottom ) by increased size and energy. The cluster 

n _m is t he mth energetic isomer with n atoms. 
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Figure 4 . 3 :  Predicted global minima and lowest-energy isomers of CS9-12 ,  ordered ( from 

left to right and top to bot tom) by increased size and energy. The cluster 

n_m is t he mth energet ic isomer wit h n at oms . 
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Figure 4.4: Predicted global minima and lowest-energy isomers of CS13- 14 , ordered ( from 

left t o  right and top to bottom) by increased size and energy. The cluster 

n _m is the mth energet ic isomer with n atoms. 



CHAP TER 4. CESI UM CL USTERS 56 

Figure 4.5 :  Predicted global minima and lowest-energy isomers of CS 1 5-16 , ordered (from 

left to r ight and top to bottom ) by increased size and energy. The cluster 

n _m is t he mth energetic isomer with n atoms. 
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Figure 4.6:  Predicted global minima and lowest-energy isomers of CS 1 7-1 9 , ordered ( from 

left to right and top to bottom) by increased size and energy. The cluster 

n _m i t he mth energetic isomer wit h n atoms. 
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Figure 4.7: Predicted global minimum and lowest-energy isomers of Cs20 , ordered (from 

left to right and top to bottom) by i ncreased size and energy. The cluster 

n _m is t he mth energet ic isomer wit h n atoms. 
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by 0.22 eV. Greiner et  al. [80] claim t hat t he pentagonal pyramid of Na6 is more stable 

t han t he triangular Na6 isomer by 0 .22 eV, while Buttet et al. calculated an energy 

d ifference between t hese two structures of 0 . 1 24 eV. Na6 is also ment ioned to be 3D with 

a. pentagonal pyramidal structure by at  least three other publicat ions [59 , 73 ,82] . Altekar et  

al. calculated t he relat ive energy difference between t he more stable pent agonal pyramid 

of K6 and t he t riangular K6 isomer to be merely 0.06 eV. All t his indicates t hat t here is 

a shift towards higher nuclearity in t he t ransition from 2D to 3D down t he group of t he 

a lkali clusters and t hat t he t r iangular and pentagonal pyramidal hexamers become more 

and more degenerate in energy going down t he group 1 series of elements . 

The four 3D isomers of Css lie within a relative energy difference of  less than 0 . 1  eV, 

with the CSs_o isomer assuming a dodecahedral geometry and the CSS_2 structure (a tetra­

hedron surrounded by four ot her tetrahedra, Td) being the most symmetric and also most 

polarizable isomer. Some of the unusual cluster geometries mentioned in Maity's et al. 

work [90] , namely t he rectangular tet rarner ( labelled Cs4_a) ,  t he cubic and twisted cubic 

octamer ( labelled CSS_a and CSS_b ) ,  were optimized according to t he author's geometries . 

The harmonic v ibrat ional analysis of t hese structures revealed tha t  they are all higher 

order saddle points .  This underlines t he absolute necessity of discriminat ing between t rue 

m inima and saddle points on the potential energy surface . 

It is very interest ing to compare t he predicted global minima structures from t his work 

t o  those published by Lai et al. [89] , who also employed a genet ic a lgorithm approach 

based on t he Gupta potentia l  [ l l4] . Although t his potential includes al l  n-body forces 

in an effect ive many-body potent ial depending only on t he pair wise atomic d ist ances rij , 

t he predicted global minima structures of Lai et al. favor compact cluster structures 

t hat are similar to t hose obtained using a two-body potential l ike t he Lennard-Jones 

potent ial  [ l l5] . This is also reflected by t he t ransit ion from 2D to 3D structures as early 

as possible and t he icosahedral growth-pattern. Hence, t he many-body effects in t he 

Gupta potent ial  are not accurately described . Lai et  al. predict t he global minimum 

of the tetramers of sodium, potassium, rubidium, cesium and even t he tetrava lent lead 

clusters to have a triangular pyramidals structure with at least Cs symmetry. 

Geometry opt imizat ion for the tet rahedral symmetry of t he tetramer results in d is­

t ort ions , due to  t he first-order Jahn-Teller effect9 , into its geometric analogons with C2v 
SUnfortunately, the discrimination between the triangular pyramid (C3v) and the tetrahedron (Td)  is 

not always clear-cut in the publication. 
9Which is a many-body effect . 
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and Cs symmetry. The distorted tetraeder with Cs symmetry optimizes for the singlet 

spin-state int o  a rhombus, which is a transit ion stat e .  For the t riplet st at e ,  it fmther 

d istorts to a 3D " parallelogram" , where two atoms are raised equally from the plane. 

This struct ure is less stable t han the parallelogram (Cs4_0 ) by 0 . 205 eV. The structure 

remains int act for t he quintet s tate ,  but i s  less st able t han (Cs4_0) by 0 .753 eV . 

These results confirm that for the low-spin state of tetrameric cesium the parallelogram 

(Cs4_0 ) is clearly more st able t han any possible 3D structure. For t he pent amer, t he flat 

CsrLo is more st able t han CS5_2 by 0.346 eV . The latter i s  t he predicted global minimum by 

Lai et al. . The predict d global minimum for the hexamer by Lai et al. is an octahedron . 

This geometry is for cesium in t he singlet spin-stat a saddle point of fourth order, a 

t ransit ion state in t he t riplet state and a local minimum for t he quint et st ate, which is 

les stable by about 0 .5  eV than t he predicted ground-state st ructures reported in th is 

work .  

Their global minima for the heptamer and octamer are t he same as t hose in  t his 

work. In Lai 's  et al . work, the struct ural growth of the sodium, potassium, rubidium 

and cesium clusters is based on mot ifs of t he tetrahedral pyramid and t he pentagonal 

bipyramid, result ing in an icosahedral- l ike growth-pattern. It is striking t ha t  t his growth­

pattern , with only a few except ions, is apparent ly t he same for t hese four alkali-metal 

clusters .  Although key isomers l ike the CS 1 3 ( icosahedron) , CS19 (double icosahedron) 

and Cs:w (capped double icosahedron) are found to be energet ically low-lying isomers in 

this work, t here are, however, unsymmetric isomers that have almost t he same stability as 

t hese h ighly symmetrical struct ures . The un ymmetric CS 1 3_0 isomer for instance is 0 . 1 12 

eV more stable t han the icosahedron CS1 3A ( h ) .  The unsymmetric CS19_0 isomer is only 

0 .035 eV more s table than the double icosahedron CS19_ 1 . The relat ive energy difference 

between the Cs20_0 and t he unsymmetric CS20_1 is merely 0 .004 eV. 

This fact is a clear and strong indicat ion against claiming explicit growth-patterns 

based on geometric magic numbers and predicted global minima st ructures obtained via 

employment of potent ials for small-sized alkali-metal clusters or metallic clusters in gen­

eral . In a recent study by Schwerdtfeg r et al. i t  was found t hat  for meta llic or covalent 

interact ion in small clu ters, empirical potential uch as t he Gupt a potential fail to 

describe t he cluster's geometry accurately as opposed to first-principles wavefunction­

and density functional based methods [44] . S ince the parameters of t he G upta potential 

are opt imized to reproduce certain bulk material propert ies , t he applicat ion of such a 
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potential to  small clusters is  doubt ful anyway. 

4 . 3 . 2  Polarizabilities and other Electronic P roperties 

6 1  

The main results in t his work concerning t he stat ic response properties in conjunction with 

some selected lectronic structure propert ies of small cesium clusters are collected in t able 

(4 . 2 ) . St ructural propert ies and vert ical ionizat ion potentials and vert ical det achment 

energies are displayed in t able (4 . 1 ) .  

A s  illustrated i n  figure (4 .8 ) ,  the polarizabil ity of cesium clusters per atom as a funct ion 

of size approaches t he bulk l imit from above, as is also the case for measured and calculated 

lithium and sodium polarizabilit ie . While the deviat ion from t he clas ical bulk limit 

(equat ion (4 . 1 ) )  for Cs20 is about 26 %, t hat of Lbo and N a20 are about 42 % and 

40 %,  respect ively. Hence, cesium clusters approach t heir bulk value of polarizability 

faster than lit hium and sodium clusters . The atomic polarizability and polarizability 

in general of cesium (58 .85 A3 ) lO is far greater than t hose of l i thium (24 .4 A3 ) [59] , 

sodium (24 . 1 2  A3 ) [64] , potassium (43 . 5 1  A3 ) [98] and rubidium (47 .4 1  A3 ) [98] . This is 

qual i tat ively at t ributed to t he stronger screening of t he valence s electrons down t he group 

and relat ivistic effects which are not large enough to change th is t rend . As in t he case of 

lithium and sodium clusters, there is a marked decrease in polarizability from the cesium 

atom to its dimer. The two energet ical ly lowest- lying isomers of t rimeric cesium (Cs3_0 

and CS3_1 ) show higher polarizabilities t han t he cesium atom. CS3_2 is more compact t han 

t he aforementioned isomers, is less polarizable and hence displays t he strong geometrical 

dependency of t he polarizability. The t ransit ion from planar to  3D structures in cesium 

results a lso in a significant decrease in polarizabilit ies (compare values for 2D Cs6_0 and 

3D CS6_1 ) .  This t ransit ion is not evident in t he measured data for sodium and occurs for 

lithium at cluster size six . In general ,  t he energetically lowest- lying isomers Csn_O also 

exhibit t he smallest isot ropic polarizabilities per atom with increasing cluster size. 

The solid line in figure (4 .8) corresponds to the polarizability calculated for a finite 

metallic sphere according to the jellium model, equation (4 .2) fitted to  t he Csn_O data ,  

and agrees nicely for t he heavier clusters with t he calculated values . From t his fit ,  t he 

spill-out of t he electrons from the surface of  t he metallic sphere adds to  0.96 A and a 

Wigner-Seitz radius of 3 .07 A is obtained . This agrees very nicely with t he Wigner-Seitz 

l Othis work 
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Table 4 .2 :  Calculated stat ic response and elect ronic structure propert ies of low-spin 

DFT-opt imized CSn clu ters. The second difference in cluster energy is de­

noted by �2 En and �f. stands for the HOr.. rO-LUMO gap .  The mean stat ic 

polarizability per atom Qiso and the polarizability anisot ropy per atom were 

calculated analyt ically. The absolute value of the dipole moment is d noted 

by / 1 .  T he notat ion In implies the value is given per atom. The bp86 func­

t ional is used throughout . 

Cluster 
LO 
2_0 

3_0 

3_1 

3_2 

4_0 

4_ 1 

5_0 

5_1  

5_2 

6_0 

6_1  

6_2 

7_0 

7_ 1 

7_2 

8_0 

8_1 

8-.2 

8_3 

8A 

9_0 

9_1 

9_2 

10_0 

10_1 

l LO 
I Ll  

1 1 -.2 

1 2_0 

1 2_1  

1 2_2 

0.2 1 4  

-0. 178 

-0 .022 

-0.097 

-0 .042 

0 .007 

0 .25 1  

-0. 1 4-1 

-0 .0 1 3  

-0.036 

0.059 

6.E 
(eV) 
0.469 

0.760 

0 .314 

0 .337 

0 .32"1 

0.46·1 

0.442 

0 291  

0.49-1 

0 .346 

0 .7 IG  

0.585 

0.3 1 4  

0.340 

0.325 

0.266 

0.633 

0 .5 18  

0. 7 1 3  

0.522 

0.356 

0.250 

0.2 1 9  

0.236 

0.323 

0 .347 

0.2 1 0  

0.220 

0.225 

0 .3 12  

0.423 

0 .4 19  

58 .  54 

5 1 .003 

65.014 

56.527 

62 .654 

55.24 1 

7 1 . 472 

52 991 

89.9 1 1  

49.0 8 

52.6-12 

47 .954 

98.244 

42.291 

44.838 

57.299 

4 1 .827 

42.360 

44.826 

42 .9 1 9  

57.956 

43.93 

42.693 

43.069 

46. 738 

43. 129 

43. 5 14 

44 . 1 1 2 

42. 75 1  

43.66 1 

46.630 

43. 496 

Q a n LSO 

0.0 

38.8"1 

..1.725 

46 . 1 46 

7 1 .756 

56.944 

1 1 4 .09 1  

44.886 

1 70. 426 

. 727 

38.599 

29.769 

1 99.456 

1 4.976 

1 4 .998 

52 923 

1 2 .673 

12 .759 

0 .0 

13 .205 

47.703 

24.902 

16 . 1 06 

16 .224 

3 1 .567 

24.058 

28.270 

28.440 

25 .6 16  

26.745 

29.957 

23.503 

t' 
(D) 
0.0 

0 .0 

0 .0 

0. 1 20 

0 . 48 1 

0.0 

0 .0 

0.033 

0.0 

0.0 

0.0 

0.056 

0.0 

0.0 

0 .0 

0 .226 

0.0 

0. 1 19 

0 . 1 1 9  

0.479 

0 0  

0 .2 10  

0 .4 1 7  

0 .799 

0.0 

0.235 

0.332 

0.239 

0.849 

0.423 

0.031 

0. 382 

Cluster 
1 2_3 

12A 

13_0 

1 3_ 1  

1 3_2 

13_3 

13_-1 

1 4_0 

1 -1_ 1  

1 -1_2 

1 4_3 

I LL  
15_0 

15_ 1  

1 5_2 

1 5_3 

1 6_0 

1 6_1  

16_2 

1 6_3 

1 1-0 

1 7_1  

1 _0 

1 8_ 1  

1 9_0 

19_1 

19_2 

1 9_3 

20_0 

20_1 

20_2 

20_3 

20-4 

-0.074 

0.008 

-0 .015  

-0.075 

0.025 

0.089 

-0.029 

6.E 
(eV) 
0.4-12 

0 .2 10  

0. 1 86 

0. 206 

0.2 14 

0. 1 97 

0.229 

0 .4 16  

0 .390 

0 .383 

0.288 

0. 337 

0.206 

0 .2 13  

0.207 

0.2 1 3  

0. 1 95 

0. 1 95 

0.224 

0 .224 

0.207 
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0 .327 

0. 296 

0 .210  

0 . 1 73 

0. 164 

0.20..1 

0. 1 67 

0.473 

0.420 

0.473 

0. 533 

45.006 

4 1 .865 

43. 4 1 4  

44 .263 

44.201 

42.349 

38.205 

4 1 .957 

4 1 .28 1 

43. 438 

40.663 

43.685 

38 . 774 

42.2 1 3  

43. 107  

42.877 

3 . 1 82 

4 1 .409 

40. 1 9 2  

43.281 

36 . 1 04 
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37.236 
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4 1 . 822 
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39. 1 70 

37.387 

39. 73 1 

42.307 

42 .8 15  

45.042 

Qan L80 

31 .466 

1 5. 632 

22.605 

28.90 1 

28 .285 

20.580 

0.20.:1 

19. 95 1 

18.7  0 

22. 59"1 

2 1 . 1 73 

21 .657 

1 1 .557 

20. 1 57 

20.986 

17.860 

1 1 .369 

1 7.301  

1 2.568 
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13 .663 

.271 

5.952 

5.2 0 

1 . 342 

5 .963 

7 .45 1  

7. 194 

1 .275 

3.637 

5.8 1 4  

0.0 

t' 
(D )  
0 . 0  

0.507 

0. 1 9 1  

0.281 

0.544 

0. 1 92 

0 .0 

0. 1 6 1  

0. 1 26 

O. 87 

0.605 

0. 523 

0 .312  

OA I 8  

0. 259 

0.862 

0.423 

0. 1 93 

0. 1 57 

0.63 

0.0 
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0.444 

0.250 
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0 .018  

0 .0 

0 .607 

0. 1 78 
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Figure 4 .8 :  Isot ropic static elect ric dipole polarizabilit ies per atom of CSn clusters as a 

funct ion of cluster ize compared to t he classical value of bulk bee Cs. The 

black line represents t he prediction from t he classical met al l ic sphere (jel­

lium model, equat ion (4 .2) ) .  The measured polarizabilit ies of Lin (ext racted 

from [5 , 59] ) and Nan (extracted from [5 , 64] ) clusters are also plott ed and 

compared to t heir classical bulk bee polarizabilit ies. 
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radius derived from crystallographic data of bee Cs: 

(g3 a3 3 3 6 . 143A3 
TWS = - - = - = 3 .02 A = ijCXiso 47r N 47r 2 

64 

(4 .3 )  

Here, a and N represent the length and t he number of  atoms in the cubic unit cell .  For 

l ithium and sodium clusters it is also found that t he jellium-pict ure nicely describes the  

evolut ion of  the polarizability per atom wit h increasing cluster ize [59] 1 1 . 

Despite t he fact that the jellium model in t he spill-out approximat ion predict on 

average t he trend of t he polarizability per atom as a function of t he cluster size, it can of 

course not account for the more interest ing quantum mechanical effects . In this respect ,  

deviat ions o f  t he calc ulated polarizabilit ies from t he predict ion i n  equat ion (4 .2 )  can b e  

regarded as 't rue' quantum effects .  The ani ot ropy to the polarizability CXaniso per atom, 

according to  equat ion ( l . 56 ) ,  is given in t able (4 . 2 )  and is also plotted in figure (4 .9) .  

CXani 0 increases rapirlly from monomeric to t rimeric cesium and t hen decreases t owards 

Css . It is worthy to ment ion t he difference in anisotropies for t he CS3 isomers, where t he 

line::tr st ructure (Cs3_0 ) shows an anisotropy that is almost twice as large as that of the 

isosceles triangle (Csu ) .  The transit ion to 3D st ruct ures (Cs6 - Cs7 )  is followed by a 

significant decrease in CXalliso ' The anisotropy is per definit ion strongly dependent on t he 

geometric struct ures of t he respect ive isomers and approaches zero for spherically shaped 

isomers . The general decreasing t rend for clusters 1 0  :::; n :::; 20 underlines the fact t haL 

t he evolut ion of cesium clusters tends towards more compact and more spherically shaped 

clusters towards t he solid state. 

F igure ( 4 . 1 0 )  depicts the ionizat ion potent ials and electron affinit ies of t he ground 

state ccsium atom as a function of DFT exchange-correlat ion funct ionals and shows clearly 

t hat DFT can reproduce t he experiment al values very sat isfyingly. The experimental IP 

of cesium (3 .894 eV) [ 1 16] is reconfirmeu theoretically by Kaldor et al. (3 .903 eV) us­

ing t he D irac-Coulomb-Breit Hamiltonian framework within a Fock-space coupled-cluster 

approach in a large basis set [93] . The bp86 funct ional which is used throughout all 

cesium calculations in this work, does not perform as well as other functionals for these 

properties. Indeed ,  it deviates from t he experimental electron affinity by about 18 % .  The 

choice of t he bp86 funct ional is, however, as discussed in sect ion ( 4 . 2 ) ,  not founded on a 

1 1 Note, that the authors in ref [59] rather 'assumed' values for rws and 15 than to fit their data to 

C¥iso = (rwsN;/3 + 15)3 properly. (Li :  rws = 1 . 75 A and 15 = 0.75 A; Na: 'rws = 2 . 1 2  A and 15 = 0.69 
A . )  
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Figure 4 . 9 :  Anisotropy to t he stat ic electric dipole polarizability per atom, accord ing to 

equation ( 1 .56) , as a function of cluster size for cesium. 

the reproduct ion of the experimental ionizat ion potent ial and electron affinity, but on t he 

reproduction of t he polarizability of t he ground state cesium atom. The vertical ioniza­

t ion potentials of t he cesium clusters as a function of cluster size together with available 

experimental data are displayed in figure (4 . 1 1 ) .  The workfunction ( 1 .93 eV) [ 1 19] is, as 

is often the case for metals, almost half of t he experiment al atomic VIP (3 .894 e V) . Even 

for Cs20 , the VIP is about 45 % larger t han the bulk limit . The VIP decreases rapidly 

towards CS4 and t hen follows a smaller decrease up to Cs lO .  There is no cont inuous odd­

even oscillation with respect to the cluster size for the predicted global minima (Csn_O ) 
and t he VIP shows an approximately const ant behavior for the CslO to CS16 clusters. 

Its dependency on the isomers of CslO to CS16 is rather small, but is significant for the 

clusters CS19 ,  Cs20 , CS3 and Csg . This underlines that t he ionizat ion potent ial is not a 

good measure for geometric differences in isomers at al l ,  as is evident from the values for 

CS6 and CS15 for inst ance. For t he former , there is only a marginal change in VIP for the 
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Figure 4. 10 :  Ionizat ion potent ials and elect ron affinit ies of t he ground state cesium atom 

in eV as a function of DFT exchange-correlat ion funct ionals and compared 

to experimental ( IP )  [ 1 1 6] (EA) [ 1 1 7, 1 18] values. 

2D and 3D st ruct ures , respect ively, and the same applies to t he latter Isomers (CSI5_0 , 

CS1 5_1 , CS1 5_2 , CS 1U ) ,  which show distinctiv 1y different geometric st ruct ures. 

The dashed black line in figure (4 . 1 1 )  represents scaled values of t he Cs/LO isomers from 

t he atomic calculat ion of the VIP using the bp86 funct ional and the pbelpbe funct ional, 

respect ively. The calculated VI Ps are in good agreement , especially for t he scaled case 

of Csn_O , with t he available experiment al data (experimental references for :  CS1 [ 1 1 6] '  

CS2 [96] and CS9- 15 [94] ) 12 . 

I t  is worthwhile to  note that the interpretat ion of photoionization spect ra as well as 

photoelectron spectra of clusters is far from straightforward due to uncertaint ies in t he 

1 2 i\ 1aity et al. [90] compare t heir calculated VIPs for CS3 to CS8 with experimental ionization potent ials. 

They fail, however, to cite the source of the experimentally observed IPs for these clusters and could not 

respond on enquiry to t his issue adequately. 
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F igure 4 . 1 1 :  Vert ical ionization potent ials of cesium clusters as a function of cluster 

size n .  The geometry not at ion is that of figure ( 4 . 2 ) .  Experimenta l  dat a  

for n = 2 and 9 S n S 1 5  are extracted from references [96] and [94] , 

respect ively. 

t emperatures of t he clusters, Franck-Condon factors, isomerizat ion and fragmentat ion 

[95] . A clear odd-even oscillation is observed for t he vert ical electron affinit ies, where, 

as expected, the closed-shell clusters (even n ) show smaller electron affinit ies, due to t he 

electron pairing effect (see figure (4 . 1 2) ) .  The calculated YEAs of CS2 and CS3 are in 

good agreement with experimental  photoabsorpt ion spectra data obt ained for CS2 (0 .5 1 1  

eV) and CS3 (0 .987 eV) [ 1 07] .  Experimental photoabsorpt ion spectra for CS4 to CSg were 

measured by Martin et al. [ 1 08] . However, t he emphasis in t hat work was put on t he 

spectral region 1 .3 - 1 . 7  eV and hence no conclusion can be drawn upon the first electron 

affinities . It should be noted that a low (high) electron affinity of a cluster is generally 

ident ified as a signature of a closed-shell (open-shell )  pattern of electronic configurat ion 

wit h large (small) electronic gap .  
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Figure 4 . 1 2 :  Vert ical electron affinit ies of cesium clusters as a funct ion of cluster size n .  

According to  t he scaling law o f  cluster propert ies , t he VIP and VEA can b e  plo t ted 

against the cluster size ( n- 1/3 ) and fit ted linearly to  G(n )  = g (oo)  + Aox, where g (oo)  

denotes here t he workfunction of  bulk cesium ( 1 .93 eV) [ 1 19] . As  depicted in  figure 

(4 . 1 3 ) ,  t he vert ical ionizat ion potentials (vert ical lect ron affinit ies) decrease ( increase) 

towards the WJ of bulk cesium as expected and the evolut ion of both propert ies can be 

approximated satisfyingly by linear regressions according to G(n)  = 1 .93 + Aox. The 

second difference in cluster energy, which is defined as 

(4 .4)  

where En is t he total  calculated energy of t he cluster wit h n atoms, is  d isplayed in figure 

(4 . 14 ) . 6 2 En represents the relat ive stability of a cluster with n atoms in comparison 

to clusters with n + 1 and n - 1 atoms and consequently a peak in 62En indicates that 

t he cluster wit h size n is very stable13 . With the except ion of CS6 and Cs16 ,  a clear 

13These c lusters are termed magic clusters. 
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Figure 4. 13 :  Vert ical electron affinit ies and ver t ical ionizat ion pot ent ials of cesium clus­

ter as a funct ion of clu ter size (n- l /3 ) .  The evolut ion of bot h propert ies is 

approxi mated by a l inear regression of t he type G(n )  = 1 . 93 + Aox, where 

1 .93 denotes t he workfunct ion of bulk cesium [ 1 1 9] .  

odd-even 0 cillat ion is present in t he 6.2 En , where due t o  t he elect ron pairing effect , t he 

even sized cluster are more table t han t he odd ones. While t he deviant behavior of CS6 

from t he odd-even osci llat ion is due t o  t he t ran it ion from 2D to 3D st ruct ures, t he low 

t ability of CS16 with respect to its neighbor i peculiar . Perhap t h  re exi ts a more 

st able isomer. 6.2 En shows that clust ers wit h n = 2 , 8 , 1 2  and 1 8  h ave particularly st able 

configurations. The driving force behind t he st ability of Cs2 , Css and C lS  is t he elect ronic 

shell struct ure [4 ] .  T he relative higher stability is usual ly, as can be seen from figure 

(4 .8) , followed by a decrease in polarizability. The elect ron pairing effect al 0 explains 

t he oscillatory t rend in t he HOMO-LUMO gaps (6.E) of cesium clust er in figure (4 . 1 5 ) .  

Odd- (even- ) sized clust ers have a n  odd (even ) tot al  number of valence elect rons and 

t he HOMO is si ngly (doubly) occupied. The elect ron i n  a doubly occupied HO 1 10 feels a 
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Figure 4 . 1 4: Second difference in cluster energy (!l2 En ) as a funct ion of clu t er size. 

st ronger effect ive core potential since t he elect ron screening is weaker for elect rons in the 

ame orbi tal of a valence elect ron t han for inner-shell electrons. Therefore, th  binding 

energy of a valence elect ron in a cluster of even ize i larger t han that of an odd one, 

thus exhibit ing a larger gap. 

Comparison between figure (4 . 1 5) and figure (4 . 14 )  reveals a resemblance between clus­

ter stability and HOl\IO-LUl\IO gap .  Clusters t hat show higher stability (n = 2, 8 ., 1 2 , 18 )  

also exhibit large !lE gaps. CS6 i s  an except ion to  t hat , exhibiting a large gap ,  but  no 

peak in the second difference in cluster energy. The mi sing peak is, however , due to the 

transit ion from planar st ruct ures to three dimensional tructures . The predicted global 

minima of CS5 is definitely planar and t hat of CS7 definit ely t hree dimensional ,  making 

the interpretat ion of !l2 E for CS6 ambiguous. As mentioned before, no cl ar dist inct ion 

between the energet ically lowest-lying planar and three dimensional isomers of  CS6 can be 

made, as the energy differences are marginal. The pentagonal pyramid di plays, however , 

a notably smaller !lE t han the planar t riangle isomer of Cs6 . However, the magnit ude 
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Figure 4 . 15 :  The calculated HOMO-LUNIO gaps (6.E )  of cesium clusters versus t he 

cluster size n .  

of 6. E  gives a t  most a good lead for cluster stabili t ie and should not be used solely to 

comment on t he stability of a cluster. 

No obvious relat ion between t he HOI\IO-LUMO gap and t he d ipole moments of t he 

clusters can be found. For mo t of t he germanium clusters (n = 1 1  - 25) ,  a close relat ion 

between these two propert ies was found, where a large HOMO- LUiVIO gap corresponds 

to a large dipole moment [120] . The dipole moments are l isted i n  t able (4 . 2) . There is 

also no stringent relationship between dipole moments and t he isotropic polarizability or 

its anisotropy. In general, t he clusters with near-spherical struct ures have lower d ipole 

moments compared with those of prolate s tructures1 4 . 

In figure (4 . 16 ) , the neare t-neighbor bond lengths of all presented cesi urn clusters 

are plotted against t he cluster size. There is an abrupt increase from CS2 to Cs3 , from 

14For reasons of comparison, t he dipole moment of water is 1 . 85 D and t hat of hydrogen chloride 

1 .05 D. 
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CSS_O to CS6_ 1 and from CS6_0 to Cs7_0 , respect ively. The former is a consequence of 

t he s tructural transit ion from one dimension I D  to 2D and t he latter from 20 to 3D.  

Moreover, t he calculated bond length in t he cesium dimer (4 .695 A 3 ) agrees nicely vvi th the 

experimental value ( 4 .65 A 3) and in general, t he ne::trest-neighbor bond length approaches 

to  the experimental value of the shortest equilibrium interatomic distance in bee cesium 

solid ( 5 .32 A) as t he cluster size increases. In contrast to Cs20_0 or CS20_1 , CS20_2 and CS20_3 
already show shortest bond distances t hat are larger t han that in t he cesium solid, see 

t able (4 . 1 ) .  Note t h at in t able ( 4 . 1 )  the average neighbor distances1s are l isted and not 

t he nearest-neighbor d istance . The lat ter excludes surface effects .  which play a major role 

in clusters, as most of the atoms in the clusters invest igated in t his work belong to t he 

surface , and allows for a comparison with t he nearest-neighbor d istance in the bee cesium 

solid . 

The cohesive energy16 (binding energy per atom) of the cesium clusters, defined as , 

E 
_ n ·  E(Csd - E(Csn ) 

coh - , n 
( 4 .5 )  

where E(Csd denotes t he calculated t ota l  elect ronic energy of t he cesium atom, i s  re­

pOlted in figure (4 . 1 7 ) .  Due to t he small energy differ nee between the re pect ive cesium 

cluster isomers, of course t he cohesive energy is also relat ively independent of the cesium 

cluster isomers . With t he except ion of t he linear isomers of CS4 and Css , t he Ecoh increases 

approximately linearly from CS3 to Css . I t  t hen decreases to CSg and t hen increases again 

almost linearly, with a considerably smal ler slope than before, towards Cs20 . The onset 

of this change is drastic and correlates st rongly with t he HOIV IO-LUMO gaps of t he re­

spective clusters . In  general, clusters wit h  n ine to  twenty atoms exhibit smaller gaps t han 

those with t hree to  eight atoms and this is reflected by t he cohesive energies . The cohesive 

energy up to Cs20 is 0 . 408 eV, which is about 50 % of t he experimental bulk cohesive 

energy (0 .83 eV) [ 1 23] . Averill [ 1 24] calculated t he cohesive energy of bulk cesium (0 . 8299 

eV) and confirmed t he experimental value. The calculated cohesive energies in this work 

are by about 30 % larger than t hose published by Nlaity et al. [90] 1 7 , but t he trend is 

analogous. Plot t ing t he cohesive energy as a funct ion of cluster size to t he power of (n- 1/3 )  

yields a slight ly different picture and allows for fitt ing o f  t he data towards bulk cesium 

1 5Calc1l1ated as the arithmetic mean of all distances (d :s: 6 A) . 
16The cohesive energy is defined as the energy required to separate the most stable form of a cluster 

into its constituent atoms, and is usually expressed as an energy per atom. 
17Reported cohesive energies of CS2 to Cs lO lie within 0 . 16  eV and 0.25 eV 
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Figure 4 . 1 6 :  Nearest-neighbor d istances plot ted against t he cluster size . The solid line 

represents t he experimenta l  cesium dimer bond length (4 . 65 A [92, 1 2 1] ) 

and the dashed line symbol izes the experimental value of t he shortest equi­

librium interatomic dist ance in bulk bee cesium (5 .32 A [ 1 22] ) .  

(see figure (4 . 18) ) .  The dashed lines represent linear regressions towards t he bulk l imit 

for the cohesive energies for clusters CS3 to Cs20 and clusters CSg to Cs20 . Considering the 

fact that t here is st i l l  a very long way from Cs20 to bulk cesium, the l inear approximation 

yields a sat isfying result . It should be noted , however, that different DFT funct ionals will 

characterize the binding situations different ly and hence result in quite different cohesive 

energies. 

For Li lO 18 , for inst ance, the vwn [ 125] approach yields a cohesive energy of 1 . 38 eV 

and the bp86 approach a value of 1 . 18 eV [71 ] . Chermette et al. ,  also util iz ing t he bp86 

functional, report the cohesive energy of L i l O  to be 0 .84 eV and that of t he biggest cluster 

t hey invest igated, L i 13 , to be 0.88 eV [70] . They also report cohesive energies for various 

l8The biggest cluster st udied in that reference. 
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Figure 4 .17: The calculated cohesive energies of cesium clusters as a function of size 

and in comparison t o  t he experimentally obtained cohesive energy of t he 

cesium bulk. 

D FT functionals . The experimental cohesive energy of bulk lithium is reported to  be l .65 

eV [ 1 23] . 

Calculated DFT, b31yp cohesive energies of neutral sodium clusters up to 20 atoms 

show also a very shallow convergence towards t he bulk value [80] . The cohesive energy of 

Na20 is about 55 o/c of the experimental bulk cohesive energy of sodium ( l . 13 eV) [ 124] . 

In t he case of potassium clusters, t he cohesive energy reported for the largest potassium 

cluster is 0 .33 eV for K7 , which is about 35 % of t he bulk cohesive energy of potassium 

( 0 . 94 eV) [ 124] . In  figure (4 . 1 9 ) ,  the calculated zero-point vibrat ional energies (ZPVE) 

per atom are p lot ted against t he cluster size to t he power of ( n- 1 /3 )  and fitted linearly. 

This approach estimates t he ZPVE per atom of bulk cesium to be 0 .006 eV In ,  which is 

unknown experimentally. 
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Figure 4 . 18 :  Calculated cohesive energies of  cesium clusters as a funct ion of cluster 

size to t he power of (n- 1/3 ) .  The dashed l ines represent l inear regressions 

towards the bulk l imit for CS3 to Cs20 and CSg to Cs20 . 

4 . 4  Conclusions 

For the first t ime, t he lowest order sta t ic response of small cesium clusters up to  20 atoms 

to a sta t ic electric fie ld is calculated. The predicted low-spin geometric st ruct ures are 

believed to be t he energetically lowest-lying structures reported so far .  This concl usion 

is based on the considerable sampling rate of initial geometric struct ure combined with 

a genet ic algorithm approach, which is based on density funct ional methods rather than 

using empirical n-body potentials. A comparison wit h  previously undertaken genetic 

a lgorithm and basin hopping studies based on the Gupta potent ial shows clearly, t hat  

th is approach is superior and necessary, hence underlining its originality. The energet ic 

separat ion of isomers is in most cases marginal , result ing often in totally unsymmetric 

isomers to be more stable or as stable as h ighly symmetric structures. Therefore , no 

obvious growth-pattern can be predicted . However, t he relat ive energy differences, t he 
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Figure 4 . 1 9 :  Calculated zero-point vibrat iona l  energies (ZPVE) per atom of cesium clus­

t ers as a funct ion of cluster size to t he power of (n - 1 / 3 ) .  The da hed l ine 

r presents a linear regression towards t he bulk l imit . 

isot ropic- and anisot ropic polarizabilit ies indicate t hat the clusters' geometric growth 

tends t owards more compact and spherically shaped st ructures wit h increa ing size . The 

onset of the t ransit ion from planar to t hree dimensional st ructures is ambiguous, wit h t he 

pentamer preferring a planar structure , the heptamer a three d imensional struct ure and 

the hexamer showing the same energet ic preference for t he planar t riangular shape and 

t he t hree dimensional pentagonal pyramid. 

The isot ropic polarizability per atom of cesium clusters approaches the bulk value from 

above, which is also t he case for l ithium and sodium clusters . However, this t rend occurs 

faster for cesium than for lithium and sodium cluster , with t he Cs20 cluster exhibit ing 

a deviat ion from t he bulk of about 26 %. The jellium model in the elect ron spil l-out 

approximat ion can be applied very sat isfyingly to the isotropic polarizability. fvloreover , 

the energet ically most stable isomers (Csn_O ) exhibit t he smallest isotropic polarizabilit ies 
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per atom wit h increasing cluster size, indicat ing that cluster growth tends towards more 

compact and spheric al ly shaped structure . 

The vert ical ionizat ion potent ials agree well wit h t he available experiment al dat a and 

show no cont inuous even-odd oscillat ions. The vert ical electron affinit ies show clear even­

odd oscil lations wit h t he odd-numbered clusters exhibit ing higher affinit ies. Bot h these 

propert ies approach the workfunct ion of the bulk cesium slowly and approximately lin­

early. Dominant peaks in t he second difference in cluster energy as a funct ion of c luster 

size are obtained for Cs2 , Css and Cs1 S ,  and are due to elect ron shell- fi lling effect .  

A band gap closure t o  the m tallic st ate (.6E < kT) is not observed yet . The cohesive 

energy per atom increases very slowly toward the bulk value and shows l inear dependency 

for CS3 to CSg and CSg to Cs20 . The latter interval displays a much smal ler slope and 

correlates st rongly with t he HOMO-LUMO gaps. The e oscillate and show larger gaps 

for even-sized clusters t han for odd-sized clusters and, more important ly, display a clear 

overall decrease in the HO I O-LUMO gaps for t he cluster size interval CSg to Cs20 . By 

means of linear regression, the bulk zero point vibrat ional energy per atom of bulk cesium 

is e t imated t o  be about 0 .006 eV In .  

4 . 5  Furt her Work 

In furt her work, a genet ic algorithm approach for h igh-spin states, wit h special attent ion 

to t he triplet st at s of even-siz d cesium clusters, should be undert aken to st udy t he 

band gap in more detai l .  Furthermore, it would be very interest ing to investigate the 

magnet ic moments of t he clusters as a funct ion of size . Bulk cesium is paramagnet ic, 

displaying a molar magnet ic susceptibility of (Xm = +29 . 10-6 cm::! mol- I ) [ 1 16] . Recent ly 

" unexpected" magnetism has been found in small clusters of t he otherwise diamagnet ic 

bulk silver (Xm = - 19 .5 . 10-6 cm3 mol- l ) [ 1 26] . 



Chapter 5 

Tin Clusters 

5 . 1  Motivation 

The physical and chemical propert ies of isolated , small clusters of t he semiconduct ing 

group 14 elements (Sin , Gen , Snn ) have been the subject of intense research due to t he 

fundamental interest and the possibility of diverse applicat ions in nano-technologies [ 1 27] .  

The elect ric dipole moment and dipole polarizability are especially interest ing propert ies 

to  probe, because they provide both a characterizat ion of t he geometrical and the elec­

t ronic structure of t hese small nano-sized part icles . Part icularly  t in clusters have become 

t he center of focus due to their occurrence in both covalent and metallic bulk phases [ 1 28] 

and their abnormal higher melting temperatures as compared to t he bulk value [ 1 29 , 130] . 

The higher rat io of surface to bulk atoms was bel ieved to always cause size-dependent 

melt ing temperature depression of nanoclusters [ 1 3 1-133] 1 . However , SnlO  was the first 

reported example of a nano-part icle melt ing at a higher t emperature t han its bulk phase 

and contradicted t he above ment ioned standard paradigm based on thermodynamic argu­

ments .  Melt ing properties measured by nanocalorimet ry and ion mobi lity measurements 

and calculated by density funct ional met hods and molecular dynamics simulat ions are 

reported in [ 1 29 , 1 30 ,  1 34-138] . 

In conclusion, significantly higher melt ing temperatures t han t hat of bulk t in  (505 K )  

were found for most o f  the t in clusters and were at tributed t o  the covalent nature of 

bonding and to  geometrical factors2 . 

1 For instance, Au clusters with a radius of 3 nm ( around 700 atoms) melt at about 800 1< , compared 

to a bulk melting point of 1 337 K [132] . 
2The reported melting temperature of 8nlO ,  for instance, is around 2000 K [ 136] . 

78 
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The normal allotrope of t in under ambient conditions (jJ-Sn, white t in )  is a metal 

with a body-centered tetragonal latt ice, a opposed to its lighter congeners, S i  and Ge 

which are already semiconductors at room temperature. Below 286 K ,  there is a stable 

semiconducting phase (a-Sn, grey t in)  with a small band gap of 0 . 1  eV and a cuhic, 

diamond structure similar to Si and Ge. 

Due to t he high relevance of silicon clust ers in t he nano-electronic industry, a vast 

range of t heoret ical invest igat ions into the geometric stable structures of neutral and 

charged, small and mid-sized silicon clusters have been published [ 139-153] . Jackson et 

al. [ 1 54] and Maroulis et al. [ 155] calculated t heir response to an external stat ic electric 

field. The former group found the per atom polarizability of Si2o-28 for compact struc­

t ures to decrease towards t he bulk limit , whereas pro late structures become increasingly 

polarizable. S ince jellium-based models for t he polarizability captured th is trend nicely, 

t he response to t he applied field is claimed to  be metal l ic .  The l at ter group focused on 

cluster sizes three to seven and found that ,  for t he different ial mean polarizability per 

atom3 , ab initio and density functional t heory based calculat ions yield distinct ively dif­

ferent pictures. Earl ier , Schiifer et al. measured t he polarizabilit ies o f  Sin clusters by a 

laser vaporat ion beam deflect ion method at a nozzle t emperature of 300 K (9 :S n :S 1 20 )  

and found a very strong variat ion of  t he polarizabilit ies per atom around t he bulk value 

of 3 . 7 1  A 3 [ 1 56 , 200] . These variat ions about t he bulk value were not found by J ackson et  

a t .  [ 1 54] and have not been reported by t heoret ical methods so far . A very revealing study 

is t he spectroscopic evidence for the t ricapped trigonal prism structure (TTP) ,  which is 

a dominat ing structural mot i f  in small , neutral Si ,  Ge and Sn clusters, for anionic silicon 

clusters [ 1 57] .  

Germanium clusters have attracted similar theoretical and experimenta l  interest com­

pared to silicon in the past two decades . They belong to t he most important m icro­

electronics materials and understanding t heir growth-habit and various elect ronic prop­

ert ies is of fundamental and substantial practical relevance . A vast range of t heoret ical 

studies on the structures of  neut ral and charged germanium clusters up to 40 atoms have 

been reported [ 1 40, 1 58-1 64] . In general , the claimed ground-state structures were ob­

t ained using a genetic algorithm combined with t ight-binding methods or a basin-hopping 

algorithm coupled with plane-wave pseudopotential density functional calculat ions . 

Polarizabilit ies were calculated by Zhao et al. [ 1 20] and Chelikowsky e t  al. [ 165J . The 
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former group calculated t he polarizabilit ies of Gen (n = 2 - 25) from B3LYP Lo -Alamos 

pseudopotent ial calculat ions using a valence double-zeta basis set (LA L2DZ) and con­

cluded that in general ,  the polarizabilit ies per atom ineTease with increasing cluster ize . 

but show various fluct uat ions around 5 .4  A 3 In for t he Cl l lst r siz 5 to 25.  T h se fl uc­

t uat ions are claimed to cone pond t o  clusters wit h large HO�IO-LUl\IO gap , result ing 

in smal ler polarizabili t ie . These findings are, however, i l l  cOl lt rauict iouiJ wiL h t ho 'e of 

the latt er group. Chelikowsky et al. [ 1 65J invest igated t he polarizabilit ie of si l icon ,  ger­

manium and germanium-ar enide c lusters up to ten at oms and find t hese to deer'casc 

with increasing size towards t he bulk limit . They find ident ical g omet rical truct ures for 

Sb- 10 and Ge2- 10 , where the germanium cluster how an average increase of interatomic 

d istances by about 4 o/c ,  and exhibit about 10 1C high r polarizabilit ies per atom than Si 

clusters . Ion mobility measur ments of germanium cluster ion r vealed t hat clust rs \vith 

about 1 0  to 40 atoms fol low a one-dimensional growth-pattern to give prolate geomct ries, 

those with 40 to 70 atoms retain roughly t he same aspect ratio and at  about 70 atoms, 

the clusters reconstruct to  a more spherical geometry [ 1 66] 5 . 

Early st udies on t in cluster date back to 1953 . Honig ident ified ionic clusters of  up 

to five t in atoms upon vaporizat ion of t in [ 167] .  The atom izat ion energies of t in clu ter 

with up to seven atoms and t he evaluat ion of t heir t ability under equilibrium condit ion 

were invest igated by Gingerich et al. [16 J .  Anderson calculated t he binding energies of 

t in clu t ers wit h d ifferent geomet ric st ruct ures and compared them to the aforement ioned 

t udy [ 1 69J . The energet ic separat ion and geometries of a variety of different neutral 

and posit ively charged tin cluster 6 ( Sn2 > Sn3 , Sn.l ) Snt , Sn5, Snt )  were reported by 

Balasubramanian et al . [ 1 70-1 75J . 

The ground state vibrat ional frequency and equilibrium molecular const ants of  Sn2 

were measured by � I il ler et al. [ 1 76] . l\Ieasured photoionizat ion and -emission spectra are 

reported in [ 1 77-1 79] . No regions of  unusual high stabil ity were observ d in t he mass 

spect ra of cat ionic i licon 7 )  germanium and t in clusters by Schaber et al. [ 1 80J . Studies 

on the react ion of t in clu ter anions wit h oxygen revealed t hat no oxide products were 

observed for c lusters larger than Sn5 [ 1 8 1 J . Calculated dissociat ion energies, bond lengt hs 

4 Although otherwise tated by Zhao et al. , who unfort unately do not compare their result with the 

bulk limit polarizability. 
5 An indication for metallic clusters. 
61n most cases respect ive germanium and lead cluster are also reported. 
7The produced ilicon clusters contained a significant amount of hydrogen. 
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and harmonic frequencies of silicon, germanium and t in dimers are compared with ex­

perimental results in ref. [ 1 82] . J arrold et al. characterized t he st ruct ures of t in cluster 

cat ions up to n = 68 by ion mobility measurements and summarized t hat up to n � 35 ,  

t in cluster cat ions show a prolate growth-pattern [ 1 83] . They also probed structures of 
lead cluster cat ions up to n = 32 by t he same means and concluded that these clusters 

adopt near-spherical geometries, indicating t he expected growth-pat tern for metallic clus­

ters [ 1 84] . According to t hese findings, t he transit ion to » normal" metal cluster growth 

in t he group- 1 4  of singly positively charged clusters occurs  between t in and lead . Lee 

et al. calculated the ionizat ion potent ials and binding energies of small germanium and 

t i n  clusters with up to 13 atoms using a semi-empirical t ight binding method and found 

reasonable agreement with experimental results [185] . Much better agreement wit h ex­

perimental results for these propert ies were found by Majumder et al. , who calculated 

the ground state geometries and energetics of neutral and singly positively charged t in 

clusters up to 20 atoms using the ultrasoft pseudopotent ial plane-wave method with gen­

eralized gradient approximations [ 186] . With respect to collision induced fragment at ion 

processes of smal l  tin cluster cat ions (Sn4-20 ) in t he energy range of 0-300 e V, Tai et al. 

concluded t hat smaller clusters (n :s: 1 1 )  fragmented by t he atom loss process and t he 

l arger ones decayed by fission .  Furt hermore ,  t hey found t hat t hese favored fragment at ion 

paths resembled those for respect ive Si and Ge cluster ions , hence, confirming the struc­

t ur al similarit ies . They a lso backed their experimental results by t heoret ical calculat ions 

uti lizing various DFT methods [ 187, 1 88] . 

By starting with h igh-symmetry structures and distort ing them according to their 

unstable modes ,  Pushpa et al. calculated low-energy structures of Mn (M = Sn, AI, As; 

n = 4 , 6 , 13 )  using DFT methods [ 189] . Alt hough t his is a conceptionally simple way 

t o  search for low-energy structures , and it also mimics t he way in which t he J ahn-Tel ler 

effect leads to particularly low-symmetry st ructures, it does not provide a proper route 

to search for global minima. Maj umder et al. invest igated t he structures , energetics and 

fragmentat ion behavior of tin clusters up to 20 atoms by means of DFT methods and 

reported a different growth behavior to that of germanium and silicon clusters for t in 

clusters with more than 7 atoms [ 1 90] . A comparative theoretical study with different 

exchange-correlation functionals of geometric structures and some electronic propert ies of 

t i n  clusters up to 20 atoms was published by Majumder et al. in 2005 [ 1 9 1] . A stable 

c losed-shell icosahedral (h)  Sni;- cluster, synthesized in t he form of KSn12 , was found by 
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photoelectron spectl'oscoPY recently [ 1 92] . 

82 

Considering the vast amount of theoret ical and experimental studies undertaken on 

small t in clusters, it become evident t hat neit her calculated , nor experimentally evalu­

ated sta t ic electric dipole polarizabilit ies have heen published . Fur th  rmore, all reported 

theoret ical work on geometric structures was undertaken by using low-lying isomer struc­

t ures of silicon and germanium clusters as an il l it ial struct ure and then relaxing t hem into 

their local minima, rather than undertaking an unbiased search . Moreover, t he t heoret ical 

approaches ment ion d here, invest igated only the lowest spin state of tin clusters . Th se 

three arguments are t he main motivat ion for t he present work.  

5 . 2  Met hods 

The predicted singlet and t riplet global mll 1 lma (GM)  st ructures o f  t in clusters rang­

ing from seven up to  twenty at oms were obt ained ut ilizing the genet ic a lgorithm code 

BELPHEGOR as described in det ail in sect ion (3 . 1 ) .  The init ial populations8 consisted 

of randomly generated st ructures, predicted Lennard-Jones global minima and predicted 

low- lying minima st ructures from t in [ 190J and silicon clusters [ 1 47, 1 93] from t he l itera­

ture. The minimum energy difference 6i V was set to  0 . 0 1  eV, dmin and dmax parameters 

were fixed between 2 .2  A and 3 .8  A, respect ively. The terminat ion criteria was 1 50 

mat ing and local minimizat ion steps for clusters up to 1 2  atoms and 100 steps for the 

remainder . The mutat ion probability was varied between 10 % and and 20 % .  

In contr ast t o  cesium and gold clusters , t he quest for the GM was performed in com­

binat ion with the ul trasoft pseudopotential plane-wave method, leaving 5s25p2 valence 

electrons, within t he local spin-density approximat ion (LDA) as implemented in t he VASP 

program package [ 194] 9 . The cut-off energy for t he plane-wave expansion was chosen to 

be 6 Ry. The clusters were placed in a cubic cell of side 16 A with periodic boundary 

condit ions. D uring t he global opt imizat ion the cell was dynamically adapted, ensuring a 

dist ance of greater t han 8 A between t he clusters. 

Typically, eight to ten of the t hus obtained energetical ly lowest- lying isomers were then 

fmt her relaxed from LANL20z basis set and pseudopot ntial calculat ions t o  their local 

minima as implemented in the GAUSSIAN03 program package [33 1 ] . Depending on the 

8Typically ranging from 10  to 1 5  different structures. 
9VASP makes a better compromise between a realistic treatment of the electronic structure and the 

computational cost than GAUSSIAN03 for these systems. 
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energy distribut ion , two to four of the energet ically lowest- lying true minima st ructures 

obtained by t he e means were t hen furt her optimi7.ed using t he extensive STUTTGART 

valence basis set together wit h t he energy-consistent relat ivist ic  pseudopotent ial for t in  

[ 1 95] . Finally, harmonic vibrat iona l  frequencies were computed to ensure t hat t he relaxed 

geometries are true minima on the potent ial energy surface. For t he exchange-correlat ion 

potent ia l ,  the hybrid funct ional b3p86, according to  the parameterizat ion suggested by 

Becke [ 1 96] and Perdew [ 1 12] ,  was applied in a self-con istent fashion as implemented in 

the GAUSS IAN03 program package . No symmetry constraints were appl ied dur ing t he 

opt imizat ion proc dure . 

The same approach was adopted to  find t he best DFT functional reproducing t he mean 

static dipole polarizability as mentioned in the cases of gold and cesium clusters. At first , 

the polarizability of the ground st ate e Po) tin atom was calculated in the framework of 

CCSD(T) from the uncont racted and extensive STUTTGART valence basis set ( labelled 

Basis A [ 195] ) with a respective energy-consistent relat ivist ic pseudopotent ia l .  Then ,  

th is basis set was contracted and reduced ( labelled Basis B [ 1 95] ) ,  and several DFT 

funct ionals, comprising different exchange and correlat ion funct ions such as b3p86, b3lyp, 

b3pw9 1 ,  blyp, bp86, pw9 1 pw9 1 ,  svwn, svwn5 , pbepbe, mpw1pw91 ,  b 1 b95 and pbe1 pbe 

were tested to probe the best one reproducing the afor ment ioned CCSD (T) value (8 .04 

A3) .  As depicted in figure (5 . 1 ) ,  t he b3p86 functional yields the smallest deviat ion and 

hence was applied for all opt imizat ions and calculat ions of electronic propert ies of t he t in 

clusters presented in this work. 

5 . 3  Results and Discussion 

5 . 3 . 1  Struct ural Data 

Figures (5 . 2-5 .6 )  depict t he predicted global minima and lowest-energy i omers of Sn2-20 , 

where singlet and triplet states of isomers with relat ive energy differences of up to about 

0 . 5  eV are shown . As discussed in chapter (4) , t he relative energy differences of some 

isomers are too small to appoint a dist inct global minimum (see t able (5 . 1 ) ) .  Quintet 

spin states were calculated for a variety of different structures of Sn2-7 and it is found 

t hat t hey all lie higher in energy by 1 - 1 .86 eV and thu are expected not to play a role i n  

t he characterizat ion o f  t he global minima. Relat ive energies, average neighbor d istances , 

VIPs, YEAs and cohesive energies are shown in t able (5 . 1 ) .  
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Table 5 . 1 : Average neighbor distances , relat ive energies , vert ical ionizat ion potent ials, 

vert ical elect ron affinit ies and cohesive energies of t he lowest-energy Snn clus­

ter isomers 2 � n � 20. The geometry nota t ion is t hat of figure (5 .2) . The 

notat ion In  implies t he value is given per atom. 

d t::. E VIP VEA ECoh d t::.E V I P  VEA ECoh 
Cluster (A )  (eV) (eV) (eV) (eV/n ) Cluster (A )  (eV) (eV) (eV) (eV/n) 
I t _O - 0 . 0  7.885 0.867 - 1 25 _2 3.092 0 . 083 6 728 2 563 2 . 652 

2t _0 '2 . 75 7  0 . 0  8.026 2 . 238 1 . 250 1 25 _3 3.082 0 . 235 6. 7 1 1  2.768 2.633 

3t _0 2 . 84 1 0 . 0  8. 048 2 . 589 1 . 777 1 2 t A  3 072 0.546 6 . 494 3.220 2.607 

35 _ 1  2 . 920 0 . 1 60 7.785 2 . 5 4 1  l . 724 1 38 _0 3. 1 05 0 0  6 . 776 2 83-1 2.674 

-15-0 2.86'2 0 0  8.051 2. 482 2 . 187 13t _ l 3 . 1 1 3  0 . 499 6 .487 3.483 2 .636 

55 _0 3. 1 80 0 . 0  7.751 2 . 142 2 . 3H 1 45 _0 3.094 0.0 6.932 2 . 586 2 . 7 1 8  

5t _ l 2 . 977 0. 493 7.646 2 . 936 2 . 248 1 45 _ 1  3. 1 05 0.272 7.033 2.695 2.699 

6 8 _0 3.042 0 . 0  7 674 2 . 200 2 . 525 H i 5 _O 3.093 0 . 0  6.682 3.033 2 . 7 2 1  

6 t _ 1  3.037 0. 523 7.358 2 . 868 2.438 1 5 5 _ 1  3. 1 02 0.093 6 . 706 2 . 376 2 . 7 1 5  

75 _0 3 . 030 0 . 0  7.728 2 . 455 2 . 647 1 55 _2 3 088 0 253 6 . 790 2 . 78 1 2.704 

8 5 _0 ::1.059 0 . 0  6.971 2.447 2 . 576 1 5t .3 3.094 0.368 6 . 28 1 3.430 2 . 696 

85 _ 1  3 . 085 0. 190 6.898 2 . 4 1 1  2. 552 165_0 3. 1 1 0 0.0 6 . 985 2.4 1 5 2 . 732 

8t _2 3.074 0.249 6.752 2. 890 2 . 545 1 65 _ 1  3.098 0. 1 3 1  6 . 786 2.828 2 723 

95 _0 3 . 064 0 . 0  6.964 2 . 265 2. 627 1 75 _0 3. 1 1 4  0.0 6 . 4 7 1  2.820 2 . 7 1 1 

9t _ l 3.069 0. 432 6.993 3. 470 2. 579 1 75 _ 1  3.087 0.085 6 . 5 7 1  2 . 946 2 . 706 

105 _0 3 . 0 5 1  0 . 0  7.300 2 . 404 2 . 7 1 6  1 75 _2 3. 100 0 . 1 40 6 64 1  2 . 666 2. 703 

1 1 5 _0 3.067 0 0  6.695 2. 660 2 658 1 7t _3 3 . 1 00 0.377 6 . 078 3 649 2 . 689 

U 5 _1 3.080 0.020 6. 560 2 . 354 2 . 657 1 85 _0 3. 1 1 0  0.0 6 . 6 4 1  2 67 1  2 . 725 

l 1 s _2 3 . 098 0 . 102 6.663 2 . 498 2.649 1 9 5 _0 3. 060 0 . 0  6 .664 3. 1 86 2 . 724 

1 1 t _3 3.072 0. 255 6.642 2.807 2.635 1 95 _ 1  3. 1 30 0.034 6 . 629 3 . 0 1 5  2 . 722 

1 2 s _O 3.094 0 . 0  6 . 7 1 6  2. 827 2 . 652 205_0 3.070 0 . 0  6. 707 3.337 2 . 74 1 

128 _1 3.092 0 . 059 6 . 7 1 3  2 . 6 1 7  2 . 647 20t _l 3. 120 0.391 6 . 42 1 3 872 2 . 7 2 1  
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F igure 5 . 1 :  Static electric dipole polarizabilit ies o f  t he 3PO tin atom in A3 as  a function 

of different DFT exchange-correlation funct ionals and compared to  experi­

mental [ 1 98] , scalar relat ivist ic CCSD (T) e Po ) and 4-component relat ivist ic  

CCSD(T) (J  = 0)  calculat ion . 

The presented global minima of c lusters with n :S 7 have the same struct ures as t hose 

of Si and Ge and have been also reported previously [ 1 4 1 , 162, 1 65 , 1 90, 1 97] . Except for 

t he Sn2 and Sn3 , all ground state cluster are singlet t ates. The singlet state of Sn2 is 

less stable t han its triplet by 0.68 eV. The global minimum of Sn3 is represented by a 

t riplet C2v tr iangle. Their linear tructure are less stable by 0 .70 eV (singlet ) and 1 . 29 eV 

( t riplet ) ,  t hus underlining the part icularly interest ing scenario for linear cesium clusters 

u p  to six atoms as discussed in chapter ( 4 ) .  Sn4 adopts a singlet D4h rhombus and Sn5 

a singlet d istorted trigonal bipyramid . The transit ion from planar to  t hree-dimensional 

st ructures clearly occurs from n = 4 to n = 5 ,  the flat singly capped rhombus (C2v )  is 

less stable t han the trigonal bipyramid by 1 .09 eV at t he LANL20z level lO . The distorted 

10 By LANL2 0 z  level, calculations from LAl L20z basis set and respective shape-con istent pseudopo-
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oct ahedron in t he singlet spin state is more st able than the t riplet on by 0 .52 eV . Sn7 

adopts a pentagonal bipyramid structure ( D5h ) .  

I n  accordance with references [ 1 65 ,  1 90 ,  197] ,  the global minimum for t he octamer is 

an edge-capped pentagonal bipyramid and not a doubly-edge-capped octahedron which 

is found as the global minimum for S i8 and Ge8 . The nonamer ground state structure is a 

distorted singlet b icapped pent agonal bipyramid, which is more stable t han the t ricapped 

trigonal prism (TTP) in the triplet state by 0 .43 eV. The structure of Sn98_0 is a lso found 

as the global miniml lnl for Si9 and Ge9 [ 1 4 1 ,  142 ,  1 65] 1 1 . Majumder et al. [ 190] report 

the t in nonamer global minimum to adopt t he TTP st ructure, which is contradict ing t he 

results in t his work .  At t he LANL2DZ level ,  the st ruct ure in Sn98_0 is more stable than 

the TTP struct ure in t he triplet spin state by 0 .43 eV and by 0 . 27 eV in the singlet spin 

state, respect ively. The global minima of Sn L Q ,  which is the same as for S i lO and Ge lO ,  

and Sn 1 1 show, however ,  clearly the t rigonal prism motif and represent symmetrical tet ra­

and pentacapped derivat ives of it . 

The energet ically lowest-lying structures for Sn1 1 ,  Sn 1 2 and Sn 13 are more stable than 

the ones reported in reference [ 190] . The same st ructure was found for Gel l , but a 

different one for S i l l  [ 1 97] .  The opt imizat ion of an icosahedral st ruct ure for Sn13 yields 

various distort d versions of it that all are less stable than SnlkO by around 0 .8  e V at 

the LANL2DZ level .  Interestingly, the stacked st ruct ures of Sn148_0 and Sn 158_0 , which are 

also reported as t he ground state struct ures in [ 190] , are also essent ially found for Si 1 4 ,  

S i 1 5  [ 1 4 1 , 1 62] and Ge14 ,  Ge15 [ 1 20] . The predicted global minimum Sn1 7 adopts a spherical 

structure rather t han a prolate one . I t  is quite different t han the ones found for Ge1 7 and 

Si l 7 , which are reported in [ 14 1 , 1 60-162] . The Sn17 st ruct ure reported in ref. [ 190] is less 

stable t han SU 1 78_0 by 0 . 22 eV at the LANL2DZ level . The predicted global minima with 

18 ,  19 and 20 atoms are stacked prolate structures, each displaying at least one t rigonal 

prism mot if. Sn 188_0 is ident ical to that found in reference [ 1 90] , while the structures for 

Sn19  and Sn20 represent more st able d istorted versions. Sn 198_0 consist s  of a d istorted 

t ricapped t rigonal prism prolately connected to a d istorted tetracapped tr igonal prism . 

The structure of  Sn208_0 is based on two ident ical tetracapped t rigonal prisms twisted by 

1 800 with respect to each other. 

tentials as implemented in GAUSSIAN03 are meant. 
1 1  In reference [ 120] , the germanium nonamer is reported to be a t ricapped trigonal prism. 



CHAPTER 5. TIN CL USTERS 7 

2 t  0 

5 t  1 

8 t  2 

Figure 5 . 2 :  Predicted global minima and lowest-energy isomers of Sn2-8 l ordered (from 

left to right and top to bot tom) by increased size and energy. The cluster 

n _m is the mth energet ic isomer with n atoms. (s) denotes a singlet and ( t )  

a triplet spin mult iplicity. 



CHA PTER 5. TIN CL USTERS 8 

1 0 8  0 

Figure 5.3 :  Predicted global minima and lowest-energy isomers of Sn9- 1 2 ,  ordered ( from 

left to right and top to bot t om ) by increased size and energy. The elu ter 

n _m is t he mth energet ic isomer with n atoms. (s ) denotes a singlet and (t ) 
a triplet spin multiplicity. 
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1 4 8  1 

Figure 5 . 4 :  Predicted global minima and lowest-energy isomers of Sn13- 15 ,  ordered (from 

left to right and top to bottom) by increased size and energy. The cluster 

n _m is t he mth energetic isomer with n atoms. (s) denotes a singlet and ( t ) 

a t riplet spin multipl icity. 
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1 6 8  1 

1 7 8  0 1 7 8  1 

1 7 8  2 1 7 t  3 

Figure 5 .5 :  Predicted global minima and lowest -energy isomers of Sn16- l i , ordered (from 

left t o  right and top to bottom) by increased size and energy. The cluster 

n _m is t he mth energet ic isomer with n atoms. (s) denotes a singlet and ( t )  

a triplet spin mult iplic ity. 
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9 1  

1 9 8  0 

2 0 8  0 

Figure 5 .6 :  Predicted global minima and lowest-energy isomers of Sn18-20 , ordered (from 

left to right and top to bottom ) by increased size and energy. The cluster 

n _m i the mth energet ic isomer wit h n atom . (s) denotes a singlet and ( t ) 
a t riplet spin mult iplicity. 
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5 . 3 . 2  Polarizabilities and other Electronic Prop erties 

92 

In order to gain insight into t he marked deviat ion of t he recent ly experiment al ly observed 

polarizability (6 . 5  A 3 ± 1 . 2 A 3 [ 198] ) of atomic Sn and t he calculated scalar-relat ivist ic 

CCSD (T) value (8 .04 A3) (see figure ( 5 . 1 ) ) ,  a 4-component relat ivistic calculat ion wit h 

an optimized 33s/27p/ 1 8d/5f ( labelled Basis C [ 195] ) in t he framework of  CCSD(T) ,  

where correlat ion of a l l  states between - 10 and 500 a .u .  was t aken into  account for ,  was 

undertaken. The total  electronic energy of t he ground-st ate t in atom was calculated in 

an external, homogeneous electric field with  a strength of up to ±2 . 10-3 a .u .  (figure 

(5 .7 ) ) .  The polarizability was obtained by a quadrat ic fit to the total electronic energy. 

It is wort hwhile t o  ment ion t hat t he sca lar relat ivist ic calculat ion at t he CCSD(T) level 

presented in t his work already denotes t he most accurate evaluat ion of t he polarizability 

of atomic t in .  Previous evaluations were done at the DFT level [7] . It is found that the 

inclusion of spin-orbit coupling reduces the polarizability by about 1 1  %. This value is 

t hen within t he error margin of t he experiment . In comparison t he ground-state indium 

atom, a decrease in polarizability due to spin-orbit coupl ing of about 8 % was found [ 199] . 

The calculated static response and electronic struct ure propert ies of  the t in  clusters are 

presented in t able (5 . 2 ) . The calculated isotropic polarizabilit ies per atom are presented 

in figure (5 .8 )  and compared to approximated values of bulk a- and ,8-Sn .  A significant 

decrease is observed for the t ransit ion from fiat to t hree-dimensional st ructures, but more 

importantly, already the hexamer shows t he same polarizability per atom as t he bulk value 

for a-Sn . The bulk polarizabilit ies per atom of t he t in modifications t hat are present under 

ordinary condit ions are approximated according to t he Claus ius-Mossott i  equat ion ( i . e .  

picL uring the tin clusters as l i t  tIe d ielectric or metallic droplets, respecL i vely ) 12 : 

E - 1 
3 aiso = --r ws E + 2  

(5 . 1 )  

,6-Sn is metall ic ,  h as a tetragonal lattice with latt ice parameters a = 5 .83 1 8  A3 ,  c = 3 . 1 8 1 8  

A3 and Z = 4 atoms per unit cell [ 1 16 ] .  I t s  c lassical polar izability per atom (a/n)  can 

t hus be approximated according to Q:iso = r!s and yields: 

3 
a

2 . c 3 A3 
r = -- . - = 6.46-ws Z 47f n 

12Por metals, to -> 0, this equation becomes analogues to equation (4 .2) .  

( 5 . 2 )  
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Table 5 .2 :  Calculated st at ic response and electronic structure propert ies of DFT-

Cluster 

I t _O 

2t_0 

3t _0 

38 _1 

48 _0 

58 _0 

5t _l  

68_0 

6t _ l  

78 _0 

8. _0 

88_1 

8 t _2 

98 _0 

9 t_l 

108_0 

1 1 8 _0 

1 18 _ 1  

1 18 _2 

1 1 t _3 

128_0 

128_1  

optimized Snn clusters . The second difference in cluster energy is denoted 

by 6.2 En and 6.E represents the HOMO-LUMO gap . (The mean stat ic po-

larizability per atom Qiso and t he polarizability anisot ropy per atom were 

calculated analytically. ) The absolute value of the dipole moment is denoted 

by p, . The notation In  implies the value IS given per atom. The b3p86 

funct ional is used throughout . 

� 2 En �€ Ct iso Cl:aniso �i �2 En �€ aiso Q:aniso �i 
(eV) (eV) (A3 In )  (A3In) (D)  Cluster (eV) (eV) (A3 In ) (A3 In )  (D )  

2.017 8.073 2 . 1 59 0 .0 128 _2 1 .849 7. 1 96 1 . 737 1 . 1 29 

-0.328 1 . 9 19  9.261 7.033 0 .0 1 2. _3 1 .632 7.2 14  1 .3 13  2 .253 

-0. 590 l .976 8.005 4 .019  0 0  12t A l .033 7.638 2.873 0.839 

1 .804 8.300 4 .793 0.620 138_0 -0 .354 1 .699 7.276 2 .479 0 . 749 

0.434 2 . 1 1 1 8 . 1 0 1  5 .869 0.0 l3 t _ 1  0 .768 7 .398 2.677 1 .384 

-0.429 2 .575 7.659 0.606 0.0 148_0 0 . 540 2 . 1 85 7.345 2 .4 14  0.981 

1 . 371 7 .512  1 . 523 0.052 148_1  2 . l l 6  7.360 2.34 1 1 .275 
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1 .426 2 .426 7 .020 0.241 0.634 1 78 _2 1 .904 7.256 1 .834 1 . 3 1 1  

-0 .499 1 .659 7. 1 40 l . 4 1 5  1 .592 1 7t _3 1 . 5 18  7 .593 3.533 0 .390 

1 . 825 7 .268 l .985 0.535 188_0 0. 265 1 .955 7 . 5 1 7  3.581 1 .941  

1 . 767 7. 1 47 l .227 1 . 308 1 98 _0 -0.370 1 . 558 8 .005 4 .900 0 .974 

l .5 1 9  7.300 2 .430 0.0 198_1  1 .562 7.489 3.459 2 .880 

-0.355 1 .605 7.260 2.399 2.251 208 _0 1 .498 8.003 5 . 1 75 0 . 126 

1 . 780 7.277 2.544 1 .395 20t _l 1 . 6 1 3  8 .339 6.200 0 .331  
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Figure 5 .7 :  Full  relat ivist ic calculat ion of t he polarizabil ity of t he ground state t in atom 

with an opt imized basis (Basis C :  33s/27p/ 18d/5f [ 1 95] ) in the finite field 

approach . Correlat ion of al l  st ates between - 10 and 500 a . u .  were t aken into 

account . 

a-8n is a semiconductor wit h a diamond lat t ice and parameters a = 6 .4892 A3 , Z = 8 

and a d ielect ric constant of 24 [ 1 16] , which gives for t he Wigner-Seitz radius 

3 A3 
3 a 3 

r = _ .  - = 8 . 168- . ws Z 41f n 
(5 .3 )  

Thus, the classical polarizability per atom for bulk a-8n is obtained to be 7. 23 A 3 In. The 

polarizabil i t ies per atom of the predicted global minima of 8n6- 1 7 resemble this value and 

only small deviat ions are observed . This may be another indication, t hat  small t in clus­

ters adopt rather a covalent bonding nature t han a metallic one, as already suggested by 

melting temperature measurements and calculations for small c lusters [ 1 29 , 130, 1 34-138] . 

The structures of 8n18-20 are distinct ively prolate which explains t he increase in  polariz­

ability. Clearly, t he evolution of a/n as a function of cluster size is more complicated t han 
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Figure 5 .8 :  Isot ropic static elect ric dipole polarizabilit ies per atom of Snn clusters as a 

function of cluster size compared to the classical values of bulk (}- and ,B-Sn. 

Polarizabi lit ies of Ge2 - Ge20 are extracted from [ 1 20] , Gel - GelO from [ 1 65] 

and (Si3-7 [1 55] , Si4- 11  [ 142] , Sil - l O  [ 1 65] ) are also plot ted and compared to 

their classical bulk polarizabilit ies for reasons of comparison. 



CHAPTER 5. TIN CL USTERS 96 

those for simple metal l ic clusters l ike cesium for instance and it would be very interesting 

to evaluate t he c luster sizes at which t he bulk value for {3-Sn is resembled . The magic 

cluster Sn lO  stands out ,  exhibit ing t he smallest polarizability per atom with in t he range 

of clusters presented here. In comparison to the t et racapp d trigonal prism structure of 

SnlO ,  a l l  following clusters, with the exception of Snl7 , can be regarded as elongated and 

from Sn l S  - Sn20 as pro late. This str1 lct ural t ransit ion is reflected by a slight increase in 

a./n  and a significant one for t he prolate structures . Taking t his int o  account one may 

specul ate that at some st age the geometric s t ruct ures of the t in clusters will adopt more 

compact , spherical shapes, result ing in a decrease of a./n. This could lead to a convergence 

towards the bulk value of the metallic allotrope of t in .  

Tin clusters are more polarizable than germanium and silicon clusters. Moreover, i t  

becomes apparent t hat t he approach of a. /n for S i-cluster t owards t heir respect ive bulk 

limit l 3 is significant ly slower t han t hat of Sn-cluster. As ment ioned in sect ion (5 . 1 ) ,  

however ,  beam deflect ion experiments by SchaJer e t  al. suggest t hat the a./n of S i-clu ter 

of at least nine atoms vary about t he bulk value of Si and do not show a convergence 

behavior [ 156 , 200] . The data of Ge2 - Ge20 are extracted from reference [ 1 20] and were 

calculated from b3lyp/LA L20z calculat ions. The a./n increase with n and show no 

convergence behavior towards the bulk limit l4. This L rend i contrary to t he ones observed 

for Si and Sn cluster of similar sizes and puts a quest ion mark behind t he accuracy of 

the data ,  because it has been established that the structure of Si and Ge clust l' of up to 

around nine to  t en atoms are equal (see ( 5 . 3 . 1 ) ) .  lVloreover , the LANL20z basis set wi l l  not 

suffice to describe t he polarizability in the valence region ,  where it is most pronounced, 

accurately enough . Furt hermore, the a./n of the germanium d imer is expected to be larger 

than the atomic one, as it is observed for Si and Sn. In contrast , t he atomic polarizability 

of Ge is reported to be 6 .07 A3 [7] , which is about 50 % larger t han t he one ca lculated 

for Ge2 by Zhao et  al. [ 120] and t hus indicat ing t hat t he reported absolute value for Ge2 

by Zhao et al. is quest ionable . The t rend and absolute values of polarizabilit ies per atom 

for Gel - GelO reported by Chelikowsky et al. [ 165] seem to be much more reliable and 

support the Sn data reported here. They also find t hat at Ge6 t he bulk limit is reached 

and small variations about this value are observed until Gel O ' 

13Bulk Si at ambient condit ions has a diamond structure and parameters a = 5.4307 A, E = 1 l .8 and 

Z = 8 [ 1 1 6] .  
14Bulk Ge a t  ambient conditions has a diamond structure and parameters a = 5 .657 A ,  E = 16  and 

Z = 8 [1 1 6] .  
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Very accurate calculations at t he CCSD(T) level by Maroulis et  al. [ 1 55] , DFT calcu­

lat ions by Zeng et al. [ 142] and DFT calculat ions by Chelikowsky et al. [ 1 65] suggest t ha t  

small silicon clusters show polarizabilit ies per atom that  are l arger than t heir bulk value 

but converge from above t owards t he bulk value. Since t he reported R.hsolute values of 

Si3 to S i7 are essential ly t he same for references [ 1 55] and [ 165] , t he published data for 

the germanium clusters by [ 1 65] are reconfirmed . 

The a/n of the predicted global minima cannot be meaningfully fitted by the jellium­

model (see sect ion (4 . 1 ) ) ,  s ince any good fi t of t he data according to 

(n ·  N1/3 . rW8 + 8) 3 a = ---------------
n 

(5 .4 )  

yields a product of parameters for t he number of e lect rons (N1/3 )  and t he Wigner-Sei tz  

radius of  t in  that i s  four t imes smaller than i t  should be .  In other words, the absolute 

values of a/n for t he predicted global minima cannot be fi t ted by t he jellium function 

and assuming four valence elect rons and t he crystal lographically obtained Wigner-Seit z 

radius of a-Sn for instance . 

In figure (5 .9) , t he calculated permanent dipole moments of t he predicted global min­

ima are compared with t he est imated effective dipole moments from a recent beam de­

flect ion experiment (see sect ion ( 1 . 3 . 2 ) ,  [ 1 98] ) .  The calculated dipole moments from this 

work are scaled down by a factor of 40 for rea ons of bet t er comparison . The experimenta l  

evaluat ion of the effective d ipole moments i s  based on the spherical rigid rotator model 

and obtained from the broadening of the deflected molecular beam profile [ 1 98] . The 

quanti tat ive agreement between experiment and theory is very poor and can be ascribed 

mainly to the dynamics of t he clusters in t he experiment , to t he model adopted to evalu­

ate t he effective dipole moments from the experiment or to other, unknown reasons . The 

measured effective dipole moments arc s trongly temperature dependent and increase sig­

nificant ly with decreasing cluster t emperature. The measured effect ive dipole moment of 

Sn12 is for instance 1 2  t imes larger measured at a nozzle temperature of 50 K compared t o  

t he one measured a t  a nozzle temperature o f  3 10  K ,  indicat ing a more body-fixed moment 

at lower temperat ure . The observed effect ive d ipole moments in figure (5 .9 )  arc obt ained 

at  a nozzle temperature  of 3 10  K and are therefore significantly smaller t han the calcu­

l ated permanent d ipole moments from this work. However, t he qualit at ive resemblance 

is very sat isfactory, showing exceptions only for Snl l ,  Sn16 and Sn18 , and thus confi rming 

most of t he geometric structures of  t he predicted global minima. 
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Figure 5.9 :  Comparison between calculated permanent dipole moments and experimen­

t al ly obt ained effect ive dipole moment . The calculated values are scaled 

down by a factor of 40 for reasons of better comparison.  (8ee t xt for de­

t ails) . 

The calculated polarizabilit ies per atom ar compared to a recent temperat ure dep n­

dent beam deflect ion experiment in figure (5 . 10 )  [ 19 ] .  The calculated values are c aled 

by a factor of l . 65 for bet ter comparison .  The experiment ally obt ained Gin are all larger 

t ha n  t he calculated ones . As described below,  t his discrepancy i perhap d ue to fact 

t hat  ob erved effect ive polarizabilit ies represent an upper bound t o  t he el ct ronic polariz­

abil ity. The qual i tat ive agreement with t he experiment at a nozzle temperat ure of 3 10  K 

is, however, very sat isfying. C learly. t he experiment ally obt ained values have converged 

towards a l imit and vary about 1 2  A 3 In, which is approx. l .65 t imes higher t han t he 

bulk value of a-8n. Furt hermore. a significant temperat ure dependent polarizability per 

atom i observed for 8n8 , 8nlO- 1 3 ,  8 n 16- 1 7 ,  8n 19-20 ' 1 he most pronounced dependence is 
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Figure 5 . 1 0 :  Comparison between calculated and experiment al ly obtained isotropic po­

larizabilit ies per atom at different nozzle temperatures . The calculated 

values are scaled up by a factor of 1 . 65 for better comparison. The calcu­

lated dipole moments ( in D )  are indicated for the respective clusters (8ee 

text for details) . 

observed for 8n l 1 _ 13
15 . 

In t he experiment , as described in detail in sect ion ( 1 . 3 .2) , t he d isplacement of the 

beam profi le is directly proportional to the polarizability. However, within the weak-field 

l imit (/1oF « kBTrot , where F denotes t he electric field , kB t he Boltzmann const ant and 

Trot the rot at ional temperat ure) , measured polarizabilit ies represent upper limits to t he 

electronic polarizability as permanent d ipole moments and the rotational temperature of  

t he clusters contribute to the effective polarizability. For symmetric tops with principal 

15For Sn13, the O'./n at 50 K is for unknown reasons smaller than that for for 100 K and 150 K. 
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moments of inert ia h (=h) and h,  t he effect ive polarizability is given by [200] 

(5 . 5 )  

where K, = h/  h - 1 denotes t he deviat ion from sphericity. Hence, experimentally an 

effect ive polarizability i s  measured , which also depends on t he permanent dipole mo­

ments and rot at ional temperatures of respect ive clusters, and explains why usual ly larger 

polarizabil i t ies are obtained in experiments t han predicted from theoret ical evaluat ions. 

Furthermore, for clusters with large permanent dipole moments ( i . e .  n = 8 , 10  - 1 3 , 1 7 , 1 9 ,  

see figure (5 .9 ) ) ,  also a strong temperature dependence of a/n i s  observed. It can be ar­

gued t hat t h  dynamics of clusters at h igh temp rature may lead t o  a partly or tot al 

cancellat ion of t he permanent dipole moment and t hat at low temperat ure , this moment 

becomes more body-fixed, t hus result ing in a greater d ispl acement of t he beam. This 

qualitat ive argument explains t he st rong temperature dependence for clusters with large 

dipole moments. 

The calculated dipole moments are denoted in figure ( 5 . 1 0 )  and clearly. when t aking 

t he experimental margin of errors into account , the trend of t he magnitude of t he tem­

perature dependence of a/n is sat isfyingly confirmed by t he calculated permanent dipole 

moments. The only dist inct except ions are for n = 18 and 20. It must however be noted 

t hat t he magnitude of t he temperature dependence depends also on t he rot at ional tem­

perature, which is probably different for different cluster s izes, and t hat further effects 

may also be operat ive . 

The anisotropy to t he polarizability per atom aaniso , according to equation ( 1 .56) is 

given in t able (5 . 2 )  and is also plotted in figure (5 . 1 1 ) .  For the singlet spin-states, a small 

aaniso can be (solely) regarded as an indicat ion for compact (spherical )  symmetry. This 

is reflected for instance by low values for Sn5 , SnlO and Sn l 7 as compared to t heir less 

compact neighbors. As expected , t he prolate clusters with n = 1 8 , 1 9  and 20 exhibit 

larger anisotropies per atom. 

F igure ( 5 . 12 )  depicts t he ionizat ion potent ials and e lectron affinities of t he ground 

state t in atom as a funct ion of DFT exchange-correlat ion funct iomtls and shows clearly 

that bp86 reproduces t he experimental values extremely wel l .  The b31yp, b3pw9 1 and 

blyp funct ionals underest imate t he electron affinity drast ically while t he b3p86, t he func­

t ional employed for all t in cluster calculat ions, overest imates t he ionizat ion potential by 

about 7 % and underest imates the electron affinity by about 22 %. The calculated vert i-
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Figure 5 . 1 1 :  Anisotropy per atom to t he stat ic electric dipole polarizability, according 

to  equat ion ( 1 . 56 ) , as a funct ion of cluster size for t in .  

ca l  ionizat ion potent ials and electron affinit ies a a function of  cluster size are d isplayed 

in figure (5 . 1 3 )  and compared to experimenta l  values and the work funct ion of t in .  Ex­

periment al values for ionizat ion energies are extracted from [ 1 79] 16 , t hose for elect ron 

affinit ies from [ 1 78] . Experimental value for t he workfunct ion, atomic ionizat ion energy 

and atomic electron affinity are extracted from [ 1 1 6] .  The trend of t he calculated VIP 

graph agrees very n icely with the experiment a l  results and would give a bet ter match for 

t he act ual values if it wa scaled down by approximately 0 .5 eV. This results from the 

fact that the b3p86 funct ional ,  according to figure (5 . 1 2 ) ,  overest imates t he atomic IP by 

about 0 .5 e V and does not perform as well as the bp86 functional for instance17 . The 

experimental electron affinit ies in figure (5 . 13 )  are obt ained from photoemission spectra 

16The upper and lower bounds of t he experimental ionization potentials are given i n  figure (5. 13 ) .  
17The choice of t he b3p 6 fu nct ional is, however, not founded on t he reprod uction of t he experimental 

ionization potential and electron affinity, but on t he polarizability of t he ground state tin atom. 
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Figure 5 . 12 :  Ionization potent ials and elect ron a ffinitie of t he ground state t in atom 

e Po) in eV as a funct ion of DFT exchange-correlat ion funct ionals and 

compared to experiment a l  values [ 1 1 6] . 

of anionic t in clusters and , besides for t he 8n4 case, are resembled sat isfyingly by t he 

calculated values .  

Peaks in t he second difference energy (b.2 En)  accord ing to  equat ion (4 .4) (see figure 

(5 . 1 4 ) ) indicate magic cluster sizes ( i . e  cluster sizes t hat are very stable and may give rise 

to higher intensit ies in cluster synthesis experiments) .  Interest ingly, most even-numbered 

clusters of t he predicted global minima wit h the except ion of 8ns and 8n12 are more stable 

t han odd-sized ones. In alkali clusters ,  elect ronic shell effects are mainly responsible for 

magic c luster sizes [49] (see also sect ion (4 .3 . 2 ) )  and t he even-odd oscillation of higher 

st ability for even-sized clusters can be explained by t he pin-pairing effect .  The latter 

argument does not hold for t he t in clusters presented here, because ot her t han t he d imer 

and t rimer clusters al l  predicted global minima represent closed-shell singlet states. A 

simple electronic shell filling effect as in t he case of t he alkal i  clusters is also out of question, 
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Figure 5 . 1 3 :  Vert ical electron affinities and vert ical ionization potent ials of t in  cluster 

as a funct ion of cluster size (n- 1 /3 ) .  The evolut ion of both propert ies is 

approximated by a l inear regression according to G(n) = 4 .42 + bn-1/3 ,  

where 4 .42 eV denotes t he workfunct ion of bulk t in [ 1 16] . Open symbols 

denote ionizat ion potent ial and filled symbols electron affinities. (see text 

for details) . 
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Figure 5 _ 14:  Second difference in Sn cluster energy as a funct ion of cluster size as de­

noted in equat ion (4 .4 ) . Respective HOMO-LUMO gaps in eV a re shown. 

ot herwise d ist inct peaks at 8n2 , 8ns and 8n l S should be observed.  The low stability of Sns 

is probably a result of geometric effects. While Sn1-O adopts a pentagona l  bipyramid ( D5h ) 

and Sn9_0 a symmetrically bicapped version of it ( D2h ) ,  Sn8 l ies st ruct urally in-between 

and does not adopt a planar pentagonal mot if (Cl ) .  H igher stabilit ies for even-sized 

germanium, sil icon and t in clusters to this extent have not been reported so far ,  alt hough 

t here is some indicat ion for this phenomenon in t in clusters [ 1 9 1 j 1s . Peaks t hat stand 

out in particular are t he one for 8n10 ,  8n7 , 8n 14 and Sn 1 6 .  It is seen t hat magic clusters 

with n 2: 10 are also more t ightly bound than t heir neighbors (see figure (5 . 1 5) ) .  For 

smaller cluster sizes, where geometric effects p lay a more dominant role, larger HOMO­

LUMO gaps do not coincide with t he patt ern in figure ( 5 . 14) . It becomes thus clear t hat 

HOMO-LUMO gaps cannot be used solely to discuss stabilit ies of clusters. 

180bviously, the trend in 62 E can only be interpreted reasonably, when the global minima structures 

have been found. This may be one explanation as to why this oscillation has not been reported so far .  
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Figure 5 . 1 5 :  Calculated HOMO-LUMO gaps �E of t in clusters versus the cluster size 

n .  The solid l ine represents extracted values from Majumder et al. [ 1 9 1] . 

Arguments based on t he tricapped trigonal prism motif cannot explain t he extremely 

high stability of SnlO e i ther, because Snl l shows a t etracapped trigonal prism and is 

relat ively less stable t han Sn12 which does not show t his mot if. Moreover, t he predicted 

global minimum of Sng adopts a distorted bicapped pentagonal bipyramid rather t han a 

t ricapped tr igonal prism by 0.23 eV at t he LANL20z level .  Hence, if t he unusual high 

stability of Snl O was solely based on t he geometric st ructure of capped derivat ives of t he 

trigonal prism, t he global minimum of Sng should adopt this motif as wel l .  

HOMO-LUMO gaps are presented in figure ( 5 . 1 5 )  and compared to those calculated 

by Majumder et  al. [ 1 9 1] . In most cases, t he trend and also the absolute values are similar 

to those in ref. [ 1 9 1 ] .  Triplet states exhibit much lower gaps . The gaps for t he global 

minima of Sn5 ,  Sn6 and Snl O are similarly large, however , SnlO exhibits a magic cluster 

(see figure (5 . 14 ) ) ,  whereas t he others do not . This shows again , t hat HOMO-LUMO gaps 

should not be used solely to discuss stabilit ies of clusters . The HOMO-LUMO evolution 
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Figure 5 . 16: Nearest-neighbor distances plot ted against t he cluster size n .  The solid line 

represents the experimental t in dimer bond length ( 2 . 75 A [ 1 76] ) and t he 

dashed lin s symbolize t he experimental value for t he shortest equilibrium 

interatomic distances in Q-Sn ( 2 . 8 1  A) and {3-Sn (3.02 A) [ 1 1 6] .  

wit h c luster size also shows a rat her slow convergence towards the met allic state .  

In figure (5 . 16 ) , the nearest-neighbor d istances are plotted as  a funct ion of c lu  t er 

size n and compared to the nearest-neighbor distances in bulk Q- (2 .8 1  A) and {3-Sn 

(3 .02 A) . Note t hat in t able (5 . 1 ) the average neighbor dist ances1 9 are l isted and not t he 

nearest-neighbor distance . The lat ter excludes surface effects ,  which play a major role in 

clusters . f\/Iost clusters exhibit nearest-neighbor distances t hat are in-between the hortest 

equilibrium int eratomic distances in bulk Q- and {3-Sn. There is a general t rend for t his 

bond length in t he global minima structures to increase towards t hat of {3-Sn up to Sn 1 5 , 

but no coherent informat ion can be extracted. The cohesive energies as a function of 

cluster size to t he power of ( n- 1/3) are depicted in figure (5 . 1 7) and compared to  t he 

19Calculated as the arithmetic mean of all distances (d :S 3.5 A.) .  
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Figure 5 . 1 7: Calculated cohesive energi s o f  t in clusters as a funct ion o f  cluster size to  

the power o f  (n- 1 /3 ) .  The experimental cohesive energy o f  a-Sn (solid line) 

is reported to be 3 . 1 40 eV In. For ;3-Sn, 3 . 100 and 3 . 1 40 eV In are reported, 

respect ively [202] . 

experimental bulk value for a-Sn (3 . 1 40 eV In) 20 . The progression towards the bulk value 

can be described by two almost l inear intervals ( i .e .  from Sn2 to Sn7 and Sn8 to Sn20) .  

Sn20 shows only a 12 .7  % deviat ion from the bulk value and the linear fit from Sn8 t o  

Sn20 estimates the bulk cohesive energy as 3 . 09 eV In. Considering the fact that the small 

cluster sizes discussed here are very far away from the macroscopic solid state, it is an 

astonishing result t hat the bulk cohesive energy of t in can be est imated within a deviat ion 

of  less than 2 % by t his means. 

In figure (5 . 18) , the calculated zero-point vibrational energies (ZPVE) per atom are 

20 The bulk cohesive energy of {3-8n is reported a 3. 100 and 3 . 130 eV /n [202] and are not displayed i n  

figure (5 . 1 7) for reasons o f  simplicity. 
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Figure 5 . 1 8 :  Calculat ed zero-point vibrat ional energies (ZPVE) per atom of t in clusters 

as a funct ion of cluster size to the power of (n-l/3 ) . The dashed line 

represents a linear regression towards t he bulk l imit . 

plot t ed against t h� cluster size to the power of ( n- l /3 ) and fit t ed linearly. This approach 

est imates t he ZPVE per atom of bulk t in ,  which is unknown experiment ally, t o  be between 

0 .02 and 0.03 eV. 

5 . 4 C onclusions 

In conclusion, it is found t hat singlet spin- t ate  clearly dominate t he energet ically lowest­

lying isomers of small t in clu ters up to 20 atoms, and t ha t  triplet and quintet spin-states 

do noL play a role in t heir global minima st ructure . The GM of Sn2 to  Sni are ident ical 

to t hose found for germanium and silicon cluster , re pect ively. 'Ih- and tet racapped 

t rigonal prism motifs are found as a major structural  mot i f  in t he GM of SnlO , Sn l l , Sn18 , 
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Sn 19 and Sn20 . The GM of Sn15 and Sn 16 adopt dist inct stacked st ructures displaying an 

A ,  B, A stacking. For n 2 9, some pred icted global minima are reconfirmed while seven 

new st ructures are found that are lower lying in energy t han previously reported, t hus 

underlining t he performance of t he genetic algorithm developed in this work .  

The stat ic electric dipole polarizability o f  the tin a tom in its ground st ate is evaluated 

for t he first t ime at the scalar-relat ivist ic and 4-component relat ivist ic CCSD (T) - level , 

and compared to t he recent ly experimentally evaluated polarizability of the tin atom. It 

is found t hat inclusion of spin-orbit effects reduces the polarizability by about 1 1  % and 

t hat the value obtained by th is means lies wit hin the error margin of t he experiment . 

However, spin-orbit effects should become maller for larger cluster sizes. 

The qualitat ive agreement of the calculated dipole moments and polarizabil i t ies with 

recent beam deflect ion experiments is very sat isfying, indicat ing firstly t hat the general 

t rend of t he polarizability as a function of cluster ize is correct , secondly t hat most 

global rninima structures are found and thirdly t hat clusters with large permanent d ipole 

moments result in significant ly larger beam deflect ions at low rotat ional temperatures , 

t hus explaining why in experiments usually larger, effect ive polarizabilit ies are obtained 

t han from theory. 

5 . 5  Further Work 

It  would be very interest ing to investigate the evolut ion of t he isotropic polarizability per 

atom for larger cluster sizes and ident ify the re-t ransit ion from prolate structures , t hat 

c learly start at Sn18 , to spherica l  ones and evaluate when t he polarizabilit ies resemble 

that of bulk ,6-Sn. 



Chapter 6 

Gold Clusters 

6 . 1  Motivat ion 

While inert as a bulk material or as supported gold layers, nano-scale gold part icles in 

form of clusters adsorbed on various metal oxide supports ( i .e .  iV IgO, Ti02 , Ab03 , Fe203 ) 

exhibit remarkable heterogeneous cata lyt ic act ivity for several technological important re­

act ions such as t he low-temperat ur e  oxidat ion of CO, select ive hydrogenat ion,  oxidat ion 

and epoxidat ioIl of hydrocarbons ,  reduct ion of nit rogen oxides and hydrogenat ion of car­

bon dioxides [203] . The dramat ic breakthrough in the heterogeneous catalysis of gold 

came when Haruta et al. succeeded in deposit ing small (5 <nm ) gold clusters on met al 

surfaces in 1987 and discovered that  for suitable metal oxide supports and cluster sizes, 

CO oxidation occurred well below room temperature [204-206] . 

Since t hen gold nanoclusters and nano-crystalline gold compounds have been the sub­

ject of intense research . The rapid growth of t his intere t in t he past decades is demon­

strated in figure (6 . 1 ) ,  which denotes the number of published t heoret ical studies as a 

function of t ime . Applicat ions of gold nanopart icles are vast and comprise areas of ma­

terials science, medicine and catalysis [208 , 209] . In contrast to its lighter congeners in 

group 1 1 , copper and silver , gold shows dist inct ively different structura l  and elect ronic 

propert ies both at  the microscopic and macroscopic level . The st ronger tendency of gold 

to form c lose met al-met al interact ions ( aurophilicity) [2 10] (see chapt r ( 8 ) )  is for inst ance 

one example for t he except ional posit ion of gold in group 1 1  and among t he t ransit ion 

metals for t hat matter .  These differences are at tributed to l arge relat ivistic effects in 

gold [23 , 2 1 1 , 2 1 2] .  

1 10 
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Figure 6 . 1 :  Number of papers published on gold clusters and gold compounds usmg 

computational methods as a funct ion of t ime [207] . 

Due to t he vast amount of studies on gold clusters, in the fol lowing, only a brief 

summary of recent invest igat ions on homo-nuclear ,  small-sized (Au2-2o ) clusters by com­

putational and experimental methods is given . Furthermore, since gold cluster st ruct ures 

obtained from model potent ia l  opt imizat ions favor maximum number of clo e atom-atom 

contacts and it is well established t hat t he global minima of metallic and covalent systems 

obtained by t hese means are energetically higher lying than t hose obtained from DFT and 

ab initio calculat ions, studies based on empirical interaction potentials are not mentioned 

here [44] . 

Rabin e t  al. , who a lso invest igated t he ionizat ion potent ials of small gold clusters [2 1 3] ,  

observed concentration maxima  for singly charged Au� with n = 3, 9 ,  19 ,  2 1 ,  35 in agree­

ment with previous work by Katakuse et al. [2 14] , and t he predict ions from the electronic 

shell model [2 1 5] . Photoelect ron spectroscopy of negatively charged gold clusters up to 

five atoms were undertaken by Lineberger et al. [2 1 6] . The first benchmark calculations on 

atomic and dimeric gold were carried out by Schwerdt feger , who st udied correlat ion and 

relativistic effects [2 1 7] .  Rosch et al. calculated ionization potentials, electron affinities, 

structural properties and binding energies of AUn clusters ( n  = 6, 1 3 ,  19 ,  38, 44, 55, 1 47) 

with octahedral, cuboctahedral and icosahedral symmetry from LDA and GGA scalar­

relat ivist ic all-electron DFT calculat ions and compared their results with bulk values. 

They obtained good agreement for t he GGA extrapolat ion of t he VIP and VEA to t he 
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bulk l imit [2 1 ] . Landman et al. studied electronic properties and structures of neutral 

and anionic gold clusters up to ten atoms from scalar-relativistic pseudopotential GGA 

DFT calculat ions and found neutral clusters up to seven atoms and anionic ones up to 6 

atoms to  adopt planar structures [2 19] .  Zhao et al. report t he structural  t ran it i n from 

2D to 3D to take place at the size of 7 a toms and discuss elect ronic and structural prop­

erties of gold clusters up to 20 a toms based on LSDA calculat ions [220] . They obt ained 

t heir st ruct ures from a genetic algorit hm simulation, where t he st ructural relaxa tion is 

performed from a t ight-binding potent i a l .  From ion mobility measurements ,  Weis et al. 

concluded t hat  anionic c lusters up to 1 1  atoms adopt flat st ruct ures , while their DFT 

calculat ions pred icted planar struct ures for up to Au13 , t hus indicat ing t hat DFT may 

overest imate t he stability of planar struct ures [22 1 ] .  Bonacic-Koutecky et al. find from 

their DFT studies t hat neutral gold clusters of up to ten atoms adopt planar struct ures 

and compare t hem with bimet allic silver-gold clusters [222] . 

The except ional st ability of planar anionic clusters, which is found to  be correlated to 

strong hybridizat ion of t he atomic 5d and 68 orbitals due to relat ivist ic effects, is addressed 

and compared to respect ive copper and silver clusters i n  t he st udy by Landman et al. [223] 

and Gronbeck et al. [224] . In a photoelect ron study, Wang et al. discovered t hat t he 
HOMO-LUMO energy gap of AU:2o is even greater t han that in C60 . From relat ivist ic 

DFT studies t hey found the AU20 cluster to possess a tet rahedral structure [225] 1 .  Hou 

et al. invest igated in DFT calc ulat ions t he polarizabili t ies among other electronic and 

structural propert ies of p lanar, neutral gold clusters up to 20 atoms [230] . Trends in t he 

st ruct ure and bonding of singly posit ively, negat ively and neutral noble met al c lusters up 

to 20 atoms are reported by Fernandez et al. [23 1 ] '  who also calculated t he stat ic electric 

dipole polarizabil it ies of their structures in ref. [232] . From DFT calculat ions including 

spin-orbit coupling, Wang et al. conclude t hat gold clusters up to 15 atoms adopt a planar 

geometry [233] . 

Theoret ical rearrangement collisions between gold clusters were studied by K iwi et 

I This sensational structure represents the lowest-lying minimum of AU20 and all other reported isomers 

lie much higher in energy. For CU20 ,  however, a less symmetrical, more compact and energetically lower 

lying isomer is found [226] . A comparative DFT study of various metal clusters consisting of 20 atoms 

with Td and lower symmetry is presented in [227] . The static electric dipole polarizability and first 

hyperpolarizability, together with the UV-Vis spectrum of this structure is evaluated by Li et al. [228] . 

The tetrahedral structure is reconfirmed in an extensive search for other low-lying isomers within a DFT 

basin-hopping approach [229] and also in this work. 
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al. [234] . In a study comprising Gaussian-based and plane-wave DFT, MP2 and CCSD (T) 

calculat ions, i t  is  found t hat the neutral gold octamer, opt imized at t he DFT level ,  adopts 

a 3D structure in t he framework of t he two lat ter methods and a 2D at t he DFT level [235] . 

This result is in contradict ion with t he studies of Ran and Kim et  al. , who both also 

employed DFT,  MP2 and CCSD(T) methods and report a planar st ructure of Aus for 

all t hree methods to be most stable [236 , 237] . R emacle et al. [238] and Walker [239] 

re-established t hat the size t hreshold for the 2D-3D coexistence is lower for cationic gold 

clusters t han for neutral ones in t heir DFT st udy of charged and neutral gold clusters, 

where Walker calcu lated structures and energetics of neutral and posit ively charged gold 

clusters up to t he nonamer employing t hree different DFT funct ionals and t hree basis 

sets. Xiao et al. calculated various elect ronic propert ies and magnetic moments of gold 

clusters AUn (n = 2 - 14 ,  20, 55) ,  also including linear and zig-zag chains. They report 

the t ransit ion from 2D to 3D at AU13 and that cluster stabilit ies calculated with the 

Sutton-Chen potential disagree with those yielded from DFT calculations [240] . Dong 

et  al. studied the vibrational breathing modes of clusters up to  16  atoms employing 

all-electron DFT calculat ions, and they predict t he AU 13 cluster to be more st able in a 

3D arrangement [241 , 242] . A global-minimum search for AUn (n = 1 5  - 19 )  by means 

of a basin-hopping method coupled with DFT, was undertaken by Zeng e t  al. [243] . By 

photo-dissociat ion experiments, Vogel et al. determined the unimolecular decay rates 

and monomer-dimer branching rat ios of Au; (n = 7 - 27) clusters and observed only 

direct fragments AU�_ l for all even- ized cluster and t ho e containing more t han 16  

atoms . For the remaining odd-sized clusters , dimeric fragmentation i s  found to  be in  

general preferred [244] . vVang e t  al. calculated st ructural and electronic properties of gold 

clusters up to 14 atoms from DFT LANL2DZ theory and found the turnover point from 

2D to 3D to occur at AU12 . They a lso report the stat ic electric dipole polarizabilit ies per 

atom and find t hem to  oscillate with cluster size, giving smaller values for even cluster 

sizes [245] . J ell inek and coworkers invest igated the dipole polarizabilit ies and optical 

absorption spectra of low energy structures of AUn clusters , n = 2 - 14 and 20, obtained 

from static (GG A and LDA) and t ime-dependent D FT (LDA) calculations [246] . They 

employed a valence double-zeta basis set including d polarization functions and a large 

core pseudo potential, leaving 1 1  valence electrons. Their obtained polarizabil ities per 

atom computed with t he finite-field met hod exhibit odd-even oscillat ion and increase 

with c luster size for the p lanar clusters (AU4 - AU1 3 ) . Those obtained from the TDLDA 
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excitat ion energies and oscillator strengths show the same t rend but give absolute values 

that are smaller by at least 10 %. 

Further photoemission, - ionizat ion and other spectroscopic studies on small gold clu -

ters can be found in refs . [247-252] . A variety of sophist icated t heoret ica l calculat ions on 

atomic, dimeric and t rimeric gold are reported in [2 1 1 , 2 1 7, 253-270] . Finally, ext remely 

stable gold coated nano-clusters of the form J'vi@Aun (M = various transit ion met a l , 

17, = 6, 1 2 )  were found recent ly and are reported in refs. [271-273] . 

The mot ivation for this work was t o  y temat ically search for t he lowest-lying isomers 

of small gold clusters up to 20 atoms, employing a DFT based genetic algori thm and to 

accurately calculate the tat ic electric dipole polarizability of the clusters among other 

elect ronic and st ructural propert ies . To my best knowledge, ther are only four reports 

on calculated polarizabilit ies of gold clusters [230 , 232 , 245, 246] and no experimental mea­

surements are available. In all t hese t heoret ical approaches , however, no systemat ic search 

for the lowest- lying isomers was undertaken. Furthermore, Hou et al. only invest igated 

the polarizabil it ies of planar struct ures and Wang et al. employed solely t he rather small 

LANL20z basis set and pscudopotent ial ,  which were used in this work for preliminary 

calculat ions only. 

6 . 2  Methods 

The predicted low spin global minima structures of gold clusters consist ing from four up to  

twenty atoms were obtained ut ilizing the genet ic a lgorithm code BELPHEGOR as  descr ibed 

in detail in section ( 3 . 1 ) .  The init ial populat ions of respect ive cluster s izes consisted of t he 

Lennard-Jones global minima , from at least ten randomly generated structures and from 

published energet ically lowest- lying structure [2 1 9 , 220 , 222 , 225 , 230 , 23 1 , 233, 239, 240 , 243] . 

The minimum energy difference dVi was set to 0 .005 eV, dmin and dmax parameters were 

fixed between 2 . 4  A and 4 .5 A ,  respectively. The t erminat ion criteria  was 150 mat ing and 

local minimizat ion steps for clusters up to ten atoms and 1 00 steps for t he remainder . 

The mutat ion probability was varied between 10 % and 20 %. 

Typically, t en  of  t he t hus obtained energet ically lowest-lying isomers were t hen further 

relaxed from LANL20z basis set and pseudopotential calculat ions to t heir local minima. 

Depending on t he relat ive energy d istribution, two to  four of t he energet ically lowest­

lying t rue minima isomers obtained by t hese means were t hen furt her optimized using 
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t he extensive STUTTGART valence basis set t ogeth r with t he energy-consistent scalar­

relat ivist ic pseudopotential ( labelled large ba i ) for gold [274] . Fin8 1 1y, in p-R.ch case , t he 

nature of the stat ionary point was determined by calculat ing and diagonalizing the ma­

t rix of energy second derivat ive (Hessian) . For t he exchange-correlat ion potent ial ,  t he 

hybrid funct ional b3pw91 ,  according to t he parameterizat ion suggested by Becke [ 196] 

and Perdew and Wang [275] , was employed in a self-consistent fashion as implemented 

in the G AUSS IAN03  program package. No symmetry const raints were applied dur ing t he 

optimizat ion procedure .  The large basis set , which was used for the accurate calculations, 

contains 58 basis funct ions, whereas t he LANL20z basis set which was used for prelim­

inary calculat ions contains only 22 .  Since DFT scales with N?,  where N denotes t he 

number of basis functions, calculat ions from the large basis are extremely computer-t ime 

demanding and could not be finished by t h  complet ion o f  this t hesis, as t he computer 

resources at Massey University were rather limited . More accurate results from large 

basis set calculat ions are only reported up to t he decamer, and LANL2Dz calculat ions 

are report ed for t he whole range of gold clu ters st udied in t his work. It will ,  however ,  

become apparent t hat t he deviat ions for most elect ronic propert ies and a lso for st ructural 

propert ies from LA L2DZ and large ba i et calculat ions are less t han 5 o/c. It should also 

be noted t hat many publicat ions on gold clusters only employ t he LANL20z basis set and 

pseudopotent ia l .  It is, however, found that t he relat ive energy differences between respec­

t ive isomers obtained at t he LA L20z level can be quite different from t hose obt ained 

from the extensive basis set . 

The static electric d ipole polarizability of t he ground state gold atom was calculated 

ut ilizing several DFT functionals comprising different exchange and correlat ion functions 

such as b3p86, b3lyp , b3pw9 1 ,  blyp, bp86, pw9 1 pw9 1 ,  svwn, svwn5 , pbepbe, mpw1pw9 1 ,  

b 1b95 and pbe 1pbe. As depicted in figure ( 6 . 2 ) ,  where calculated polarizabilit ies o f  atomic 

gold are plotted against various D FT funct ionals , t he b3pw9 1 functional yields t he small­

est deviat ion from the benchmark all-electron, relat ivist ic CCSD(T) calculat ion in t he 

framework of t he Douglas-Kroll-Hess transformation ,  and was t hus employed for all gold 

c luster calculat ions. 
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Figure 6.2 :  Static electric dipole polarizability of the ground state gold atom in A 3 as 

a funct ion of different DFT exchange-correlat ion funct ionals and compared 

to benchmark calculat ions. 5 .20 ,  A3 R ,  DKH, CCSD(T) [276] and 5 .35 A3 , 

R ,  PP, QCISD(T) [277] 

6 . 3  Results and D iscussion 

6 . 3 . 1 Structur al Data 

F igures (6 .3-6 .7) depict the predicted low-spin global minima of neutral gold clusters up 

to 20 atoms. In table (6 . 1 ) ,  the average neighbor d istance, t5E, VIPs, YEAs and cohesive 

energies of these clusters are presented. 

For clusters up to ten atoms, planar struct ures are found to represent t he energet ically 

lowest-lying isomers . Essenti ally the same st ructures are reported as global minima by 

Wang et  al. [245] , Xiao et al. [240] , vValker2 [239] , Jellinek et al. [246] and Fernandez et 

al [23 1 ] ' thus confirming the efficiency of BELPHEGOR and the employed methods in this 

20nly clusters up to the nonamer are considered in Walker's study 
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Table 6 . 1 :  Average neighbor distances , r lat ive energies, vert ical ionization potentials, 

vert ical elect ron affinit ies and cohesive energies (not corrected for zero-point 

vibrat ional energy ) of t he lowest-energy AUn cluster i omers 2 :s: n :s: 20 . The 

geometry notat ion is that of figure (6 .3) . The notat ion In implie t he value is 

given per atom. Values in parenthesis are obtained from LANL20z and those 

without from large basis set calculat ions . 

d 6.E VIP VEA ECoh d 6.E vrp VEA ECoh 

Cluster (A) (eV) (eV) (eV) (eV In ) Cluster (A)  (eV) (eV) (eV) (eV/n) 

LO - - 9.353 2.093 - ( I Ll ) (2 .766) (0.267) (7 .092) (3.656) ( 1 .687) 

( LO) - - (9 .340) (2. 101  ) - ( 1 L2) (2.836) (0.389) (6 .814)  (3 . 134) ( 1 . 676) 

2_0 2 .519  - 9.273 1 .785 1 . 02 1 ( 1 2_0) (2 .768) (0.0) (7 .449) (3. 278) ( 1 . 746) 

(2_0) (2.547) - (9 .450) ( 1 .887) (0.951 ) ( 1 2_1 ) (2.858) (0.018)  (7 .565) (2 .836) ( 1 . 745) 

3_0 2 .564 0.0 8. 195 3. 1 36 1 . 029 ( 1 2_2) (2.804) (0.098) (7 .325) (2 .76 ) ( 1 . 737) 

(3_0) (2.61 1 ) (0.0) (8 .46 1 )  (3.382) (0.942) ( 1 2_3) (2.8 19)  (0.205) (7.32 1 )  (2 .393) ( 1 .72 ) 

4_0 2.675 0.0 7. 743 2.347 1 .337 ( 1 3_0) (2 .80-1) (0.0) (6 .594) (3. 405 ) ( 1 . 74 1 )  

(4-0) (2 .719)  (0.0) (7 .915)  (2.4 72) ( 1 .235) ( 1 3_1 )  (2.820) (0.053) (6. 525) (3.399) ( 1 737) 

5_0 2.687 0.0 7 .355 2.825 1 . 478 ( 1 3_2) (2. 768) (0. 1 60) (6. 700) (3. 5 1 2 )  ( 1 . 728) 

(5_0) (2.737)  (0.0) (7 .5 17) (2.994) ( 1 .363) ( KO) (2.  39) (0.0) (7 . 452) (2.428) ( 1 .804) 

6_0 2.685 0.0 8 .219 1 .897 1 . 7 1 3  ( 1 4-1 ) (2.839) (0. 1 63) (7 . 232) (2 .783) ( 1 793) 

(6_0) (2 .733) (0.0) (8 .482) (2.000) ( 1 .596) ( 1 5_0) (2.824) (0.0) (6 .38 1 )  (3. 1 50 )  ( 1 . 794) 

7_0 2.696 0.0 7.046 2.993 1 . 662 ( 15_1 ) (2.849) (0.02 1 )  (6 .753) (3 .410)  ( 1 . 793) 

(U) (2.748) (0.0) (7 .238) (3. 1 79)  ( 1 .538) ( lU) (2.852) (0.032) (6 .971 )  (3.657) ( 1 792) 

8_0 2.670 0.0 8.012 2.535 1 . 786 ( I U) (2. 774) (0.266) (6.956) (3.928) ( 1 . 777) 

(8_0) (2 .7 17)  (0.0) (8 . 1 39)  (2.636) ( 1 .663) ( 1 6_0) (2.83 1 )  (0.0) (7 . 1 94)  (2 .883) ( 1 .846) 

9_0 2 .7 12  0.0 6. 904 3. 188 1 . 757 ( 16_1 ) (2.845) (0.2 1 8) (6.889) (2 .784) ( 1 .832) 

(9_0) (2.766) (0.0) (7 . 1 06)  (3.403) ( 1 .62 1 ) ( 1 6_2) (2.852) (0.242) (7 .032) (2.954) ( 1 . 8310 

9_1 2 .710 0. 1 35 7 .42 1  3.589 1 . 742 ( I U) (2.826) (0.0) (6.947) (3. 708) ( 1 .850) 

(9_ 1 )  (2.766) (0. 1 56) ( 7.553) (3.826) ( 1 .604) ( I U ) (2.86 1 )  (0.037) (6.327) (3. 124)  ( 1 .848) 

1 0_0 2 .714 0.0 1 .838 ( 1 8_0) (2.827) (0. 0) (7. 1 39) (2.944) ( 1 .8 9) 

( 10_0) (2 .766) (0.0) (7.626) (2.770) ( 1 . 695) ( 1 8_1 )  (2 .830) (0.034) (6 .999) (2 .809) ( 1 .887) 

10_1 2 .7 18  0.259 1 .8 12  ( 1 9_0) (2.864) (0.0) (6 .584) (3.497) ( 1 .920) 

( 1 0_1 ) (2 .767) (0.049) (7 .798) (2. 1 05) ( 1 .690) ( 1 9_1 )  (2.869) (0 .471 )  (6 .379) (3.356) ( 1 .895) 

( 1 0_2) (2.774) (0.063) (7 .05 1 )  (2.48 1 )  ( 1 . 6 ) (20_0) (2.875) (0.0) (7 .438) (2 .419)  ( 1 .969) 

( I LO )  (2.762) (0.0) (6. 138) (2.888) ( 1 . 7 1 2) 
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2 0 3 0 

1 0  1 1 0  2 

Figure 6.3 :  Predicted global minima and lowest-energy i omers of AU2- 10 , ordered ( from 

left t o  right and top to bot t om) by increased size and energy. The cluster 

n _m is t he mth nerget ic isom r with n atoms. 
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1 2  0 1 2  1 1 2  2 

1 3  0 1 3  1 1 3  2 

Figure 6.4:  Predicted global mIDlma and lowest-energy Isomers of AUl l- 13 , ordered 

( from left to right and top to bottom ) by increased size and energy. The 

cluster n_m is t he mth energet ic isomer wit h n atoms. 
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1 4  0 

1 5  0 

1 5  2 

1 20 

1 4  1 

1 5  1 

Figure 6.5 :  Predicted global minima and lowest-energy isomers of AU 14- 15 ,  ordered 

( from left to right and top to bottom) by increased size and energy. The 

cluster n_m is t he mth energetic isomer wit h 17, atoms. 
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1 6  0 1 6  1 

1 7  0 1 7  1 

1 7  2 

F igure 6.6:  Predicted global minima and lowest-energy isomers of AU 16- 1 7 ,  ordered 

(from left to right and top to bot tom) by increased size and energy. The 

cluster run is t he m.th energetic isomer with n atoms. 
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1 8  0 1 8  1 

1 9  0 1 9  1 

2 0  0 

Figure 6 .7 :  Predicted global minima and lowest-energy isomers of AU18-20 , ordered 

( from left to right and top to bottom) by increased size and energy. The 

cluster n _m is t he mth energet ic isomer with n atoms. 
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work . Many isomers for t his set of clusters and relat ive energy differences are reported 

in t he above-mentioned studies and are t herefore not discussed here again .  The global 

minimum of t he t rimer is represented by an 0 bt use triangle (C2v) ,  a t rapezoid ( D2h )  for 

t he tet ramer, a W-shaped structure (C2v ) for t he pent amer, an isosceles D3h triangle for 

t he hexamer, a capped (Cs )  triangle for the heptamer, a tet ra-capped ( D4h ) rhombus for 

t he octamer , a d i-capped (C2v ) hexagon for t he nonamer and a t ri-capped ( D2h )  hexagon 

for t he decamer . 

To my best knowlcdge the three-dimensional structure of  AUlO_l has never been 

reported before for t he gold decamer and is only 0 .049 eV less stable t han the two­

dimensional st ruct ure of AUlO_O at  t he L ANL20z level. AUlO_l is based on two W-shaped 

pentamer fragments tetrahedrally l inked together. Calculat ions employing t he large basis 

set reveal, however, that AU lO_l is less stable t han AUlO_O by 0 .259 eV. Therefore, relat ive 

energy differences obtained from LANL20z  calculat ions should be regarded as preliminary 

calculations . A new 3D structure is also found for t he undecamer (AUILO) , which is more 

stable t han t he 2D AUIL1 by 0 .267 e V at the LANL20z level. The l at ter isomer is predicted 

as the most stable undecamer in the above mentioned references ( i .e .  [23 1 , 240 , 24 1 , 245] ) . 

This new structure indicates that the transit ion from planar to t hree-dimensional struc­

t ures in neutral gold clusters appears at cluster size Auu , contradict ing many recent DFT 

studies addressing t his transit ion. Wang and coworkers, Xiao and coworkers and Dong 

and coworkers predict clusters up to 1 2  atoms to be planar [240 , 24 1 , 245] ' Fermtndez 

and coworkers predict clusters up to 1 3  atoms to adopt planar geometries [23 1 ] . Walker, 

however, who st udied structures of neutral and singly posit ively charged gold clusters up 

to 9 atoms, predicted t he 2D-3D t ransit ion based on his findings on posit ively charged 

clusters to occur at AUl l [239] . 

For t he dodecamer, however, t he most stable structure found is again planar. This 

structure is also predicted as the global minimum by [23 1 , 240 , 245] . A variety of capped 

versions of the AUILO isomer were relaxed to  t heir local minima and i t  was found t hat t hey 

are all less stable t han AU12_0 by around 0 . 1  eV. Due to t he close s tructural resemblance 

between AU12_0 and AUILl , t here is some indication that the global minimum of AU1 2 has 

not been found yet . AU13_0 denotes another structure that h as not been reported before 

and is more stable than t he planar AU13_2 by 0 . 1 60 eV at t he LANL20z level . For t he 

tetradecamer, t he same structure as reported by Xiao et al. [240] is found. AU15_0 has 

not been reported before either and is more stable than the global minimum predicted 
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by Zeng et  al. [243] by merely 0 . 02 1  eV3 . The two lowest- lying isomers for AU16 are 

t he ones reported a lso by Zeng et al. [243] , but in this work, it is found that AU16_0 is 

more stable than AU16_I by 0.2 1 8  eV. Zeng e t  al. report AUI6_I as the global minimum and 

report only are marginal (0 .02 eV) relat ive en rgy difference between these two st ruct ures . 
The lowest-lying isomers of clusters containing 1 7  and 1 8  atoms are the ones reported 

by Zeng et al. [243] and were not found by BELPHEGOR.  These isomers are, however, 

only insignificantly more stable ( less than 0 .04 eV) than the ones found in th is work. 

The most stable isomer of AU 19 ,  also reported by Zeng et al. , denotes t he tet rahedral 

AU20 st ruct ure, lacking one corner atom. Energet ically lower- lying isomers of t he perfect 

tetrahedral AU20_0 were not found .  Isomers of t he tetrahedral st ruct ure were less stable 

by at least 0 .8  eV at t he LANL2DZ level of t heory. 

6 . 3 . 2  Polarizabilities and other Electronic Properties 

Results in t his work conceming t he stat ic response propert ies in conjunct ion with some 

selected electronic propert ies are col lected in t able (6 . 2 ) .  Structural propert ies and vert ical 

ionizat ion potent ials and vert ical detachment energies are displayed in t able (6 . 1 ) .  For 

reasons of comparison, the atomic and dimeric polarizabilit ies per atom (in A 3/ n) of the 

coinage metals are given in t he following: 

CUI = 6. 9; CU2 = 7.09 

Ag I = 7 .78 ; Ag2 = 8.65 

AUI = 5 . 20 ;  AU2 = 6.07 

The atomic values are obtained from R, DKH,  CCSD (T ) calculat ions extracted from 

ref. [7] and t he dimeric values from all electron 4-component relat ivist ic Hartree-Fock 

calculat ions from ref. [266] . The smaller polarizabilities per atom of gold in comparison 

to silver are att ributed to the enhanced screening of the s elect rons by t he d electrons in 

gold .  

F igures (6 .8 )  and (6 .9) denote t he evolut ion of the mean dipole polarizability as a 

function of cluster size. In figure (6 .8 ) , t he polarizabilit ies of all gold isomers presented 

3 A highlighted in t he case of t he decamer, however, calculat iolls employing the large basis and 

corresponding scalar-relativistic pseudopotential are ultimately inevitable in order to determine the most 

stable isomer in those cases where the relative energy differences at the LANL2DZ level are rather small. 
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Table 6 .2 :  Calculated stat ic response and electronic structure propert ies of DFT-

Cluster 

LO 
( LO) 
2_0 
(2_0) 
3_0 
(3_0) 
4_0 
(4_0) 
.'LO 
(5_0) 
6_0 
(6_0) 
7_0 
(7_0) 
8_0 
(8_0) 
9_0 
(9_0) 
9_1 
(9_1 )  
1 0_0 
( 10_0) 
10_1 
( 10_1 ) 
( 10_2) 
( I LO) 

opt imized AUn clusters . The second differ nce in cluster energy is denot d 

by 6.2 En and 6E represents t he HOMO-LUMO gap. Ctiso denotes the mean 

static polarizability per atom, Ctaniso t he polarizability anisotropy per atom 

and J.L t he absolute value of t he dipole moment . The notat ion In implies t he 

value is given per atom. Values in parenthesis are obtained from LANL2DZ 

and those without from large basis set calculat ions . The b3pw9 1 functional 

is used t hroughout . 

.6.2 En .6.t Ctiso aan.iso � .6.2 En .6.£ O:i.50 Cl:aniso � 
(eV) (eV) (A3/n) (A3/n) (D)  Cluster (eV) (eV) (A3/n) (A3/n) (D) 

2.290 5.345 0.0 0.0 ( I Ll )  ( 1016) (6. 723) (6.274) (0.237) 
(2. 1 72) (5 .648) (0.0) (0.0) ( I L2) ( 1 1 19 )  (5 .641 ) (3 . 263) ( 1 1 17) 

0.998 3.476 5. 598 3.807 0.0 ( 12_0) (0.458) ( 1 . 796) (6 .728) (6.29 1 )  (0 .0) 
(0.980) (3.407) (5 .806) (4.229) (0.0) ( 1 2_ 1 )  (2 .04 1 )  (5 . 530) (3 .098) (0.0 12 )  
-1218 1515 6.857 7.820 0.370 ( 12_2) (2 . 1 59) (5 .778) (2.476) (2. 1 3 1 )  

(- 1 . 19 1 ) (1458) (7 .036) (8.664) (0.427) ( 1 2_3) (2 .535) (5 .945) (2 .608) (2.270) 
0.224 2.072 5.951 5.324 0.0 ( 1 3_0) (-0.960) (0. 9 13 )  (6 .231 ) ( 193 1 )  ( 1229) 

(0.238) (2.062) (5 .84 1 )  (5 .433) (0.0) ( 13_ 1 )  (0.854) (6.229) ( 1 58 1 )  ( 1 .378) 
-0.855 1 .450 6.066 4.906 0 070 ( 13_2) (0 .92 1 )  (7. 137) ( 7. 1 56) ( 1 .0 12 )  
(-0.883) ( 1385) (5 .982) (5.087) (0.033) ( KO) (0.978) (2. 556) (5 .475) (3.258) (0.285) 
1 .543 3.445 5.774 3.998 0.0 (K1 )  (2 .098) (5 .569) (2 .265) ( 1 .98 1 )  

( 1 .572) (3.556) (5 .689) (4.098) (0.0) ( 1 5_0) (-0.963) (0.992) (5.969) (2 .356) (2. 1 79) 
- 1 .309 1 . 266 6 .245 5.353 0.369 ( 1 5_ 1 )  - (0.955) (5 .393) (2. 608) (0.257) 
( - 1 .354) ( 1 . 233) (6 .204) (5 .567) (0.387) ( 1 5_2) (0.994) (5 .845) (3. 1 78 )  ( 1339) 
1272 2.870 5 .8 12 4.288 0.0 ( 1 5_3 )  (0 .857) (7. 294) (8 . 214) (0. 1 75) 

( 14 1 1 )  (2.878) (5.731 ) (4.391 ) (0.0) ( 16_0) (0.698) (2 .23 1 )  (5 . 577) (0 .980) ( 1229) 
-1046 1 . 1 36 6.443 5.622 0.216 ( 16_1 )  ( 1 . 779) (5 .438) (2 .367) (0.9 1 1 ) 

(- 1 . 069) ( 1 . 1 1 2) (6.421) (5.806) (0. 199) ( 1 6_2) ( 1 .793) (5 .547) (2 . 1 1 9) (2.233) 
1 . 167 6 .578 6.252 1 . 1 32 ( IU) (-0.634) (0.892) (5 .088) (0 .285) (0.898) 

( 1095) (6.6 19) (6.548) ( 1 . 1 72 )  ( l U )  (0.996) (5. 760) ( 1 574) ( 1 . 1 79) 
2 .315 6.437 6. 1 12 0.0 ( 1 8_0) (0.082) ( 1933) (5. 1 65) ( 1 . 1 1 1 )  (0.278) 

(0.475) (2 .357) (6.469) (6.384) (0.0) ( 18_ 1 )  ( 1 .936) (5 .2 12) ( 1 596) (0.304) 
3. 1 12 6. 180 3.363 0.014 ( 19_0) ( -0.430) (0.920) (5 .539) (1003) (0.296) 

(3. 1 99) (6.092) (3.328) (0.020) ( 1 9_1 ) (0.860) (5 .567) (1034) (0.574) 
(2.079) (5 .7 19) (2.307) ( 1 .343) (20_0) (2 .91 1 )  (5 .535) (0.0) (0.0) 

(-0.250) (0.920) (6.523) (1653) (0.020) 



CHA PTER 6. G OLD CL USTERS 

7.5 

7 • 

6.5 

'rN-6 
� '< • • • • 
,":,g 5 5 
tl 

. 

G---€> AUn o ( 13rg� basis) 
5 • •  AU,:o (LANL2DZ) 

• AUn_1 ( LANL2DZ) 
• AUn_2 ( LANL2Dl) 

4.5 .. Au,_, ( LANL2DZ) 
Jcll iulll 

4 

2 4 6 8 

• 

• 

• 

1 2  Cluster size (n) 

.. 
• 

• 

• 
• 

• • • • • 

14  1 6  

• 
• 

• 

• 

• 

AUbu1k ( fee) 

1 8  

1 26 

• 

20 

Figure 6 .8 :  Isot ropic stat ic elect ric d ipole polarizabi litie per atom of AUn clusters as a 

funct ion of cluster size compared to the classical values of bulk gold and to 

t he predict ion from t he jellium model . 

here are represented along wit h the predict ion of the jellium model (see equat ion (4 .2 ) ) .  

Bulk gold adopt a n  fee latt ice wit h parameters a = 4.0782 A and Z = 4 at oms per unit 

cell [ 1 1 6] . Its c lassical polarizability (aclassical = r�J can thus be approximated according 

to :  
a3 3 A3 

r3 = - . - = 4.05-.  ws Z 47r n ( 6 . 1 )  

The t rend i n  polarizability per atom is dist inct ively different from t he t rends obtained for 

cesium clusters (see ect ion (4) ) and t in  clu ters (see sect ion ( 5) ) .  The convergence of t he 

dipole polarizability from above to t he approximated bulk value is very slow and displays 

an alternat ing behavior, where in most cases t he odd-sized clusters exhibit larger aln 
t han even-sized clusters . Except ions arise from st ructural factors. The obtuse triangular 

struct ure of AU3 ( L: 1 33 .84° ) displays unsurprisingly t he largest aln4 .  One except ion to 

4Note t hat t he spin-orbit effect ca ncels out t he first-order Jahn-Teller effect in AU3 [270] . 
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t he aforement ioned odd-even oscil lat ion occurs at AUlO_O ,  where t he decamer displays a 

larger a/n than the nonamer. This is however not surprising, because AUlO_O is obtained 

from prolate capping of AU9_0 . AU12_0 displays also a larger a/n t han its neighboring odd­

sized clusters . This is also explained by t he fact t hat t he lowest- lying dodecamer isomer is 

planar, while t hose for t he undecamer and tridecamer adopt three-dimensional structures . 

The strong dependence of th  dipole polarizability on geometric factor is also reflected 

in the general increasing trend in the a/n from AUI to AU12 and t he general downward 

trend for the remainder. With the except ion of AUl l ,  which denotes a st rongly expanded 

st ructure , AU2 to AU12 adopt planar struct ures . From a two-dimensional growth-pattern 

of a cluster , one would expect a general increase in a/n o  A t hree-dimensional growth­

pattern towards more compact structures on the other hand should exhibit a decrease in 

a /n o 

Obviously, the absolute values of the a/n cannot be fitted nicely by a smooth decaying 

function according to t he jel l ium model (see equat ion (5 .4 ) ) .  The best fit yields all 'f'ws 
of 1 . 65 A 3 and an e lectron spill-out (J) of 0 . 28 1  A 3 and illustrates that the decay t o  t he 

classical bulk polarizability occurs very slowly. The crystallographically obtained Wigner­

Seitz radius is 1 . 59 A .  How vel' , since {) cannot be measured and t he above ment ioned 

jellium fit funct ion contains rW8 and {) both as parameters, together with t he fact that t he 

absolute values in figure (6 .8) are rather widespread , the jell ium fit can only be regarded as 

a rough approximation. Interest ingly, the d iscrepancy between polarizabilit ies calculated 

from the L ANL2DZ and large basis with respective pseudopotent ials decreases towards 

larger cluster sizes. In t he case of t he nonamer and decamer, t he d iscrepancy is less t han 

1 %. Diffuse funct ions, which are missing in the LANL2DZ basis set , become apparently 

less relevant in t he evaluation of polarizabilit ies of gold clusters with increasing cluster 

SIze. This is qualitat ively reflected by stabilizat ion of t he HOMOs wit h increasing cluster 

sIze. 

In figure (6 .9 ) , the mean d ipole polarizabilit ies per atom of t he predicted global minima 

from this work are compared to previously reported values by Wang et  al. [245] , Fermindez 

et al. [232] ' HOll et al. [230] and Jellinek et al. [246] . a /n from this work are in excellent 

agreement with those from Wang et al. , who obtained the polarizabilit ies from LANL2DZ 
calculations, up to cluster size 1 1 .  However, they report AUI Ll as t he global minimum 

for the undecamer . In this work, AUILO yields an a/n which is 0 .2 A3 larger than that 

of AUILl ' For t he dodecamer, t he d iscrepancy is again due to t he different assignment 
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Figure 6.9 :  Isotropic stat ic elect ric d ipole polarizabilit ies per atom of Aun_o clusters as 

a funct ion of cluster size compared to the classical value of bulk gold and to  

previously reported val ues by Wang et al. [245] , Fernandez et a l .  [232] ' Hou 

et al. [230] and J ellinek et al. [246] . 

of the global minimum. Wang et al. find AU 12_ 1 to be t he global minimum and AU1 2_0 

t he energet ical ly closest- lying isomer wit h  a relat ive energy d ifference of 0 .022 eV. In t his 

work ,  t he aln of AU 1 2_1 is 5.530 A3 , which is essent ia l ly t he value as reported by Wang. 

For t he tr idecamer , the di crepancy is again due to t he different assignment of t he global 

minimum. In t he case of the tet radecamer, the same st ruct ures are found for the global 

minimum in t his and vVang' work, and t he agreement is excellent . Good agreement 

is also found wit h t he polal'izabilit ies per atom published by Jellinek t al. [246] , who 

have employed a finite field m t hod based on LDA and GGA DFT using a large core 

pseudopotent ial and double-zeta valence basis set with diffuse d-funct ions. Although t he 

ab olute val ues of aln reported in ref. [246] are s light ly larger t han t he ones obtained in 
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t his work, t he general t rend is very similar. Except ions are t he AUl l and AU13 clusters 

and result from the fact t hat more stable, t hree-dimensional isomers were found in t his 

work. The most stable isomer in ref. [246J for the undecamer is t he planar structure 

denoted as AUIL l  in t his work and gives proport ional ly a larger a./ n  t han t he more stable 

three-dimensional isomer AUI LO .  The same holds for AU 13 , where the most stable isomer 

found in ref. [246] is the planar struct ure denoted as AU 13_2 ' 

In conclusion , t his work confirms t he absolute values of mean polarizabilit ies per atom 

together with their oscil lat ing and general trend as a function of c luster size found by 

Wang and coworkers, and improves on their resul ts ,  as lower- lying isomers have been 

found , larger cluster sizes were considered and a much more extensive basis set and corre­

sponding pseudopotent ial was employed . This work also agrees nicely with the absolute 

values and general t rend of a./n reported by Jellinek and coworkers . Fermtndez et al. [232] 

calculated the mean polarizabilit ies of gold clusters AUn ( n  = 2 - 9 , 18 , 20) , within the 

finite-field approximation, employing a plane-wave, double-zeta valence basis set and a 

norm-conserving scalar-relat ivist ic pseudopotential at t he density funct ional level of t he­

ory. Although t hey studied the same global minima structures up to AUg as presented 

in this work, they obtain much smaller a./n and report a st rong increasing t rend with 

much less pronounced odd-even oscillat ion. Fernandez and coworkers employed a large 

core pseudopotent ial , leaving apparent ly 1 1  valence electrons 5d1 06s1 [232] . This could 

perhaps lead to systemat ic errors in t he absolute values of t he d ipole polarizability but 

does not explain the pronounced increasing trend they report .  The deviations in a./n 
from this work and t hat of Fernandez and coworkers become, however, smal ler as t he 

c luster size increases. They also acknowledge t hat their calculated mean polarizability 

of atomic gold is, within their applied method, smaller than the most precise relat ivis t ic 

all-electron CCSD (T ) calculat ion with in t he framework of a Douglas-Kroll-Hess (DKH ) 
transformat ion [276] by ca. 43%. Hou and coworkers [230] , studied the mean polarizabil­

ity per atom of planar gold clusters up to  20 atoms, from DFT calculat ions employing 

an all-electron scalar-relat ivistic corrected basis set . Their values are in good agreement 

with those by Fernandez et al. up to Aug .  They also observe an odd-even oscillat ion, 

which is, however, less pronounced as presented in t his work, and yield increasing a./n 
with increasing cluster size. This i s  not surprising, however, as Hou et al. only studied 

planar structures which also explains why they obtain much higher a./n  for AU 1 8 and 

AU20 than Fernandez et al. Relativistic all-electron CCSD (T) calculat ions within the 
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DKH t ransformation represent quantum mechanical calculat ions at the highest , feasible, 

level of t heory and t herefore are accepted as the most accurate evaluat ion of st ructura l  

and elect ronic propert ies of clusters. The fact t hat relat ivist ic CCSD(T) calcu lat ions, 

eit her within t he DKH t ransformat ion or in combinat ion with pseudopotentials, repre­

sent benchmark calculat ions for atomic polarizabilit ies is for instance nicely i llustrated in 

ref. [7] , where atomic polarizabil i t i  of 1 1  9 element are tabulated along with level of 

theory employed.  S ince CCSD(T)  calculat ions are not feasible even for the small cluster 

sizes presented in this work, a DFT approach is inevitable. However, it is assumed that 

calculated atomic polarizabili t ies at t he DFT level of t heory should resemble t hose at t he 

CCSD (T) level of theory. 

The anisot ropy per atom (aaniso ) to the dipole polarizability is plotted against the 

elu. ter size in figure ( 6 . 10) . Clus ters up to the decamer and t he dodecamer reveal large 

anisotropies per atom. These are in general almost as large as t he isotropic polarizability 

itself and result from the high st ability of planar st ruct ures . The predicted t ransit ion from 

planar to  t hree-dimensional st ructures at t h  undecamer is reflected by a st rong decrease 

in aan iso . 5 Moreover, the general decreasing t rend in aaniso for clusters 12 ::::: n ::::: 20 

giv s some indicat ion that th evolut ion of gold clusters tends towards mor compact and 

more spherically shaped clust ers t owards t he solid st ate .  This t rend is, however , not as 

marked as in t he case for cesium clusters (see sect ion (4) ) .  The calculated atomic elect ron 

affinit ies and ionizat ion potentials a a funct ion of DFT exchange-correlat ion funct ionals 

are depicted in figure (6 . 1 1 )  and compared to  experimental values [ 1 1 6] .  The b3pw9 1 

funct ional6 , which was used for all gold clu ter calc ulat ions, underest imates the EA by 

about 1 0  % and overest imates the IP by circa 1 . 5 %. Calculated vertical ionizat ion po­

t ent ia ls (VIPs) and vertical electron affinities (VEAs) from large basis set and LANL20z 

calculations are plotted against the cluster size n- 1/3 and compared to experimentally 

observed IPs and EAs in figure (6 . 1 2 ) . A dist inct odd-even oscil lat ion is observed in both 

cases, where the even-sized clusters exhibit larger IPs and smaller EAs, which is due to  

the spin-pairing effect . The only except ion is for the VIP of AU3 . LANL20z calculat ions 

overestimate t he VIPs and YEAs slight ly compared to larger basis set calculat ions. The 

agreement with experimental values is good for t he IPs and slight ly better for t he EAs. 

5 As aforementioned, an energet ically lower-lying three-dimensional isomer of the planar AU12_0 was 

not found . 
6The choice of t he b3pw91 functional is not founded on the reprod uction of the experimental ionization 

potential and electron affinity, bllt on the polarizabiJity of the ground state gold atom. 
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Figure 6. 10;  Anisotropy per atom to the static electric dipole polarizability, according 

to equat ion ( 1 .56) , as a function of cluster size. 

Linear regressions fitted to t he values calculated with t he large basis, i . e .  AUI - l O , ac­

cording to G(n) = Aox + 5 .38, where 5 .38 eV denotes t he average workfunct ion of solid 

gold [ 1 16] , yield sat isfying agreement to t he dat a .  For t he VIPs it is seen that the ex­

trapolat ion of t he cluster data converges nicely to t he workfunct ion of bulk gold, while a 

l inear fit of t he experimentally observed IP would not converge t hat nicely. The opposite 

situat ion is evident in t he YEAs case . It must be noted, however, t hat since experimen­

tally obtained electronic workfunctions of bulk metals are dependent on t he cleanliness of 

t he bulk surface, on the surface plane and the type of experiment , measurements reported 

in t he literature often cover a considerable range. In t he ca e of bulk gold ,  5 .47 eV, 5 ,37 

eV and 5 .31  eV are reported for photoelectric measurements of t he 100 ,  1 10 and 1 1 1  bulk 

p lane, respect ively [ 1 1 6] .  

Both the second di fference of t he cluster energies 6.2E(n) (see figure (6 . 1 3 ) )  and t he 

HOMO-LUMO gaps 6.E(n) (see figure (6 . 14) ) exhibit odd-even oscillat ions , indicating 
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Figure 6. 1 1 :  Ionizat ion potent ials and electron affinit ies of the ground state gold atom 

in eV as a funct ion of DFT exchange-correlat ion funct ionals and compared 

to experiment a l  values [ 1 16] .  

t hat the even-numbered clusters are bound more strongly and are relat ively more st able 

t han t heir odd-numbered neighbors. This alternat ion is due to t he spin-pairing effect and 

is also found in  Ag, Cu and alkali met al clu ters. Since t he coinage meta l  atoms Cu, 

Ag, and Au possess fil led d-shells, they d i  play elect ronic structures determined in a large 

part by t he half-filled bands of nearly free s electrons. Thus, it is not surprising t hat 

coinage metal clusters exhibit size dependencies in physical properties ( i .e .  lP, EA, t:12 E, 

t:1E ) t hat are similar to t hose observed in alkali met al clusters, and are thus more akin to 

alkali clusters t han open d-shell t ransition element clusters [49] (see a lso sect ion (4 .3 .2 ) ) .  

The even-odd oscillat ion is, however ,  much more pronounced in gold cluster as in 

cesium clusters. Every even-sized gold cluster would be classified as a magic cluster as 

t hey all exhibit second difference cluster energie larger t han zero. Therefore, t he elect ron 

shell fill ing observed for alkal i met al clusters ( i . e .  M2 , Ms ,  M1 S ,  where M represents an 
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Figure 6 . 1 2 :  Vert ical electron affinit ies and vert ical ionizat ion potent ials of gold clusters 

as a funct ion of cluster size (n - 1 /3 ) . The evolut ion of both propert ies is 

approximated by a l inear regression according to G(n ) = 4 . 1 5x + 5 .38 and 

G(n) = -4.33x + 5 .38, where 5 .38 eV denotes t he average workfunct ion 

of bulk gold [ 1 16] . Open symbols denote calculat ions from the large basis 

set [274] and filled symbols calculations from LANL2DZ .  Experimental 

IP are extracted form [2 13] and experimental EA from [250] (see text for 

deta i ls) . 
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Figure 6 . 13 :  Second d ifference in t he Au cluster energy as a funct ion of cluster size n 

as denoted in equat ion (4 .4 ) .  

alkali metal) [48] , is less pronounced in gold clusters than in cesium clusters for inst ance. 

AU2, AU6 , Aus ,  AU14 and AU20 exh ibit rat her large HOMO- L U i\IO gaps, which coincide 

with rather large peaks in t he second d ifference of the energie for t hese cluster sizes. 

I nterest ingly, the t hree dimensional AUl O_ l isomer exhibits a D.E gap, which is 0 . 83 eV 

larger t han t hat of t he planar AU lO_O isomer. Less pronounced , but still significant ly 

st ronger bound are also t he t hree-dimensional AU12_1 and AU12_2 compared to t he planar 

AU12_0 isomer. The discrepancies for D.2E and D.E wit h respect to  calculations at the 

L A NL20z and STUTTG A RT level of t heory for t he available dat a is less t han 2%. 

In figure (6 . 15 ) ,  t he nearest-neighbor bond lengths of all presented gold clusters are 

plotted against t he cluster size. Nearest-neighbor dist ances exclude surface effects, which 

play a major role in clusters. For instance, all atoms in AU20_0 are located on t he surface, 

and allow for a comparison with t he nearest-neighbor distance in the fee bulk gold ( 2 .884 

A) [ 1 1 6] .  Calculat ions at t he L A N L2DZ level of theory overest imate t he nearest-neighbor 
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Figure 6. 14 :  Calculated HOMO-LUMO gaps of gold clusters versus t he cluster size n .  

and average bond lengths (see also t able (6 . 1 ) )  by about 2%. The calculated dimer bond 

length (2 .5 19 A) is in good agreement with t he experimental bond length (2 .472 A) [ 1 1 6] . 

Plot t ing t he cohesive energy as a function of cluster size to t he power of (n-1/3 )  a llows 

for fit t ing of t he data t owards bulk gold (figure ( 6 . 16 ) ) .  Calculat ions from LANL2DZ give 

smaller cohesive energies than from the large basis by about 8%. Extrapolation of t he 

large basis data yields a bulk cohesive energy of 3 .47 eV, which is in good agreement with 

t he observed one of 3 .8  eV [278J . The ext rapolation of t he cohesive energies per atom 

obtained from the large basis is at t his stage insufficient , as a change in t he slope of t he 

l inear regression is expected for the transition from 2D to 3D structures . A significant 

decrease in t his slope, which does not coincide sharply with t he onset of the 2D-3D 

t ransit ion, is obtained in  the ca es of cesium (see figure ( 4 . 18 ) )  and tin (see figure (5 . 1 7 ) ) .  

Interest ingly, in the case of gold, a n  increase in  the slope i s  apparent i n  the LANL2DZ 

data  start ing at AU1 S .  Cohesive energies obtained from t he large basis are needed for 

t he larger cluster sizes in order to  address t his point furt her. I t  should be noted , t hat 



CHAPTER 6. G OLD CL USTERS 1 36 

2 .88 

2 .84 
G-£l A Un_O ( largC b3Sls) neighbor distance 

• •  A lI"_O (lANL2DZ) 
2.8 • All "_ I (lANL2DZ) 

:< • All n_2 tLANL2DZ) • � 2 .76 • 
• A ll • • u "_3 (lANl2DZ) • iii A 1I2 [exp.] • • • 

.� 2 .72  - • • . . • "0 
Ci • • • 2.68 • • • • 

oD • • • • • � • • • • 
'0:;  2 .64 • 
<;= in • 
� 2.6 � '" 
z 

2.56 
• 

2.52 

2 .48 

4 6 1 2  1 4  1 6  2 0  
Cluster size ( /'I )  

Figure 6 . 15:  Nearest-neighbor di t ances in gold clusters plott ed against t he cluster size 

n .  The olid line represents the experimenta l  gold dimer bond length (2 .472 

A [26 1 ] )  and t he dashed line symbolizes t he experimental value for t he 

shortest equilibrium interatomic distances in bulk gold (2 .88 A)  [ 1 1 6] 

different DFT funct ionals characterize the binding situat ions different ly and hence result 

in quite different cohesive energies . Calculated cohesive energies of bulk gold within 

t he framework of DFT yield values around 3 . 2  eV [279] . In t hat reference it is a lso 

noted that the d iscrepancy from experiment may be attributed to a genera l  deficiency of 

DFT in describing t he bulk cohesive energies. In figure ( 6 . 1 7 ) , t he calculated zero-point 

vibrat ional energies ( ZPVE) per atom are plot ted against the cluster size to t he power of 

(n- 1 /3 ) and fit ted l inearly. Thi approach est imates the ZPVE per atom of bulk gold to 

be 0 .024 eV In , which is unknown experimental ly. 
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Figure 6. 16:  Calculated cohesive energies of gold clusters as a funct ion of cluster size 

to t he power of (n - 1 /3 ) .  The experimental cohesive energy of bulk gold is 

reported to be 3 .8 e V [278] . 

6.4  Conclusions 

Within a unique genet ic algorithm approach, a systematic search for t he energet ically 

lowest-lying low-spin gold cluster isomers up to 20 atoms was undert aken. A number of 

previously predicted global m inima st ructures are reconfirmed, while more stable isomers 

are found for Auu , AU13 and AU15 .  The st ructure of t he undecamer t hrows new light into 

t he discussion of t he onset of the transi t ion from planar to three-dimensional st ruct ures. 

At the LANL2DZ level, previously reported planar und camers are less t able than t he 

t hree-dimensional st ructure presented in t his work by at least 0 .25 eV, indicat ing t hat 

three-dimensional st ructures in neutral gold clusters are more stable t han planar ones from 

t he undecamer onwards . Previous OFT st udies on thi matter claimed th is tran ition to 

occur at AU13 or at an even larger cluster ize . Therefore, it may be t hat t he planar 
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Figure 6 . 1 7: Calculated zero-point vibrational energies (ZPVE) per atom of gold clus­

ters as a funct ion of cluster size to t he power of (n - 1 /3 ) .  The solid line 

represents a linear regression towards t he bulk l imit . 

AU 12_0 , which is a lso t he most stable isomer found in previous studies, is not the global 

minimum of t he dodecam r. vVith increasing size, t he t hree-dimensional clusters evolve 

to more compact st ructure . Electronic propert ies, such as t he VEA, VIP, 6.2 E, Ecoh and 

6.£ show a distinct odd-even oscillat ion reflect ing t h  spin-pairing effect ( i .e .  reflect ing 

t he electronic configurat ion of gold [XeJ4f145d106s 1 ) .  This alternat ion is so trong, that 

t he electronic shell filling effect is disguised in t he D.2 E spectrum. With respect to dipole 

polarizabil it ies, t his work improves on previous studies since a larger range of clusters were 

st udied and t he atomic polal"izability of gold was evaluated wit hin the DFT framework in 

excellent agreement wit h relat ivist ic all-elect ron CCSD(T) calculat ions . Interestingly, t he 

st rong odd-even oscillat ion of electronic propert ies in small , neutral gold clusters is also 

apparent in t he evolut ion of polarizabil it ies per atom as a funct ion of cluster size. Odd­

sized clusters, i .e .  doublet spin-state ,  show in general significant ly larger polarizabilit ies 
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t han ven-sized clusters. A convergence towards t he classical bulk polarizability is not 

yet evident for t he c luster sizes presented in t his work .  

6 . 5  Further Work 

Final structural opt imizat ions and calculaL ions of electronic propert ies wit h t he large basis 

for AUn - AU20 are pending and are needed to assign t he most stable isomers for t his set 

of clusters. Alt hough it is not expected that calculat ions from the large basis will yield 

significant ly different result s  than from t he LANL20z basis, t hey are more accurate and 

are a lso needed for a bett er extrapolat ion of electronic propert ies towards t he bulk l imit . 

Furthermore, i t  is assumed t hat t he presented lowest- lying isomer of the dodecamer is not 

t he global minimum and furt her evaluat ions from BELPHEGOR should be undert aken . 



Chapter 7 

Copper Nonamer Clusters 

7. 1 Motivat ion 

The determinat ion of the st ructure and prop rt ies of t ransit ion met al cluster has received 

con iderable at tent ion, both theoret ical ly and experiment ally, because of the importance 

of such cluster in nano-science and t heir pot ent ial use as catalysts [ 1 , 36 , 37, 203] . Part ic­

ularly t he elect ric d ipole moment and polarizabil it) are interest ing propert ie to consider, 

as t hey provide a charact erizat ion of t he el ctronic st ruct ure, and t hey can be probed by 

experiment . 

Since t he coinage metal atoms (eu, Ag, and Au) possess filled d shell , t hey display 

elect ronic structures determined in a large part by the half-filled bands of nearly free s 

el ctrons. Thus, it is not surprising t hat coinage met al clusters exhibit size dependencies 

in some physical propert ies t hat are similar to t hose observed in  alkali met al clusters ( see 

sect ion ( 6 . 1 ) )  and are thus more akin to alkali clusters t han open d-shell t ransit ion element 

clusters . For instance, an odd-even alternat ion is observed for experimental ly observed 

ionizat ion potent ials of clusters up to 1 14 atoms, together with large decreases in the 

ionizat ion potential ( IP ) corresponding t o  electronic shell and subshell closings predicted 

for ystems of n valence lect ron confined to a spherical or spheroidal potent ial [280] . 

For neutral and ionized copper clusters in part icu l a r ,  t here are many th  oret ical inves­

t igat ions of t he geometrical and elect ronic st ructure [28 1-296] 1 . In a recent experim ntal 

beam deflect ion study of neutral CUn cluster with 9 ::; n ::; 6 1 ,  Knickelbein [297J ob­

served a polarizability per atom for CUg ( 16 .2 ± 0 . 8  A3) ,  more t han than three t imes 

1 And references therein. 

140 
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larger than t he one predicted by density funct ional t heory calculat ions (4 . 9 A 3 ) [288] . 

This discrepancy is surprising since t he theoret ical approach presented in [2 8] predict s 

polarizabi lit ies for realist ic, geometry-opt imized alkali cluster that are similar to those 

experimentally measured , indicat ing t hat effects of t he elect ron spill-out are accurately 

accounted for by t he DFT approach [297] . 

As afor m nt ioned, one expects Cu,  Ag and Au clusters t o  have propert ies that are 

similar to t hose of a lkal i  metals. The experim nt al polarizability va lues for t he smaller Cu 

clusters in this size range lie ignificantly higher t han the classica l  pred ictions for conduct­

ing ellipsoids, and convergence to t he classical predict ions is only achieved for n 2: 45 [297] . 

However, as Knickelbein points out , within t he weak-field limit (,""o F « kBTrot , where F 
denotes the electric field , kB is Boltzmann's constant and l"rot the rotat ional temperature ) , 
t he experiment ally measured "effect ive" polarizabilit ies represent an upper limit t o  t he 

elect ronic polarizability as the permanent dipole moment cont ributes to the effect ive po­

larizability in a way that depends on temperature (see equat ion (5 .5 ) ) . Knickelbein did not 

state sufficient ly enough, if he observed any symmet ric broadening of the molecular beam 

spat ial profiles upon applicat ion of t he deflect ion field , from which t he dipole moment can 

be evaluated, but stresses that t he rotat ional temperat ures remain intractable. 

J ackson et al. [293] calculated polarizabilit ies of copper clusters consist ing of up to 32 

atoms from all-electron calculations using a small basis set (7s5p4d ) and employing the 

pbepbe funct ional. They also found a large discrepancy with experiment and confirmed 

t he a/n values from ref. [288] . In addit ion t hey obtained good agreement with the pre­

d ict ions of the classical model already at cluster sizes as small as six atoms. Furt hermore, 

t hey tested their DFT approach against wavefunction based theories and tested basis set 

and electron correlation effects at different geometries for smaller copper clusters. They 

found that  these effects are too small to account for t he aforement ioned discrepancy. 

They conclude, however, that according to equat ion (5 .5) , low rotat ional temperatures 

combined wit h non-negligible permanent dipole moments can in some cases explain the 

observed difference between theory and experiment . 

The mot ivat ion of t his work was to find the global minimum of CUg , i .e .  test ing t he 

efficiency of the genetic algorit hm BEL PHEG OR, and to calculate accurately t he stat ic 

elect ric dipole polarizabilities and dipole moments of the respective isomers from den­

sity functional methods utiliz ing a large ba is set .  Dipole moments and polarizabilit ies 

trongly depend on the geometric st ructure and the delocalization of t he valence elect rons. 
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None of the aforementioned studies systematically searched for t he ground state struc­

t ures employing DFT or ab initio approaches. Furthermore, in order to exclude t hat the 

d iscrepancy between experimentally and theoretically obtained polarizabilit ies is due to 

the use of too small basis sets ,  an extensive valence basis set ( 1 0s 10p8d3f2g) ( ee section 

( 7 . 2 ) ) ,  which is considerably larger than any basis set uti l ized for copper clusters 0 far, 

was employed . 

7 . 2  Met hods 

The global minimum and energet ically lowest- lying isomers o f  copper nonamer clusters 

were obtained ut il izing the genetic algorithm code B ELPHEGOR as described in detail in 

section ( 3 . 1 ) .  The init ial populat ion consisted of ten random structures, t he Lennard­

Jones global minimum tructure ,  predicted global minima and energet ically low-lying 

isomers of Csg , 8ng and Aug and predicted global minima from t he literature [28 1 , 290 , 

29 1 , 293-295] ,  giving rise to 23 different init ial geometries . The minimum energy difference 

6Vi was set to 0 .002 eV, dmin and. dmax parameter were fixed at 2 .0  and 3 .3  A. respect ively. 

The t erminat ion criteria for BELPHEGOR was 200 mat ing and l ocal minimizat ion steps. 

The mutat ion probability was first set to 10 o/c and t hen increased to 20 % for the last 

80 mat ing steps. The energet ically lowest-lying t hree- and two-dimensional isomers were 

t hen furt her opt imized from LANL20z basis set and pseudopotent ial calculat ions . 

From this set of st ructures, t he six energet ically lowest- lying isomers and one planar 

isomer were further opt imized using t he extensive STUTTGART valence basis set together 

with the energy-consistent relat ivist ic pseudopotential for copper [298] . Final ly, a har­

monic vibrational analysis was performed for all isomers in order to discriminate between 

minima and transition states on the potential energy surface. Al l  calculat ions were per­

formed with t he GAUSSIAN03 program package [331 ] . For the exchange-correlat ion poten­

t ial ,  t he generalized gradient approximat ion, according to the parameterizat ion suggested 

by Perdew , Burke and Erzenhof [299] (pbe1 pbe) , was app lied in a self-consistent fashion. 

No symmetry constraints were applied during the optimizat ion procedure. 

The most accurate evaluat ions of the static lectric d ipole polarizability published for 

the copper atom are 6 .67 A 3 [7 , 302] and 6.89 A 3 [303] , where the former is obtained 

from relat ivistic pseudopotential QCI8D(T) calculations and the latter from relativist ic 

all electron CC8D(T) calculations within the DKH transformat ion, respectively. In figure 
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( 7 . 1 ) ,  calculat ed polarizabilit ies from different D FT funct ionals, comprising different ex­

change and correlat ion funct ions such a b3p86 , b3lyp, b3pw9 1 ,  blyp, bp86, pw9 1 ,  svwn, 

svwn5, pbe, mpw1pw91 ,  b1b95 and pbe1pbe, are compared to t he most precise DKH 

value o f  Sadlej and co-workers [303] . The hybrid funct ional (pbe 1pbe) wit hin t he GGA,  

in  combinat ion with the extensive STUTTGART basis set and pseudopotential ,  gives good 

agreement wit h the aforement ioned value and t hus has been used throughout al l  calcu­

l at ions of t he copper nonamer i omers. For the copper dimer this method gives a bond 

length of 2 .232 A, a dissociat ion energy of l .88 eV and a harmonic frequency of 258 .09 

cm- 1 to  be compared with experimental values of 2 . 2 19 A,  2 .08 eV [300] and 266.43 

cm- 1 [30 1 ] . In general DFT L eIlds to undere t imate t he polarizability. I t  should be noted 

that increasing the Hartree-Fock exchange within the b3lyp hybrid DFT funct ional should 

y ield better agreement of t he polarizability with t he relativistic DKH CCSD(T) calcula­

t ion. While t he b3lyp funct ional yields a value of  5 . 9 1 2  A3 and pure Hartree-Fock gives 

1 0 .284 A3 , mixing into the exchange 50 % Hartree-Fock ( the so-called Becke half-and-half 

lyp funct ional )  yields a value of 6 . 703 A 3 . 

7 . 3  Results and Discussion 

7 . 3 . 1  Structural Data 

Due to  t he considerable sampling of t rial geometries taken from the l iterature of CU9 

clusters, together with random structures and most irnporL anL ly t he genet ic algorithm 

approach, t here is great confidence t hat the lowest energy structures have been found (see 

figure (7 . 2 ) .  The energetic separat ion between t he CU9_0 , CU9_1 and CU9_2 struct ures is 

however too small to appoint either one of them as t he global minimum struct ure (see 

t able (7 . 1 ) ) .  In previous publications, t he CU9_0 isomer with C2v or Cs symmetry, where 

t he reduction in symmetry stems from a d istort ion of t he pentagonal bipyramid , was 

predicted as the ground stat structure [288, 290 , 29 1 , 293-295 , 304] . Interest ingly enough, 

CU9_0 is t he predicted Lennard-Jones global minimum structure for a nonamer cluster; it 

has C2v symmetry and is obtained by double capping of two adjacent lower tr iangles of a 

pentagonal bipyramid. CU9_1 has also C2v symmetry and is obtained by double capping 

of two adjacent upper and lower triangles of a pentagonal b ipyramid. The predicted GM 

by Calaminici et al. [296] i s  t he CU9_2 isomer o f  t his work . I t  has Cs symmetry and  can 

be regarded as a capped octamer which consists of  two slightly d istorted , intersect ing 
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Figure 7 . 1 :  Stat ic electric d ipole polarizabilit ies oft he ground state copper atom in A3 as 

a funct ion of different DFT exchange-correlat ion funct ionals and compared 

to a relat ivist ic al l-electron DKH CCSD(T) [303] calculation . 

squares that are rot ated by 90° to each other. CU9_3 represents a Cl derivat ive of t he 

CU92 isomer. CU9A and CU9_5 are again based on t he pentagonal bipyramid structural  

motif . The copper nonamer cluster clearly adopts a three-dimensional st ructure and all 

fl at structures obt ained from t he genetic algorithm are found to be less stable by more than 

l .0 eV . The average bond length d for all d irect ly bonded Cu atoms are listed together 

with electronic properties in t able (7 . 1 ) .  Interestingly, the planar high-energy structure 

CU9_6 has a rather small average bond distance. Vibrat ional frequencies and zero-point 

vibrational energies are given in t able ( 7.2 ) . It is found t hat the differences in zero point 

vibrat ional energies (ZPVE) of all isomers are less t han 0 .002 eV In  and t hus cannot be 

drawn on in determining the r lat ive stabilit ies of isomers. 
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9 0 

9 2 

Figure 7 . 2 :  Global minimum and lowest-energy isomers of CUg , ordered ( from left t o  

right and top to bottom ) by energy. The cluster 9_m is the mth energet ic 

isomer with 9 atoms. 
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7 . 3 . 2  Polarizabilities and other Electronic Properties 

146 

The isotropic , s tat ic elecLric dipole polarizabi l i ty per atom, t he anisot ropy, the dipole 

moment and other elect ronic propert ies for the CU9 isomers are given in t able (7 . 1 ) .  The 

first dat a set refers t o  t he large basis set [298J and t he second to the LA  L2DZ basis set . It 

is seen that even t he smaller basis set calculat ions with LANL2DZ give sat isfactory results, 

except perhaps for t he dipole moment where the largest absolute difference between the 

two calculat ions is 0 .08 D .  

Table 7. 1 : Calculated static response and electronic structure propert ies of  DFT­

optimized CU9_0 clusters . tJ.E denotes t he relat ive energy d ifferences between 

isomers, tJ.E t he HOMO-LUMO gap,  CXiso t he isotropic static electric d ipole 

Cluster 

polarizability, Ctaniso i ts  anisotropy, f-L t he absolute value of t he dipole mo-

ment . d the average neighbor distances , VIP and VEA the vert ical ionizat ion 

potent ials ,  respect ively, ECoh t he cohesive energies (not corrected for zero-

point vibrat ional energy) . The geometry notat ion is that of figure ( 7 . 2 ) .  The 

not at ion / n implie t he value is given per atom. 

!:::.E !:::.E Cl:iso O::aniso J.I. d VIP VEA ECoh 
(eV) (eV) ( P /n) (A3/n) (0 ) (A)  (eV) (eV) (eV/n ) 

Stuttgart ba is set and pp 
CU9_0 0.000 1 .486 4 .939 1 .490 0. 124 2.469 5.440 1 . 438 l .  76 

CU9_1 0.013 1 . 501 5. 188 1 .977 0.280 2 .457 5.286 l .366 1 .76 

CU9_2 0.064 1 . 5 12 5 .0 10  2 .422 0. 379 2.448 6.059 1 . 979 1 . 76 

CU9_3 0. 1 45 1 . 526 4 .999 1 . 722 0.201 2.451 5.366 l . 328 l . 75 

CU9A 0 201  1 . 487 5 .082 1 .352 0 338 2.463 5 .282 l . 328 l .74 

CU9_5 0.242 1 .386 5 .336 2 039 0. 178 2 . 462 5 . 1 84 1 . 379 1 .  74 

CU9_6 1 . 1 05 1 .510  5 .  15 5 504 0.332 2.409 5.856 l . 98 1 l .64 

LAN L20Z 

CU9_0 0 000 1 .426 5.230 1 . 547 0. 1 77 2. 539 5.249 l .327 l .8 1  

CU9_1 0.004 1 .432 5. 504 2.242 0 .306 2 .521  5 . 1 01 1 .269 1 .8 1  

CU9_2 0.048 1 .457 5 .287 2. 577 0.398 2 568 5. 874 1 . 854 1 .8 1  

CU9_3 0. 1 1 1  1 . 469 5 .282 1 .898 0. 277 2 .544 5 . 1 72 1 . 2 1 9  1 .80 

CU9A 0.187 1 . 446 5.377 1 . 428 0.432 2 .5 14  5.099 1 .223 1 .79 

CU9_5 0.242 1 . 354 5 .622 2 .287 0 . 180 2 .513  5 .029 1 . 264 1 .79 

CU9_6 1 . 1 32 1 .454 6 . 1 38 5 907 0.409 2 .470 5.622 1 .801 1 .69 

In t able (7 .3) , calculated electronic propert ies from this work are compared to t hose of 

other t heoret ical and experimental studies for CU9_0 and it is found t hat  t he t heoretically 

yielded cx/n are very similar and more than three t imes smaller t han t he published exper­

imental one by Knickelbein. With respect to dipole moments ,  only J ackson et al. [293] 
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Table 7 . 2 :  Zero-point vibrational energy per atom ( in eV In) and harmonic frequencies 

( in cm- I ) of the neutral copper cluster nonamers obtained using the Stuttgart 

basis set and pp. 

Cluster ZPVE 

CU9_0 0. 0203 

CU9_1 0.0205 

CU9_2 0.0205 

CU9_3 0.0201 

CU9A 0. 0 1 98 

CU9_5 0.0199 

CU9_6 0.0185 

Freq uencies 

63. 1 , 66.9 , 75.7, 92.9, 102.6, 108.2, 1 1 2.9, 1 1 5 .9 , 1 2 1 .4, 124. 1 ,  124 .7 

1 27.4, 143. 1 ,  1 45.0, 167 .9 ,  1 778,  190.3 ,  197 . 1 ,  22 1 . 1 ,  223.5 , 246.2 

54.0, 55.5, 64.5, 88.5, 88.7, 103.4, 1 1 0.5, 125 .7 ,  1 34 .9, 135.8, 1 36.5 

142.8, 150.4, 152 .3 ,  157.9, 1 75.3, 187 .2 ,  2 1 9.8, 225.7, 229.2, 232.6 

58 .3, 64.8, 74.6, 94.8, 100.9, 1 06.2, 106.8, 1 1 6.5,  1 16 .6,  1 1 9.4, 137.5 

1 38.0, 1 6 1 .3 , 164 . 1 , 1 72 . 1 , 1 73 9, 193 .7 , 205.2, 2 1 1 .2 ,  220.8, 236.2 

40 7, 58.5 ,  69.4, 85.5, 89. 7, 103.9, 1 1 2.0, 1 1 3 .4, 1 1 7.9, 123.5, 124.5 

1 37.2, 153.3, 170.3, 1 75 2, 182.5,  197.0, 206.6, 2 1 5 .4,  2 1 9.7,  228 .2 

38.4, 59 . 2 ,  6 1 .5, 74 .6, 96.8, 96.8 ,  105.3 , 107 .3, 1 1 6.8,  122 .5 ,  1 3 1 .  7 

1 43.7, 1 49.5,  152.2, 167.6,  1 7 1 . 7,  1 90 .3 ,  1 99.8, 2 1 6.6 ,  227. 1 ,  253.3 

39.8, 52.7, 59.6, 72 .7, 86 .7, 100. 1 ,  107.5, 1 1 5 .8, 1 1 9 .9, 1 26.3, 1 36.6 

1 40.3, 143.6, 152.3 ,  1 56.7,  1 74.5,  182.8 , 209.8, 227.4, 229.2,  259.8 

1 7 .6, 20. 1 ,  3 1 .0, 42. 1 ,  46.3, 51 .7,  67.8 , 93.4 ,  1 0 1 .3, 1 1 4.8, 127 .1  

1 43.8, 150.3, 156.0, 183. 1 , 185. 1 ,  194 . 1 , 2 16.7, 228.5, 251 .3 , 262.8 

report a value which is almost 35 % smaller than t he one reported here . But given t he 

rat her small value of /-L , t he absolute discrepancy is only 0 .03 D .  The agreement with the 

experimenta l  vert ical ionizat ion potent ial [280] is rat her good .  The calculated cohesive 

energy per atom is 1 . 765 eV for CU9_0 which is perhaps larger t han t he experimentally 

est imated value ( 1 .4±0 .5 eV) [305] , but within t he experiment al uncertainty. The d is­

crepancy between t he absolute values of the theoret ically evaluated binding energies is 

due to t he use of different DFT funct ionals and basis sets . In general ,  calculated cluster 

binding energie are larger t han tho e observed in experiment s. This error arises most 

probably from the calculat ed total energy of t he atom [294] . 

The disagreement between experiment and theory wit h respect to the isotropic po­

larizability per atom remains, however, an open quest ion. In accordance with arguments 

from Knickelbein [297] and Jackson et al. [293] one could ut il ize equat ion (5 .5 ) , use t he 

theoret ically obtained dipole moments and parameterize t he rotat ional temperature unti l  

agreement i s  reached . As  nicely shown by Jackson et al. , non-negligible dipole moments 

combined with low rotat ional temperatures can lead to much higher effect ive polarizabil­

it ies, but do not explain the general d isagreement between experiment and t heory. S ince 

rotat ional temperatures and dipole moments vary with cluster size and morphology, and 

the dynamic of t he dipole moments are also unknown, equat ion (5 .5 )  is inadequate to  
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Table 7.3 :  Comparison of electronic properties of CU9_0 from t his work with those of 

available t heoret ical and experiment al st udies. The notation /n implies t he 

value is given per atom . 

Method Q:iso O'an iso �L VIP VEA ECoh ZPVE c,€ 
Ref. (A3 /n)  ( A3/n) (D )  (eV) (eY) (eV/n) (eV/n) (eV) 

pbel pbe [This work] 4 .939 1 .490 0. 1 24 5.440 1 . 438 1 .  76 0.0203 l . 486 

pbepbe [295] 5.62 1 .98 

LOA [294] 2 .44 

pbepbe [293] 5.05 0.092 2 .0  1 . 1 43 

b3pw91 [29 1] 5 . 1 5  l .772 1 .24 

LOA [290] 6 .07 l .8 2 . 1 2  0 .022 

bp86 [288] 4 .86 

Exp. [297] 1 6 2 ± 0.8 

Exp. [305] 1 .25 

Exp. [2 0] 5.35 

fully explain t he general discrepancy between t heory and experiment . Employing equa­

t ion (5 .5 )  with t he calculated dipole polarizability, dipole moments ,  h ighest 11 and lowest 
h principal moments of inert ia, and use of Knickelbein's observed effect ive polal"izability, 

t he fol lowing rotat ional temperat ures are obtained for t he t hree lowest- lying isomers . 

The rotat ional temperature in Knickelbein's experiment is est imated as being 58 K .  No 

clear conclusion can be drawn from this except to say that perhaps the measured effective 

polarizability may indicate that the isom r CU9_2 is the global minimum. 

In order to  obtain more insight into the huge discrepancy between t heory and exper­

iment , polarizability measurements of atomic and dimeric copper are needed ; for atomic 

and d imeric copper, where equat ion (5 .5) does not apply, one would infer very large stat ic 

polarizabilities per atom from the reported trend of figure 2 in ref. [297] . These would 

be much higher again compared t o  Saue and Jensen [266] who obtained an isotropic 

a/n for CU2 of 7 .09 A 3 using t he 4-component relat ivist ic random phase approximation 

(anisot ropy per atom of 3 .10 A3) .  This is c lose to the coupled cluster [CCSD(T)] value 

of Maroulis [306J who obtained an isot ropic polarizability of 6 .95 A3 per atom. Temper­

ature dependent measurements would also be of great interest , in  order to  determine the 

contribution of the d ipole moment to the effect ive polarizability. It should also be noted 

t hat Knickelbein d id not calibrate the beam deflect ion apparatus to atomic copper, but 

used the aluminum atom as a calibrant . 
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7.4 Conclusions 

For the first t ime, a systematic approach in t he framework of DFT was employed to find 

t he global minimum of t he copper cluster nonamer. It is found that t he isomers labelled 

CU9_0 , CU9_1 and CU9_2 l ie en rget ical ly too close to adopt either of them as t he global 

minimum. Moreover, t he stat ic electric d ipole polarizability and other electronic proper­

t ies ar calculated wit h  a basis set t hat is significant ly larger than any other employed for 

the copper nonamer so far. While previously reported polarizabilit ies per atom obtained 

from theory are confirmed , i .e .  it is shown that the larger basis set does not yield signifi­

cantly different values , the dipole moments of a set of copper cluster nonamer isomers are 

reported for t he first t ime. Finally, it is argued that t he origin of t he large discrepancy 

between t heoret ically and experimental ly obt ained polarizabilit ies per atom is rather due 

to a systemat ic error in t he experiment t han large permanent dipole moments and small 

rot at ional temperat ures of the respective clusters. 

7 . 5  Further Work 

Measurements of the polarizability per atom of atomic and dimeric copper, together wit h 

temperature dependent measurements of polarizabilit ies of copper clu ter are needed to  

clarify t he significant d iscrepancy between t heory and experiment . Equation (5 . 5 )  should 

be generalized to cover asymmetric top molecules. 



Chapter 8 

Metallophilicity, the Performance of 

D FT 

8 . 1  Motivation 

The att ract ive interact ion between closed-shell species of group 1 1 ,  also known as met­

a llophilic interact ions, is well est ablished experimentally and theoret ical ly. For a generic 

and comprehensive review of st rong closed-shell interact ions (CSls) in inorganic chem­

ist ry see ref. [2 10] . Due to t heir interesting chemical and physica l  propert ies [307�309] 

and strongest CSI1 in group 1 1 ,  particularly gold ( I) phosphine complexes have been stud­

ied experimental ly in t he past [3 1O�3 1 5] . This is so mainly, because phosphine ligands 

stabilize gold-gold bonding [3 1 6] and hence a llow for the format ion of a large variety of 

gold clusters [3 1 7] like [Au55 (PPh3 ) d CI6 [3 12 , 3 18] . Phosphine ligands also st abilize oth­

erwise unstable gold compounds such as AuCH3 [3 1 7] .  Moreover , gold phosphine cluster 

compounds can also exhibit photo-physical properties such as the luminescence behavior 

observed in [Au (dppnh]Cl derivat ives [3 1 9] (dppn = diphenlyphosphinonaphthaline) or 

related species [320] . 

The t heoret ical work in t his area was pioneered by Hoffmann et  al. [321 ]  and rein­

vest igated by Pyykko et al. [322] . Pyykko used HF and MP2 methods t o  invest igate t he 

aurophilicity in [Cl-Au-PH3b and [X-Au-PH3b dimers (X=H, CH3 , CN, SCH3 , F ,  Cl ,  Br 
and I ) . Since the interact ion energy curves were repulsive at the HF level and attractive at 

I The attractive aurophilic attraction (up to 50 kJ /mol) can be comparable with strong hydrogen 

bonds or weak covalent bonds. 

1 50 
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t he MP2 level , h e  concluded that aurophilicity i s  a correlation effect and cannot be satis­

factorily explained by classical theory, such as hybridizat ion .  Moreover, he concll lded t hat 

t he aurophilicity is further enhanced by relat ivist ic effects and that its st rength increases 

from the hardest ligand to the softest ligand by a factor of 2. 

In order to part it ion t he local correlat ion contribut ions to t he metal-metal interact ion 

energy into different cxcitat ion classes, local MP2 calculat ions were performed by Werner 

et al. [323 , 324] . The t arget systems here were [X-M- PH3b (�/I = Cu, Ag, Au ;  X = H ,  Cl ) .  

I n  addit ion t o  Pyykk6's conclusions, t hey summarized that for [CI-M-PH:5b the strength 

of metallophilicity increase by almost 40 % from Cu (22 kJ Imol) to  Au (35 kJ Imol ) . 

They also d iscovered that t he att racL ive intermolecular correlat ion contribut ions arise 

from both dispersive (van der Waals) and ionic excitations2 . 

\l\Thile d ispersion contribut ions, as expected , dominate t he long-range behavior of  t he 

interact ion curves for t hese systems and t he ionic contribut ions decay exponentially with 

respect to rM-M ,  they are of about the same importance as d ispersion in [H-M-PH3b and 

of about 60 % in [X-M-PH3b at equilibrium [324] . They also report t hat metallophilicity 

doe not solely arise from M(d10 ) - M(d 10 ) interact ions. Pure Au (5d)-Au (5d) pair corre­

lation is responsible for only ca. 40 % of t he attract ion in [CI-Au-PH3b and is further 

decreased to ca .  1 5  % for M = Cu. Pair correlat ion involving only one or neither M (d10 ) 
center make up t he bulk of t he at t ract ive part of the correlat ion; for the copper compound, 

pair correlat ions involving neither of t he Cu (3d 10 ) centers are t he leading term . 

It is worthwhile to mention , that Magnko et al. acknowledge a potent ial problem 

with t he MP2 approach, i . e .  the overest imat ion of van der Waals a t tractions, and state 

that t heir MP2 results may well be too large by anything between 0 and 25 % [324] . 

Pyykko noted t hat t his area will require furt her invest igation, since t he interact ion ener­

gies 0 cillate quite strongly as the h igher levels of theory are introduced [334] . R ecently, 

Kaltsoyannis et al. studied compounds of t he type [CI-M-PH3] n=1 ,2 (M = Cu, Ag, Au ,  

[ 1 1 1 ] )  using ab initio and density funct ional methods in t he light of t he quest ion: Does 

metallophilic ity increase or decrease down group 1 1 ?  [325] . 

They reproduce t he MP2 results from previous studies and complement t hem by DFT, 

QCISD and CCSD(T) data for the first t ime. Their DFT, QCISD and CCSD(T) results 

2Di persion effects originate from simultaneous mono-excitations at both monomers, each mono­

excitation promoting an electron from t he occupied space to the virtual space of the same monomer (A 

-> A' ,  B -> B') .  Ionic effects originate from mono-excitations fi·om t he occupied space of both monomers 

into the virtual space of only one of the monomers (A -> A' ,  B -> A' and A -> B' ,  B -> B' ) .  
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reveal , however, t hat , contrary to  MP2 results, the strength of metallophilic interact ion 

in t hese systems increases negligibly from Cu to Ag, but decreases from Ag to Rg. Thus 

st ating that metallophilicity does decrease down group 1 1 .  

Since t here are no pairs of analogous free dimers for this series of compounds, Kalt­

soyannis' results cannot be tested experimentally easily. For this purpose, Pyykkb probed 

comparative calculat ions for t he A-frame molecules [S (MPH3 ) 2J [326] , applying ful l  ge­

ometry opt imizat ion at the MP2-MP4, CCSD and CCSD(T) level ,  and concluded t hat 

t he oscillat ions of  t he met al- met al d ist ance, as a funct ion of t heoret ical level , are large 

and in the fol lowing order: Cu > Au > Ag. Thus, qualitat ively agreeing wit h  Kaltsoyan­

nis, t hat MP2 may not be the appropriate method for investigat ing the metallophilicity. 

By performing local 1'v IP2 and CCSD calculat ions, he ascertained that dispersion terms 

dominate t he silver and gold systems, while the ionic terms dominate  the Cu compound . 

Furthermore, he stated that there is st ill a too large d iscrepancy between t he opt imized 

and experimental geometric data even at t he CCSD(T) level .  

The mot ivation of t his work was to further probe t he performance of DFT 111 the 

field of  met al lophilicity, to invest igate a greater range of ligands t han Kaltsoyannis [325J 

and t o  include for the first t ime also t he t rimers of t he [X-M-PH3Jn=1 -3 systems (X=Cl ,  

Br, I ;  M=Cu, Ag, Au) . More extensive basis sets were employed and in cont rast to 

Kaltsoyannis' study, al l  monomer, d imer and trimer struct ures were fully optimized at 

t he D FT level3 

8 . 2  Methods 

When investigat ing metallophi l icity, t he choice of basis set is  particularly important due to 

a combinat ion of basis set superposit ion error (BSSE) [327J and the inherent weakness of 

t he effect itself. Furt hermore, it is imperat ive to  t reat the coinage metals and t he bromine 

and iodine atoms relat ivist ically and on t he same foot ing. It has been shown that relat ivis­

t ic effects cannot be neglected in accurate calculat ions of bond lengths and energies in cop­

per compounds [332 ,  333J . Therefore , t he extensive and wel l  proven STUTTGART valence 

basis s ts and energy-consistent small-core pseudopotentials4 , where scalar-relativis t ic ef­

fects  are implicit ly included, were used for Cu, Ag, Au,  Br and I [337, 338J . 

3Van del' Waals-like interactions are not reliably described by the current DFT schemes [210, 324] 

however ,  DFT has a reputation for producing the correct answer for unreliable reasons. 
4Relativistic large-core pseudopotentials overestimate the attraction between coinage metals [334, 335] . 
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The heteroatoms of all compounds, i .e .  H,  P and Cl ,  were t r  ated with a l l-electron 

aug-cc-pVDZ5 basis set s  as implemented in t he GAUSS IAN03 program package [33 1 ] .  All 

calculat ions were performed with the GAUSS I AN03 program package [33 1 ] .  

As  i n  all other related t heoret ical studies cited here, the P R3 (R =alkyl, aryl) group , 

which are present in t he experimental compounds, wer replaced by PH3 in order to sim­

plify t he calculat ions. Tab I (8 . 1 )  shows, that PH3 is a good model for t he larger PR3 

ligands, as far as st ruct ural properties are concerned . The struct ures of  al l  monomeric, 

dimeric and trimeric compounds of t he type [X-M-PH3] n= 1 -3 (M=Cu, Ag, Au; X=CI,  Br, 

I )  were fully opt imized at the DFT level, only constraining the d ihedral angle (dx!If!lf x ) 

to 900 , according to  figure ( 8 . 1  (b)  and (c) ) (see t able (8 .2 )  for geometric dat a ) .  The 

latter restr ict ion was made to reduce elect rostat ic interact ions between t he monomers 

by minimizing the leading dipole-dipole term, and hence to allow more unencumbered 

focus on the metallophilicity. It has been shown that by l ift ing this restrict ion, signifi­

cant ly bigger interact ion energies and in almost all cases smaller metal-meta l  d istances 

are obtained [325] , hence i llust rat ing the need for t he 900 restrict ion when invest igating 

metallophilicity in t hese systems. 

For t he exchange-correlat ion potent ial ,  t he generalized gradient approximat ion, ac­

cording to t he parameterizat ion suggested by Becke [ 1 1 1] and Perdew [ 1 1 2] (bp86) , was 

applied in a self-consistent fashion. 

The BSSEs were accounted for using t he counterpoise correct ion according to [ 10] ,  

!::::.Ecomplex = EAB [ab] - EA [a] - EB [b] 

!::::.Ecp = EA [ab] + E8 [ab] - EA [a] - EB [b] 

Ecpc = !::::.Ecomplex - !::::.Ecp , 

( 8 . 1 )  

where !::::.Ecomplex denotes t he complexat ion energy, !::::.Ecp t he counterpoise correct ion 

energy and Ecpc t he counterpoise corrected complexat ion energy of t he dimer [X-M­

PH3b respectively. A and B represent t he monomers, A B  the dimer complex, a and b 

the basis set s  of t he respect ive monomers and * t he opt imized complex geomet ry. 

5Dunning's correlation consistent , double-zeta basis sets augmented with diffuse functions. 
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Cl-Au-Au-Cl = const. = 96' 

Figure 8 . 1 :  Opt imized st ruct ures of [CI-Au-PH3] n=1 -3 ; bond lengt hs in A. 

8 . 3  Results and D iscussion 

1 54 

A wide range of t heoretical and experimental geometric data of the monomers of [X-M­

PH3] are compared in table (8 . 1 ) .  Clearly, t he simplificat ion of the diff r nt alkyl and 

aryl phosphine groups, which are present in t he experimental st udies , to the phosphane 

(PH3) group is j ust ified6 , as t he discrepancies betw en t he ca lculated and experimental 

bond lengths rAI-X and rAI_p for t he monomers come to  less t han 3 % for all t he st udied 

compounds . It furt her becomes evident , when comparing the available theoret ical work 

with t he experimental ,  t hat both MP2 and DFT perform very sat isfy ingly. However, 

no c lear conclusion can be drawn as to which method performs best , as there is no 

experimenta l  data avai lable for the optimized compounds. 

The isostructural series of phosphine substituted compounds [X-M-(TMPP)] 

6 At least as far as geometric properties are concerned. 
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Table 8 . 1 :  Comparison of geometric data of [X-M-P H3J (M=Cu, Ag, Au ;  X= Cl  , Br ,  

I ) ;  angles in deg and bond lengths in A .  

Molecule Method rf\/ - x  rA/- p  L- X - M - P  Ref. 

[ClCuPH3] bp86 2.084 2. 1 43 1 80.0 thi work 

[ClCuPH3] bp86 2.094 2 . 1 43 [325] 

[ lCuPH3] b31yp 2 . 1 06 2. 1 75 [325] 

[ClCuPH3] b31yp 2. 1 23 2.207 [324] 

[ClCuPH3] MP2 2.097 2 1 59 1 80.0 [3 1 7] 

[C1Cu (TI', I PP)] exp 2. 1 1 8 2. 1 1 7 1 73.0 [328]a 

[BrCuPH3] bp86 2. 2 1 3  2. 1 5 1  1 80.0 this work 

[BrCu(TM PP)] exp 2. 259 2 . 1 97 1 72 . 0  [328]b 

[ICuPH3] bp86 2. 393 2 . 1 63 1 80.0 this  work 

[ICu(TMPP)] exp 2 . 4 1 7  2. 1 88 1 7 1 . 0 [328]b 

[ClAgPH3] bp86 2.283 2.3 1 2  this work 

[ClAgPH3] bp86 2.294 2 .3 1 9  [325] 

[C1AgPH3] bp86 2.299 2.333 [339] 

[ClAgPH3] b3lyp 2.3 1 0  2.364 [325] 

[ClAgPH3] MP2 2 . 306 2.372 1 80.0 [3 1 7] 

[C1Ag(Tt\1 PP)] exp 2 . 342 2.379 1 75.0 [329] 

[BrAgPH3] bp86 2 . 4 05 2.325 1 80.0 t h i s  work 

[BrAg(T1Vl PP)] exp 2.440 2 370 1 74 . 4  [329] 

[ IAgPH3] bp86 2.579 2.342 1 0.0 this work 

[ IAg(TMPP)] exp 

[ClAuPH3] bp86 2 . 2 72 2.242 1 80 . 0  this  work 

[ClAuPH3] bp86 2 . 2 89 2.24 1  [325] 

[ClAuPH3] bp86 2.227 2.222 [339] 

[ClAuPH3] B3LYP 2 . 302 2.262 [325] 

[ClAuPH3] B3LYP 2 . 325 2 . 283 [34 1 ] 

[ClAuPH3] MP2 2 . 300 2.249 1 80 . 0  [3 1 7] 

[C1Au(TM PP)] exp 2.30 4  2.253 1 76 . 0  [330] 

[ClAuPPh3] exp 2.279 2 . 235 1 79 . 6  [342] 

[ClAuPEt3] exp 2.305" 2.233a 1 78 . 7a [344] 

[C1AuPMe3] exp 2 . 309b 2 . 234b 1 80 . 0b [343] 

[BrAuPH3] bp86 2.395 2 . 253 1 80 . 0  this work 

[BrAu(TMPP)] exp 2 . 4 1 3  2 . 255 1 75.9 [330] 

[ IAuPH3] bp86 2.56 2  2 . 269 1 80.0 this work 

[ IAu (TMPP)] exp 2.586 2 . 240 1 77 . 7  [330] 

a Average for two crystallographically inequivalent molecules 
b Average for three crystallographically ineq uivalent molec.u lp.s 
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(M = Cu(1 ) ,  Ag(1 ) ,  Au ( 1 ) ; X= Cl,  Br ,  1 ) 7 , with the exception of the Ag1 complex, al l  

form isomorphous solids in which the metals d isplay t he l inear P-M-X tructure, which is 

normally only characterist ic to the gold ( 1 )  complexes [328-330] . The crysta l lographic data 

on the Chloro (triphenyl- , tr iethyl- R,nd trimethylpho phin ) gold (1 )  complexes all show the 

l inear P-M-X st ruct ure as wel l  and negligible deviat ions in t heir bond lengt hs r p .1 - X  and 

ri\I _ p , respectively. 

On t he basis of the SIze of the phosphine l igands, t he 

Chloro( t rimethylphosphine)gold( 1 )  complex IS t he most clos st related to the 

Chloro(phosphane)gold (1 )  complex invest igated in this work. This is reflected by 

t he fact that , while t he monomers of [CIAuPMe3] are aggregated to form a helical chain 

t hrough fairly short alternat ing Au . . .  Au contacts of 3 . 27 1 ,  3 . 356, and 3 .386 A [343] , 

the dos st Au . . .  Au cont acts in the cryst al latt ice of [CIAuPEt 3] is 3 . 6 1 5  A [344] . Such 

Au . . .  Au contacts are not present in the Chloro ( tripropylphosphine)gold(1)  complex at 

all [343] . The calculated Au-Au dist ances for the dimers and trimers of  [ClAuPH3] are 

3 . 1 90 and 3 . 1 46 A, respectively, and resemble the ones of t he [CIAuPMe3] nicely. 

The L rends in geometric data ,  going from t he monomers to t he trimers, can be sum­

marized as follows: While t he rp- H bond lengths are rat her const ant at l .43 A in  a l l  

compounds , t he metal-halide and metal-phosphorus bond lengths, ril/-X and rill-p ,  in­

crease slight ly when comparing the monomers of a respect ive metal complex with its 

dimers and trimers. Within the halide series, both  ril/-X and rM _p increase almost l in­

early towards the softest halide. The gold complexes show the highest tendency towards 

linearity for t he L.x _ ill _p angle, which decreases slightly going from the harder halides to 

the softer ones (see t able (8 .2) ) .  

The rill-X and ri\I-p bond dist ances within al l  calculated compounds increase from 

copper to silver and decrease from silver to gold (see figures (8 . 2  and 8 . 3) ) .  1 ote, t hat 

t he rill-X distances are quite similar for t he silver and gold complexes, but the ri\I-p 

distances in t he gold complexes are significantly shorter than t hose of the silver com­

pounds . This contraction is due to t he large relat ivist ic effects at gold [23] and is confirmed 

by comparison of relativist ic and non-relat ivistic calculat ions for these and similar com­

pounds [3 1 7 , 339] . Bowmaker et al. give two possible reasons, why the decrease in rM-p 

bond lengths is more pronounced than t hat of the ri\I-X bond lengths [339] . The first one 

7TMPP [tris(2,4,6)methoxyphenylphosphine] is a strongly sterically hindered phosphine ligand that 

allows for overcoming the preferred tetrahedral four-coordination for copper(I) and si lver(I) compounds. 
8Experimental data is not available. 
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Table 8.2:  Opt imized geometric data for [X-M-PH31 n  [lVI=Cu, Ag, Au and X=Cl, Br ,  I J , 

angles in deg and dist ances in A .  

Monomers rAl - X  rAl _ p  rp- f/ LX - Al - p  
Iv I =Cu;  X=CI 2 . 084 2. 1 4 3  1 . 436 1 80.0 

Iv I =Cu;  X=Br 2 . 2 1 3  2. 1 5 1  1 .436 1 80.0 

M =Cu; X=! 2 . 393 2 . 1 6 3  1 . 436 1 80.0 

Iv l  =Ag; X=CI 2. 283 2 .3 1 2  1 . 434 1 80.0 

M =Ag; X=Br 2. 405 2.325 1 . 434 1 80.0 

M =Ag; X=l  2 . 579 2.342 1 . 434 1 80.0 

I\ I =Au;  X=Cl 2 . 272 2.242 1 . 434 1 80.0 

1\ ! =Au; X=Br 2 . 395 2.253 1 . 434 1 80.0 

Iv I =Au; X=l 2 . 562 2.269 1 . 414 1 80.0 

D i mers" rAl-AI  rA/ - X  fAl _ P  fP - f/ LX - A l - p  
1\ 1 =Cll ;  X=Cl 2 . 6 1 6  2. 100 2 . 1 6 7  1 . 435 1 67.2 

M =Cu; X=Br 2 . 596 2 . 2 3 1  2 . 1 76 1 . 435 1 66 . 5  

M =Cu; X=l 2 . 572 2 . 4 1 2  2. 1 89 1 .435 lti5.4 

M =Ag; X=CI 2.970 2 . 297 2.328 1 .434 1 7 1 . 7  

M =Ag; X=Br 2 . 952 2 .4 2 1  2.343 1 . 434 1 7 1 . 1  

M =Ag; X = l  2 . 940 2 . 588 2 . 362 1 . 434 1 70.2 

M =Au;  X=CI 3. 190 2 . 283 2 . 254 1 . 434 1 74.3 

1\! =Au; X=Br 3. 1 54 2 . 407 2 . 265 1 . 434 1 73.7 

I\ I=Au; X=! 3. 1 24 2 . 574 2 . 283 1 . 434 1 72 . 6  

Tr i mersa r hi - hI rA/ - X  rA/ - p  rp - f/ Lx - A/ - P  
Iv I=Cll; X=CI 2 . 634 2 . 1 1 4  2 . 1 76 1 . 435 1 70.3 

2.6 1 7  

M=Cll; X=Br 2.607 2 . 249 2 . 1 83 1 . 435 1 68 . 5  

2.589 

M =Cu; X=I 2 . 578 2. 430 2 . 200 1 . 435 1 66 . 4  

2 . 564 

!\1 =Ag; X=CI 2.957 2 . 308 2 . 337 1 .434 1 73.2 

2.943 

M=Ag; X=Br 2.950 2 435 2 . 3fi1 1 .434 1 7 1 . 7  

2.920 

M =Ag; X=!  2.943 2. 607 2 . 374 1 . 43 4  1 69.8 

2.903 

M =Au; X=CI 3 . 1 5 1  2 . 291 2 . 256 1 . 434 1 75 . 6  

3. 140 

M =Au;  X=Br 3 . 1 27 2.4 1 7  2 .269 1 . 434 1 75.0 

3. 1 10 

M=Au;  X=I 3. 1 07 2 . 586 2 . 287 1 . 434 1 74.4 

3.093 

a Averaged values where applicable 
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deals with t he fact t hat  relat ivist ic bond contract ions are sensit ive to the electronegat ivity 

of t he ligand attached to gold [339 , 340J and, as t he argument goes, results in larger bond 

length contract ions wh re there is appre iable n character to the bonding. Hence, for a 

completely ionic bonding situation (M+X- ) , with no ns character, t here will be no rela­

t ivist ic bond length contraction9 . The contract ion would progressively increase through 

covalent Au-X to ionic Au-X+ (where, in this case, X is an alkali meta l) . Although this 

argument is in accordance with the geometric results presented in table (8 . 2 ) , it must be 

noted t hat , while t he relat ivist ic contract ion of orbitals and the relat ivistic contract ion of 

bond lengths are paral lel effects ,  t he orbital contraction cannot be seen as t he direct cause 

of t he bond length contract ion [ 19] . The second explanation involves the destabilizat ion 

of t he d orbitals ( indirect relat ivist ic effect ) which would enhance 7r back-donat ion from 

9There might even be a slight increase in the bond length, on account of t he indirect relativistic 

expansion of the valence d orbitals. 
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the Au 5d orbitals to the PR3 fragment , hence strengthening ( and presumably shortening) 
t he Au-P bond. This argument is also in agreement with t he results presented in th is 

work, however, the present methods do not permit a clear determinat ion of t he relative 

importance of the two mechanisms described above. It is worthwhile to  ment ion t hat a 

significant relativist ic bond length shortening has been found for RgH [345] , compared 

to AuH , which indicates t hat metal-ligand 7r effects cannot be t he only source for t he 

relat ivist ic M-P bond length shortening. 

As displayed in figure (8 .4 ) ,  the metal-metal bond lengths (rM-AI ) in  t hese complexes, 

decrease almost linearly from the harder to the softer halides . The calculated rAI_AI values 

are larger than the bond length of t he metal dimers (CU2 = 2 .22 A ;  Ag2 = 2 . 53 A, AU2 

= 2.47 A) [324] , and are better comparable to the nearest-neighbor distances in the bulk 

metals (Cu: 2 . 55 A; Ag: 2 .88 A; Au: 2 .88 A) .  
The st riking result , however, is t he degree o f  contraction o f  t hese metal-metal contacts 
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when going from t he dimers to  t he respect ive trimers . \I\lhile rcu-Cu remains rat her 

constant ,  t here is a d ist inct cont ract ion for rAg-Ag and a subst ant ial one for t he l'Au - A u  
complexe ( ee also t able (8 .2 ) ) .  This can be attributed to t he increw ing relat ivist ic effects 

with in t he group of the coinage metals [346] . Another argument supporting this t rend 

down t he group is evident by the non-linear increase in rM-1If as a function of coinage 

metal dimers and t rimers . For a l inear increase, which has been found at t he CCSD(T)­

levellO for [CI-M-PH3h compounds [325] , the contacts in t he Chloro (phosphane)gold ( I )  

d imers and trimers would be  expected to be  around 3 .32 and 3 . 28 A, respectively, rather 

t han 3 . 19 and 3 . 1 5  A .  

Although t he calculated metal-metal d istances for the Chloro (phosphane)go ld ( I )  

d imers in this work are shorter t han t he ones obtained by Kaltsoyannis et al. , [325] (2 .616 ,  

103 .00, 3. 19 , 3 .36 A for rcu-Cu, rAg-Ag and I"Au-At" respect ively. 
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2 .970, 3 . 190 A and 2 .70 ,  3 .04, 3.26A) l l , t he differences between t hese metal-metal bonds 

are quite similar. In part icular, t he bond length iner'ea e from silver to gold are t he same 

in both studies . Thus, by only considering the geometric data ,  i .e .  I'M-M contract ion from 

dimers to trimers and the non-linear increase of rM-M for the different coinage metals, i t  

stands to reason t hat t he att ract ive meta l-metal interact ion (metallophilicity) increases 

down group 1 1 .  In this regard , however, t he crucial informat ion l ies with in t he counter­

poise corrected interaction energies E1nt(cPC) and not t he structural data .  A wide range 

of counterpoise corrected interact ion energies, predicted at d ifferent levels of t heory, are 

l isted in t ab le (8 .3 ) . The values for t he d imers and t rimers per metallophilic interact ion 

from this work are also presented in figure (8 .5 ) . 

1 1  Latter three values obtained by Kaltsoyannis et ai, also utilizing the bp86 functional. Distances in 

A. 
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Table 8.3 :  rM-M In A ,  counterpoise corrected interact ion energies E Int(cPC) and non­

counterpoise corrected In kJ /mol for [X-M-PH3ln  (dimers and trimers) . 

Ditners t>.lct.hod f M - 1\1 E / II /  E f n f(C' P(;t Ref. 
� 1 = C u ;  X=CI bp86 2 .616 -22.836 -20.741 this work 

�1=Cu;  X=CI bp861t 2 . 70 - 1 8 . 9  - 1 2 . 2  [325[ 
M = C u ;  X=CI QCISD" 3 . 20 -25.3 - 1 1 . 2  [325[ 
M = C u ;  X = CI MP2" 3 . 1 3  -35 . 2  - 1 3 . 5  [325[ 
� i = C u ;  X=CI Hr" 4 . 1 3  -2.9 - 1 .5 [325[ 
� 1 = C u ;  X=CI CCSD(T)"  3 .00 -33. 1 - 1 5 . 3  [325[ 
�1=Cu;  X = CI � IP2(L 2 . 7 7  -24.4 [324[ 
�1=Cu; X=CI L�\P2Ct 2.81 -22. 1 [3 24[ 

� 1 = C u ;  X = B r  bp86 2 .596 -24.755 -22.520 this work 

�1=Cu;  X = I  bp86 2 . 572 -27.4 1 1  -25.284 t.his work 

� 1 =Ag; X=CI bp86 2 . 970 - 16.650 - 1 5 . 126 this work 

� 1 = Ag·. X=CI bp86" 3.04 -15.9 - 1 2 . 0  [325[ 
� 1 = Ag; X=CI QCISD" 3 . 23 -36. 1 - 14 .4  [325[ 

I =Ag; X=CI l\.IP2(l 3. 1 1  -64.0 -21 . 2  [325[ 
� 1 =Ag; X=CI Hr" 4 . 2 1  - 2 . 4  - 1 . 2  [325[ 
� 1 =Ag; X=CI CCSD ( T ) "  3 . 19 -38 . 3 - 16 . 7  [325[ 
M =Ag; X=CI MP2" 2 . 90 -33 . 1  [324[ 
� 1 =Ag; X=CI L � I P 2'" 2 . 92 -30.7 [324[ 
�1 = Ag; X=Br bp86 2.952 - 1 7.877 - 1 6.375 this work 

�1= Ag; X = I  bp86 2.940 - 19.626 - 18 .060 l.his work 
� 1 = A u ;  X=CI bp86 3 . 190 -9.568 - 7.874 t.his work 

�1 = A u ;  X=CI bp86tL 3 . 26 -9.4 -5.5 [325[ 
� 1 = A u ;  X=CI Q C I SD" 3 . 45 -30.6 - 1 3 . 2  [325[ 
� 1 =A u ;  X=CI  l\. I P2(l 3 . 1 7  -6-1 . 9  -25.5 [325[ 
� 1 = A u ;  X=CI I-IPd 4.55 - 2 . 0  - 1 . 1  [325[ 

� 1 = A u ;  X=CI CCS D ( T )" 3 . 36 -33.6 - 1 5 . 4  [325[ 
� 1 = A u ;  X=CI �IP2n 3 .00 -37.0 [324[ 
� 1 = A u ;  X=CI Ll\l P2!l 3.03 -34.8 [324[ 
� 1 = A u ;  X=CI MP2" 3 .37 - 1 0 . 7  [322[ ( b ) 
� 1 = A u ;  X=CI �IP2'" 3 . 2 1  -2,1. 7 [334[ 
� 1 = A u ;  X=CI � IP2a 3 . 26 -20.9 [336J 
�1 = A u ;  X=CI l\IP2(t 3 . 3 3  - 1 6 . 5  [336[ 

� 1 = A u ;  X=Br bp86 3 . 154 - 10.220 -8 .435 this work 

� 1 = A u ;  X=I bp86 3 . 1 24 - 1 1 . 928 -9.9 1 3  t.his work 

Trilners f-.lcthocl f A l _ I\J  " E / n L  E I lttJS: I ' C )  Ref. 
M = C u ;  X = CI bp86 2.625 -47. 2 1 0  -42 . 7 7 1  t h i s  work 

M=Cu;  X=Br bp86 2 .598 -50.982 -46.4 1 7  this work 

� 1 = C u ;  X= I bp86 2 .571  -55 . 2 79 -50.450 this work 

� 1=Ag; X=CI bp86 2 .951 -38. 1 1 5  -34.975 this work 

�1=Ag;  X = B r  bp86 2.936 -40.448 -37. 260 this work 

�1 =Ag; X = I  bp86 2.923 -42 . 738 -39.272 this work 

� 1 = A u ;  X=CI bp86 3 . 146 -22. 271 - 1 8 . 837 thiti work 

� 1 = A u ;  X =Br bp86 3 . 1 1 8  -23.526 - 1 9 . 950 this work 

�1 = A u ;  X = I  bp86 3 . 100 -25. 486 -21 . 495 this work 

aNote, that the monomer geometry was optimized at the respective level of t heory and the interaction 

of the monomers were investigated using the frozen monomer geometries and varying the rAJ -i\! distance. 
baveraged values 
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It is found that the counterpoise corrected interaction energie of dimers and trimers 

are not addit ive within the halogen series and that t hree-body terms may contribute up 

to almost 16 % (" AgC I" ) to the E1nt(cPC) per metallophilic interact ion . These interact ion 

energies increase almost linearly towards t he softer l igand for t he t rimers, whereas t he 

dimers exhibit a marked increa e going from t he bromine to the iodine ligand. In general, 

when looking at t he dimers and t rim rs independent ly, t he metal lophi l icity is most pro­

nounced in the copper- and least in the gold complexes, t hus confirming Kaltsoyannis' et  

al .  DFT result s . Furthermor , it becomes apparent , when comparing the bp86 interaction 

energies presented in t hi work wi th t he bp86 data of Kaltsoyanni et al . (compare coun­

terpoise correct ion energies for the dimers in  t able (8 .3 ) ) ,  that the basis sets used in th is 

work are significantly less prone to BSSE and hence better suited for the st udy of t hese 

compounds. IVloreover, the interact ion energy of the [CI-Cu-PH3h complex presented in 

th is work is markedly higher to that predicted by Kaltsoyannis e t  al. [325] . 

8 . 4  Conclusions 

The metallophilicity of the dimeric and t rimeric compl xes of t he type [X-M-PI-h ] n  is 

studied at the DFT level employing the structures that are shown in figure (8 . 1 )  in the 

l ight of t he quest ion: Does met allophilicity increase or decrease down group 1 1 ? 

Since the DFT calculat ions perform analogous to ab initio methods (QCISD, CCSD 

and CCSD(T) ) employed in a recent study by Kaltsoyannis e t  al. [325] ,  it appears t hat , 

for unknown reasons, DFT can reproduce met al lophilic interact ions at least in the present 

systems. For t he monomer , dimers and t rimers, t here is an increase in r!lf-X and rM-p 

from copper to silver . The r1l4 -X bond distance remains approximately constant from 

silver to gold, however, t here is a significant bond length contraction, at tributed to rela­

t ivity, in r !If-P when comparing the silver to  the gold compounds. While t he metal-meta l  

distances (r!lf -!If )  in t he dimers and t rimers of  the copper compounds remain approxi­

mately constant , a rM -M contraction is observed for the silver and the gold compounds. 

The lat ter ones howing the most pronounced contract ion ,  and reflects t he importance 

of unusual ly high relat ivist ic effects in gold . Within t he halogen series of t he respective 

compounds, rM-X and rM-p increase almost l inearly towards the softer halogen .  rM-!If 

decreases towards t he softer halogen and th is is reflected in a stabilization of the interac­

t ion energies. The counterpoise corrected interact ion energies per metallophilic interact ion 
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reveal t hat the metallophilicity apparent ly decreases down group 1 1  (Cu > Ag > Au) for 

both t he dimers and trimers of these compounds and are in accord with Kaltsoyannis et 

al. predicted trend for t he dimers of  t hese systems. 

8 . 5  Further Work 

Furt her work should include t he study of the dependency of the interaction energies of  

dimcrs and trimers of Chloro (methylphosphinc)gold ( I )  on geometric parameters. This 

compound is h ighly related to the systems studied here and in many other tudies. Ut iliz­

ing t he experimental geometry on the one hand and opt imizing t he geometry on t he other 

hand and comparing t he differences in interact ion energy would give a clearer picture on 

t he magnit ude of sensit ivity of interact ion energies to t he geometry. As Pyykko et aL. 

noted , even at t he CCSD(T) level of t heory, t he d iscrepancy between the opt imized and 

experimental geometric data is too large [326] . One should also re-invest igate relat ivist ic 

effects .  



Chapter 9 

Summary and Conclusions 

Conclusions for each chapter are already given 111 this thesis. The main conclusions 

are summarized in t he fol lowing. For t he first t ime, a systemat ic search for t he global 

minima structures of homo-nuclear clusters of cesium, t in and gold clusters consist ing of 

up to twenty atoms and of the copper nonamer clusters is undertaken within a Density 

Functional 'rheory based genet ic algorithm approach . This approach outperforms all 

previous studies, as numerous new, more table cluster isomers were found in t his work .  

This thesis is  further distinguished , as both t he structural optimizat ion of t he most stable 

cluster and calculat ion of t heir elect ronic propert ies, with  special focus on the st at ic 

electric dipole polarizability, are performed employing extensive valence ba  is sets and 

corresponding scalar-relat ivist ic energy-consistent p eudopotent ials. 

The energetic separat ion of the cesium isomers for the reported cluster size is in most 

cases margina l ,  and it is found that  a large number of unsymmetric isomers are more t able 

than highly symmetric species, thus contradict ing proposed icosahedral growth-pat terns. 

An evolution towards more compact and spherically shaped struct ures is, however, in­

dicated by the calculated isotropic and anisotropic polarizabilit ies. The t ransit ion from 

two-dimensional to t hree-dimensional st ructures is ambiguous, as the hexamer shows es­

sentially the same energet ic preference for planar and t hree-dimensional structures . The 

mean polarizability per atom can be approximated nicely by t he jellium model, and it is 

found t hat t he most stable isomers most ly exhibit t he smallest mean polarizabilit ies per 

atom. A band gap closure is not observed yet for t his size-range. 

Singlet spin-states clearly dominate the energet ically lowest-lying isomers of t in clus­

ters, and t he tetracapped trigonal prism is found as a major st ructural mot if in many 
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isomers . Both t he isot ropic and anisotropic polarizabilit ies per atom indicate that t he 

structural evolut ion of the proposed global minima with cluster size tends towards elon­

gated and prolate morphologies. The static polarizability of atomic t in is calculated for 

the first t ime at t he scalar-relat ivi t ic and 4-component relat ivistic CCSD (T )- level . The 

inclusion of spin-orbit effects reduces t he atomic polarizability by about 1 1  %, and the 

final value is in good agreement with experimental measurements. The qualitat ive agree­

ment of calculated dipole moments and mean polal'izabilit ies wit h t he observed values is 

very sat isfy ing, indicat ing that most predicted global minima st ruct ure are found and 

t hus confirms t he met hods employed to calculate t he mean polal' izabilit ies. Temperature 

dependent beam deflect ion measurements reveal t hat clusters with large permanent d ipole 

moments result in significant ly larger beam deflect ions and explain why in experiments 

usual ly larger , effective polarizabilit ies are obtained than from t heory. 

1 'Iore stable isomers than previously reported are also found for the gold clusters, which 

t hrows new light into t he controversial di cussion of t he crossover from planar to three­

dimensional st ruct ures . Most recent studies predict t he AU 1 3 isomer to  be the last planar 

structure, while on t he contrary more st able, t hree-dimensional isomers are found for t he 

AU l l and AU13 isomer in this study. Previously reported odd-even oscil lations of t he 

electronic properties of gold c lusters are also calculated in t he evolution of polal'izabilit ies 

per atom as a funct ion of cluster size, where odd-sized clusters exhibit usually larger 

polarizabilit ies . 

The three most stable isomers of copper nonamer clusters lie energetica l ly too close 

to adopt either of t hem as t he preferred global minimum. The dipole moments of a set 

of clusters are reported for the first t ime. They are rather small, showing l itt le charge 

separation. Previously calculated polarizabilities per atom are confirmed and the d is­

crepancy between the calculated and observed polarizabilit ies are att ributed to a possible 

systematic error in t he experiment . 

Within t he halogen series of d imeric and t rimeric complexes of t he type [X-M-PH3J ,  

i t  is found t hat DFT can reproduce metallophilic interact ions in the present systems, 

and t hat t he counterpoise corrected interaction energies reveal that t he metallophilicity 

apparently decreases down group 1 1  for both dimers and trimers. This is in accord with 

t he previously predicted trend for the d imers of t hese systems. 
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Appendix 

1 0 . 1  B asis Sets 

Table 10 . 1 :  Basis set used for cesium 

Exponent Coefficient Exponent Coefficient 
p 

1 32.350219 -0. 000589 1 .929 1 93 5 1 . 000000 

67.030350-1 0.0025 1 3  P 

33.4646400 -0.006236 0.81 186955 1 . 000000 

7.45885 1 1 2 -0.031 642 P 

S 0.3469 1 639 1 . 000000 

3.001 49096 1 . 000000 P 

S 0. 1338 4 1 8 2  1 . 000000 

1 .4 6 1 08301 1 . 000000 P 

S 0.05 1 6367 1 . 000000 

0.40220942 1 . 000000 P 

S 0.01992 1 7  1 . 000000 

0. 1 7558056 1 . 000000 P 

S 0.0076859 1 . 000000 

0. 045835 1 .000000 0 

0.9 1 6 1 8 1 1 0 1 . 000000 

0.020009 1 8  1 .000000 0 

S 0.34691639 1 . 000000 

0. 008735 1 . 000000 F 
P 0. 9 1 6 1 8 1  1 . 000000 

38. 6 1 67425 0.000326 

1 8 . 5 1 50602 -0.00 1 34 1  

9. 1 3909091 0.00 1 8 1 4  

4. 12932541 0.043747 
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Table 1 0 . 2 :  Basis set used for t in  (Basis A)  

Exponent Coefficient Exponent Coefficient 

S p 
1 586.593652 0. 000303 0 . 8 1 79 6 1 .000000 

234. 779089 0.001 436 P 
25.8439-13 -0. 064023 0 . 3849 1 2  1 . 000000 

1 .959 1 30 0. 2 1 0 1 08 P 
7.98 1 470 -0. 385796 0. 17801 9 1 .000000 

5. 1 7 1 40 1  -0.372267 P 

2.30874.� 0. 556666 0.08052 1 1 . 000000 

S P 
1 .252033 1 . 000000 0 . 035547 1 . 000000 

S P 
1 586. 593652 -0.000120 0. O l 5  1 . 000000 

23�. 779089 -0. 000565 P 
25. 843943 0.02282"1 0.0075 1000000 

1 8.959130 -0.078 1 95 0 
7.981 470 0. 1 72563 53.061 1 9 1  0.00 1 798 

5. 1 7 l 401 0. 1 1 560" 1 10.022209 -0.0363-10 

2. 308745 -0.25576 1 7 . 423631 0.059630 

S 3 . 398 1 05 0 243636 

1 .252033 1 . 000000 1 . 777932 0.375303 

0 
0.657 1 26 1 . 000000 0 .905763 1 . 000000 

S 0 
0.271380 1 . 000000 0 . 439545 1 . 000000 

S 0 
0. 1 232 1 0  1 . 000000 0 . 1 9 1 423 1 .000000 

S 0 
0.054495 1 . 000000 0.06 1 . 000000 

S 0 
0.02 1 . 000000 0.02 1 . 000000 

S 0 
0.01 l . 000000 0.01 1 . 000000 

P F 

19 .0718 1 1  0. 000253 3.  82 1 .000000 

22. 1 40282 0. 006348 F 

1 6 . 289 1 58 0.06 1 749 1 . 1 9 1  1 . 000000 

1 2 . 066043 -0. 1 2678 F 

7. 008325 -0. 1 42358 0.4 1 . 000000 

2 . 9-1 1000 0 . 354530 F 

l . 582025 0 . 5 1 6249 0. 1 5  1 . 000000 

P F 

0.8 1 7986 1 . 000000 0.075 1 . 000000 

P G 
198.07 18 1 1 -0.000074 2 . 9 1 5  1 . 000000 

22. 1 40282 -0.001 360 G 
1 6 . 289 1 58 -0. 0 1 9290 1 . 0  1 . 000000 

1 2 .066043 0.04044 1 G 
7.008325 0.033729 0.3 l . 000000 

2 .9 4 1 000 -0. 1 1 3874 G 
1 . 582025 -0. 1 6JJ07 0. 1 5  1 . 000000 
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Table 10 .3 :  Basis et used for t in (Bas is 13) 

Exponent Coefficient Exponent Coefficient 
S 

1 586. 593652 0. 000303 P 
234 . 7 79089 0.001 436 0. 3849 1 2  1 . 000000 

25. 843943 -0.064023 P 
18. 959130 0. 2 1 0 1 0  0. 1 780 1 9  l . 000000 

7.981 470 -0.385796 P 
5. 1 7 1 40 1  -0. 3722G7 0.080521 l . 000000 

2.30 745 0. 556666 P 
1 . 252033 .6725 6 0.0355 .. 7 l . 000000 

S 0 
1 586.593652 -0 000 1 20 53.06 1 1 9 1  0 . 00 1 798 

234.779089 -0. 000565 1 0. 022209 -0. 036340 

25. 84394::5 0. 022824 7.423631 0. 059630 

18.959 1 30 -0.078 1 95 3.398 1 05 0. 243636 

7.981 470 0. 1 72563 1 . 777932 0. 375303 

5. 1 7 1 40 1  0. 1 1 5604 0.905763 . 3366:32 

2. 308745 -0.255761 D 
l . 2 52033 - . 409739 0. 439545 1 . 000000 

S 0 
0.657 1 26 1 .000000 0. 1 9 1 423 1 . 000000 

S 0 

0.27 1 380 1 . 000000 0.06 1 . 000000 

S 
0. 1 232 1 9  l . 000000 

S 

0.054495 1 . 000000 

P 
1 98.07 1 8 1 1 0. 000253 

22. 1 40282 0. 006348 

1 6.289 1 58 0.061 749 

1 :1 .06604::5 -0. 1 26788 

7.008325 -0. 1 42358 

2.94 1 000 0.354530 

l . 582025 0 . 5 1 6249 

P 

1 98.07 1 8 1 1  -0.000074 

22. 1 40282 -0.00 1360 

16.289 1 58 -0. 0 1 9290 

1 2 .066043 0. 04044 1 

7.008325 0.033729 

2.94 1000 -0. 1 1 3874 

1 . 582025 -0. 1 63307 

P 

O. 1 7986 1 . 000000 
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Table 1 0.4 :  Basis set used for t in (Basis C )  

Exponent Coefficient Exponent Coefficient 

S 

7 9679550E+07 1 .00000 1 .0643468E+02 1 . 00000 

2. 1 1 1 1 952E+07 1 .00000 5 .8879326E+01 1 .00000 

7. 1 669636E+06 1 .00000 3.2761 2 1 5E+01 100000 

2 .692257I E+06 1 .00000 1 .808702 1 E+Ol 1 .00000 

1 .093926 1 E+06 1 .00000 1 0090743E+Ol 100000 

4 .6648190E+05 1 .00000 5.63 1 1 244E+00 1 . 00000 

2 .07 1 1 902E+05 1 . 00000 3.0577847E+00 1 . 00000 

9.4950649E+ 0'1 1 . 00000 1 .6085284 E+OO 1 .00000 

4 .4827047E+04 1 .00000 8 .2204937E-O l  1 .00000 

2 . l i3991 1 E+04 1 00000 3. 796232 I E-0 1 1 . 00000 

1 . 0808631E+04 1 . 00000 1 .7493628E-01  1 . 00000 

5 .4996837E+03 1.00000 7. 7726430E-02 1 00000 
2 .8620699E+03 1 . 00000 3.3744350E-02 100000 

1 . 5236558E+03 1 . 00000 0 
8.3025497E+02 1 .00000 1 .8 1 464431<;+04 1 .00000 

4 6332252E+02 1 .00000 4 . 6 1 33 1 70E+03 1 .00000 
2 . 6 5 1 1834E+02 1 .00000 1 .631 3708E+03 1 .00000 

1 .5730929E+02 1 . 00000 6 .823 1 586E+02 1 .00000 

1 0446732E+02 1 .00000 3 1 7 1 6834E+02 1 .00000 

7 . 1 329590E+Ol 1 .00000 1 .  584 1 390E+02 1 .00000 

4.4 743352E+Ol 1 .00000 8.2994569E+Ol 1 . 00000 

2. 7007722E+01 1 . 00000 4 .507 1562E+Ol  1 .00000 

1 .  5893325E+0 1 1 00000 2 .5018308E+01 1 .00000 

9 773 1 771 E+OO 1 . 00000 1 .4047922E+Ol 1 . 00000 

6 .0 1 99525E+00 1 .00000 7.9655373E+00 1 .00000 

3 . 7 1 10616E+00 1 . 00000 4 .4905065E+00 1 .00000 

2. 2706859E+00 1 .00000 24753573E+00 1 .00000 

1 .3424342E+00 1 . 00000 1 .3400768E+00 1 .00000 

7 . 5 165204E-Ol 1 . 00000 7.2 1 4229 1 E-Ol 1 .00000 

3.5062253E-O l 1 .00000 3.9545442E-01 1 . 00000 

1 .  8509389 E-O l 1 . 00000 2 . 1 573367E-Ol 1 .00000 

9.21 1 9430 E-02 1 .00000 8.83341 65E-02 1 . 00000 

4 .4348908 E-02 1 .00000 F 

P 3.88 1 .00000 

4 . 3524067E+07 1 .00000 1 .2 1 .00000 

9.9362626E+06 1 . 00000 0.4 1 . 00000 

2. 6682617E+06 1 .00000 0. 1 5  1 .00000 

8 .003641 7 E+05 1 .00000 0.075 1 . 00000 

2. 6250825E +05 1 .00000 

9 . 36979138+04 1 .00000 

3 58 1 5467E+04 1 . 00000 

1 .4582743E+04 1 .00000 

6 32551 99E+03 1 .00000 

2 .9056573E+03 1 .00000 

1 . 4022722E+03 1 .00000 

7.051 4880E+02 1 .00000 

3.6656695E+02 1 .00000 

1 .9557480E+02 1 .00000 
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Table 10 .5 :  Basis set used for gold clusters 

Exponent Coefficient Exponent Coefficient Exponent Coefficient 

S p F 
55.6847 1 4  -0.006 1 93 0. 080759 -0.000667 0 . 1 5  1 . 000000 

3- .989900 0.06 959 0.038444 0. 000807 G 
24.6376 1 1  -0. 280695 0.0 1 9695 -0. 000392 0.4 1 . 000000 

1 6 .991 456 0.423086 P 
5. 352684 -0.8 1 8719 33.546791 -0.0004 1 7  

1 . 663852 0.4694 1 1  22. 937499 0. 005072 

1 . 1 386 1 7  0.547926 1 5 . 739235 -0.01 5245 

0. 778700 0. 1 60312 6 . 06287 0.062672 

0.532 1 66 0 . 2 1 2556 1 . 780 63 -0. 1 29327 

0. 1 62487 0.009912 0.922 56 -0. 1 37 1 72 

0. 073074 -0.000969 0.456760 -0.003424 

S 0. 1 87 1 1 2  0. 1 87462 

55.684 7 1 4  0.001 446 0. 080759 0. 320966 

35. 989900 -0.020 1 36 0.038444 0. 384369 

24.6376 1 1  0.09 1 083 0 . 0 1 9695 0.234423 

1 6.99 1 456 -0. 1 45680 P 
5 . 352684 0.32 1 1 45 0. 038444 1 . 000000 

1 . 663852 -0. 3 1 1 729 P 
1 . 1 386 1 7  -0. 1 05361 0 . 0 1 9695 1 . 000000 

0. 778700 -0. 403305 P 

0.532 1 6 6  0.056261 0 . 0 1 0294 1 . 000000 

0 . 1 62487 0.524 192 D 
0 . 073074 0 . 527275 1 23 . 28225 0 0. 000028 

S 1 4 . 529266 0.001 999 

0 . 1 62487 1 . 000000 9.946680 0. 0 1 7 1 69 

S 6.859780 -0.07 1 160 

0 . 073074 1 . 000000 1 . 8 1 8774 0. 295063 

S 0. 822603 0.455 1 70 

0.03289 1 1 . 000000 0 . 34 1 1 05 0. 352694 

p 0 . 1 2679il 0. 1 1 6879 

33. 54679 1 0.004887 0.05 0.00 1 794 

22.937499 -0. 034 1 27 D 
1 5 . 739235 0.08258 1 0. 1 26798 1 . 000000 

6 . 062878 -0.2 8747 D 
1 . 780863 0.488 1 40 0 . 05 1 . 000000 

0 . 922856 0 . 493544 F 
0 . 456760 0. 1 86631 0.5 1 . 000000 

0. 1871 1 2  0 . 0 1 7579 
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Table 10.6 :  Basis set used for copper nonamers 

Exponent Coefficient Exponent Coefficient 

S 0 
27.5309 1 -0. 1 0565 0.74071 1 . 00000 

14 .59263 0.292 1 7  0 
6 . 1 5443 0.62754 0 .21651  1 .00000 

S 0 
4. 9927 1 .00000 0.05492 1 .00000 

S 0 
2.3635 1 1 .00000 0 .01 500 1 . 00000 

S F' 
1 . 1 3720 1 . 00000 1 1 .60973 o 1 1 427 

S 4.67063 0 .33370 

0. 50889 1 .00000 F' 
S 1 .85482 1 . 00000 

0.26090 1 . 00000 F' 
S 0.58635 1 . 00000 

0. 12573 1 .00000 G 
S 23. 2 1 669 0. 1 30 1 4  

0 06667 1 .00000 7.84863 0 1 9765 

S 2 . 78019 0 08969 

0.02409 1 . 00000 G 
S 1 .00078 1 .00000 

001 1 . 00000 

S 
0.005 1 . 00000 

P 

79. 1 4552 0 .00247 

1 7. 22254 -0. 07389 

7.693 1 9  0 .02583 

P 
4.00736 1 . 00000 

P 

1 .86406 1 . 00000 

P 

0.85030 1 . 00000 

P 
0.36 1 83 l . 00000 

P 

0 . 1 2873 1 .00000 

P 
0.04036 l .00000 

P 

0.02 l .00000 

p 
0.008 l .00000 

0 
50. 1 8287 0 .02203 

15.66677 0 . 10969 

5 .69954 0 .25889 

0 
2 . 1 31 98 l .00000 
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