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ABSTRACT

The Subatomic Physics Department of iThemba Laboratory for Accelerated Based Sciences
(iThemba LABS) condust experiments thatequirea variety of particle beams in order to
study nuclear properties (reaction, structure, etc.) of various nuclides. These particle beams
are accelerated using tKe200 Separated Sector Cyclotron (SS€id deliveredo different

physics experimentalaults. Prior to acceleration, the particle beam is first ionised wsing
Electron Resonance lon Source (ECRIS). The rgaial of this study is the production of
exotic metallic beams &fNi®* and®?Ni®*using ECRIS4, whiclre required for th€oulomb
excitation experimentapproved by the Programme Advisory Committee (PAC) at iThemba
LABS.

In order to prouwle the metallic beams of nickel, development study of organometallic
materials containing®Ni and ®°Ni isotopes in a form of metallene complexes was
undertaken. Theickelocene (NiCp complex a member of the organometallic family, was
synthesised at the Physics Target Laboratory of iThemba LiaB&he first time Method
development involved the use of natural nickel during the rai@fi synthesis before the use
of enriched nickeb0 €°Ni) and nickel62 (2Ni).

Nine samples of NiCGpwere synthesisedtwo were isotopically enriched nickelocene
(°°NiCp. and®?NiCpy). The rcentage yielslof the synthesised nickelocene samples ranged
between 16 to 50 %, andmples were characteriseg investigaing their crystal structure
and bonding arrangemerih the complexedy X-ray diffraction (XRD), Fourier Transform

Infrared (FFIR) spectroscopy, anéroton Nuclear Magnetic Resonandd NMR).

The synthesised nickelocene were further usitd ECRIS4 for the production of Ni beams
on the Qline of the cyclotronThe Metal lons from Volatile @mpounds (MIVOC}echnique
was used for the conversion of®Ni and ®°Ni to ion species. The maitdl used the

organometallic compounds which are volatile at specific pressi@sbient temperatures.



Metallic ion beams of nickel were successfully produced adterarefully presample
conditioning in the MIVOC container before connecting the MIVOGugetto the new
injection system of the ECRIS4. Measured beam intensities during the experimbathor

®ONi* and®2Ni* were approximately 30 pA, optimufar physics measurements.

The development of the MIVOC technique opens up new Heaget combinationwith the
use ofnewexotic stable beams for new science cases at iThemba LABS. Reattioverse
kinematics, multstep Coulomkexcitation and other types of reactiongill immensely

benefitfrom thesedevelopments.
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Chapter 1  Introduction

This chapterpresers the motivation and overview dieam requiremestfor the nuclear

physics experimentat the iThemba Laboratory for Acceleat Based SciencedThemba

LABS). It highlights how these beams are produced in the electron cyclotron resonance ion
sourcea (ECRIS) before being accelerated by tBee par at ed Se$®3QoSomeCycl ot
scientific motivations to increase the scope of available béamsuclear physics research

are also mentioned in this chapter.

1.1 Motivation

i Thembai L AB8meki plioayyspabpioalhit shacselde rsacticernc
and applications. The accelerator and ancil|l
nucl ear and accelerator physics,roadadcbboonl ag
radi ot heSSa@coc e lTéhreat or at i Themba -AdIABSI plsi ntahre
facility. The emphasis is on providing scie
the acceleration of charged ppmproplreat @asi g

Amongst the various research departments a

Department focus primarily on research stud
nucl ear structures. For atheis®Bhemlcd elahAB $H,hytsh e
particles impinge in the stable target nucl

reaction such as,

O ow © (1.1)

where X is the st2aBbléPtt,aregecpr)asseheusheéepgrt
intereldpHel®r® ) bt he reaction paragmle amrdo dfu ct
gener alnisyt adn e nuc |8 BHe®%rr,0 dautca . )(dei.tigino n sh,e skeo tch
particlaendbetaam get mat eri al s ar e t he cruci al

experiments of interest.



Nuclear physics research uses a | arge varie:
heavy el ements) te explnource ei med-dpoo@ir tRice le ¢

reactions. These particle beams are acceler
source. To produce ions, at apnmsasoma neohlaencbuelre swl
they are i1ionised by electron impact. The i n:
source can be done in various ways dependi n

mat erials with hi ghenvpaeproautru rper ecsadnu rr l@entailtory t tr doednu

i on svoamrcegul ation valve. For materials with
as mosditsolsiamuch more compl.icoeD ed tbegehepoat
bi ndi nge odnltesthesuf fi ci ent vapour pressure 1is

temper atOnreespo g i balveoi wlayi Biussepr okcleenmo 6 nd s
whitchhe st raotnogm ibnitnedri ng i s replaced by cyclop
hi ghapour pressure compared to solids which
source at r o dlowevéer,eavgnesrasgailable #om natural materials consist
commonly of several isotope and some isotopes might have a low abundance. For,example
nickel has 5 stable isotopes from 1 % i to 68 % for>®Ni. Injecting ocene produced

form natural nickel will therefore allow for the extraction of inteA®¢i-ion beam, but not

for intense beams for the other 4 isotopes. For the productimm dieams of isotopes with

low abundance it is therefore essential to be able to produce ocenes from isotopic enriched

materials.
This thesis describes the path ¢t owmarbcesamshaeavi
hi gh i sotaonpdiecogpp wrpi tnyew beam capabilities fo

i ThembaThk8$5d of beams wemowmeuced before at I T

Next prtosweecqtui ring this type of besams are pre



1) Search for the lossparadigm of surface vibrations (spokesperson: Prof. Nico Org
(uwae))

Abstract: Collective rotations in axiallgymmetric weldeformed nuclei are comprehensive
described by the collective model of Bohr and Mottelson. The phenomenological descrip,
collective vibrations remains, however, uncertain. Detailed gaspeatroscopy work by
Garrett, Wood and collaborators in the Cd isotopes seems to demand a change to-ti
standing picture of lovenergy surface vibrations introduced by Bohr and Mottels
Previously, the sequence of 0+, 2+ and 0+, 2+, 4+ states commonly observed in
spherical nuclei were described as mphibnon excitations. Some of the Cd isotopes h
been the paradigm of quadrupole vibrations for over 50 years. Nevertlibe$s? strengths
determined for the Cd isotopes could better be arranged as part of differentotptasnal
bands. Undeniably, such a myfthonon sequence is broadly observed along the nuclear
and the origin for such a pattern might still havevilrational origin. The breakdown @

vibrational motion in the Cd isotopes opens up new fundamental questions:

"Are there any surface vibrations in nt
Here we propose a search for the | oss g
determining diagonal and transitional mé

NoteThe experi ment was approved again Vv

2 Mo d-e hdepemedaesnur e inéseh apfe®Ru( spokesper sons:
(i Themba LABS) and Prof. Ni co Orce (UWC

Abst rSactomrgd & hnsryanhme tmruyc ¢ &hie dentbitfhoebd er v &t
padfdegencarati meldewe vee etmsian u ctl heeh i sryanhmae tard yw g
wealblry kTemi. € adosi v erigtemere p eorftthced $§ raarl t an emask, ie t
di f ftiocrua mb i g udoeunsthpgd § spirbd seefh bseysmmeA may .t e rwaay
t @ r otvlem hreu c Ipeousss € hd g mmmeitsr hotwhap afrrtdrhseu i t
nuclceoonnf i guwiatrho & mrde u tarnggruoanre pt @ d o mia h a at ley
t hseh aarnido m g c laexetshseh aoptehneu c li esursi al xbi haala.6 Breot a't
angumoamenfalmgnedomian aonntlyien t e r meudci | asxagasn, d t 1

di mensgihognead me & onge d .

This new expermondemtde pemedsad e tmiesehtacptPRB uy s |
Coul embi r ®@faictbonecanstuntee anmat elb@ameahi &srheh un aé d
det ertrhgem @ d r m@ méawttd hter i a ift hhei € sehaarp’R Ui & hceo o €
onet hbeeshi antdi d®the s,




At the time these prop,ddsel sbewmer @ rordiugitn alnl y
beams I ThembakiLmMiBuSeldi n p & haecicceullearra th eoanmso fo fp u
602 d%uwwas not ( Tehaemtadhb2009). However, thes
produceduicheat heesearch facilities such as
GANIRrdnce) viaMehael MI ¥Y¥OE fr omm&o Hdteihlee rCesmpe
et. al2007,; Kal va,s wWhiKoh vwisltlo, b 0dx @Bl aGineen i n
that the required beamst woearaieg inneaM |aytb aitsTshuenmebda
t heosreganomet allocb&osnpounned aeff the shelf. |
abundant o MNgamomeettRarlalradcsc ovnduct e dn.v eRBe siuglattsi oant
Thomae (2016/ 79 urséhlolmedalblthmdanta el ement s cou
beacmur r enthensuécolre ar ex@maewayméotr ssar As enriched
rut henoclherec efenmet ihder ed thestmeadbltepomptt i dbar

tiral s of t he Rius betatma phreoddAuicti itome appendi x

|l nst hiesear cmotsitvead|lonbbeon ni ckel beam pr oduc
oft he devel opment of beams via the MI VOC met |
study -phfo ntomo exci teavtdlPaifs iismot epessttelpr oCogul otm
excitaeior0@0O®)c Th?%NiEs tpurdoyj eicntviollevse sbombar ded
0fP?%Bb nuwlcldeeit.ai |l ed pr optosm | Geoxf¢ otinmbetsieo nt wime a s u r
available in the book of proposals for 201
Thdroa e, t hi si mvweaolavee cstynwhkebki s of organomet al
60ONP which are caBlad enii akslmaéme def or m of a
sandwi ched dydIlwepeanttamd ieclyl amre ngesown as met
carefully sgyyamahlesd snngke¢lhedd mgal n,e aahipellb & mba ( s €
LABS target |l aboratory, t he material s wi ||
met hods of chemipaemriyme nktisnawil ly], bef Eob@ducoed
Cyclotron Resonatnac emdsna nB& uirnctee ngshida d uecsed anc
det ermense ihwehkinbegdh to probdbeaee thereegsif

above mentioned experiments.



Ni1

Figure 1.1: The sandwich molecular structure of the nickelocene molecule (Pugmire, 2001;
Crabtree, 2005; Kubiak, 2006)

1.2 General background of organometallic compounds

Organometallic compounds are known as molecatanpounds that form chemical bonds
between carbon and the metal. These bonds are formed between the metal from alkaline,
alkaline earth metals, and mostly with the transition metals gemgpwith some of the
metalloids.Crabtree (2005) further describegganometallic chemistry as the field between

organic and inorganic chemistry that produces raigdnic compounds whereby the metal

organic part of t he compound i's only bound
[Ti(OMe)4] (Crabtree, 2005)Nu mer oubBodmse f or the preparatio
compounldissiteerde he | iterature and can whiaohy b,

are par aphrlosned bke |Giw neatn,,6a R1090514;; QriAdorktdr elee s @ C
met hods were Bbuondaganiy syetdhesis and have

academic |l aboratories and industries.

1 "The first category is the reaction between an organic halide or pseudo halide and a
metal such as the classical oxidative metalation or the halowal exchangé.

1 "The second category concerns the exchange reactions between acidic hydrogen and
basic organometallicderivatives, namely the metalation reactlons

1 "The third category concerns all the transtalation reactioris



1 "The fourth category iselated to the hydroand carbemetalation reactions across
unsaturated systems. This categofgynthesis is powerful in a way that the stereo
diastere and even enantioselectivity of the reaction have to be conttolled

A new coalcskg@dcriisbed for the preparation of

mechani s msftrhoamh tdhdsfermenti oned above. This r
derivatives i s based on the complexation (o0
with-vé&low transition met al s (zirconoakene an
el i minati on rscaacrtbioonn nteot ag tavbeo n&l® Q 1L;i aMah a med .

2011). Early transition metal complexes show
their wutility either as a carbanion source
behaviour, it i semoéer blseynt betuitci | t zanstfhor n

characteristic features of both types of re:
2006; etaillardoo0l) .

1.3 New Physics with new beams

Tk main goal tohfe tdheivse | otpumeynti 0f new and exot

phygsiessarch at i ThembghlyABS.s EBXpdcati ene nnisc lad
have generally been carried out with enriche
of i nCwerreesnt. | vy, i Bhembhani t ABSsbkhectian o0f st

accelerateewt@anddexess i ng nuclear physics c;
open up new areasfoof prasngdrecplr exn dodn umd eeaur e |
li f etiinmeisnver s&nd&imealagldamcsshlapeembar di ng t he 1
onto a heavy®®tarqetpasudlit udmjrynanteiwo rb ewaimtsh i thh e
( GAMmay spectrometer for IKinghkwbtetHP&EGEbaw Af r i C e
highfi diadd e ty eiateccrelsutnldyed by t he Nati onal Rese
through the StratégiPoc oBoaimmdichaeret Rpsaeair cl e d

wi || form a phenomenal csohmobw nn aitni ofi gfworre nle.w?2 ||
angul ar coverage of the new GAMKA array, t
efficiency makes it an ideal spectroscopic

inverse kinematics.



Figure 1.2: A possible configuration of the GAMKA array recently funded by the NRF
comprising 17 clovers and 13 Laftetectors for highresolution and high efficiency gamma

detection, respectively.

1.3.1 Nuclear Lifetimes

Nucl ear i feti mes are <cruci al to under st an
Transition probabilities eplruosviiwdéee arel feovrame as
tests of mo d e rwh emr wecalse adre craoyd erl ast eosn coaf n - npurcad veia
astrophysics explosayebpheEth® menanoboeag) Xs w
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Simitarthe change in the sound frequency for
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higher the dtaatgiest itdhe amdgutl me coverage the I
t he | mpotrhtea nnceew aGAMKA with up to 18 HPGe <cl o
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of ' ight . This feature allows a more accur
power s, or how the nucleus sl ows dofwaastienr t h

beam velocities.

A modified version of the Doupcpleearr elfiffeectti nceasr
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[P mit depends on the velocity of the recoil

The accuracy of the measurements depends on

the recoiling nucl eus stlaorwgsetd onvant etrri av e | |HIneg
powers are very well known for high recoild]
arises from electronic interactions. At |l ow
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Figure 1.3: An accurate fit to the nuclear lifetime depends on statistics and the number of
data points, i.e., detectors at different angles. The energy of terotteng gammaay shifts
depending on t he gammatay detectiom (Orcaeta.]2008)( d) f or
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1.3.2 Nova nucleosynthesis

Classical novae are explosive evéantas ¢t hat otn
shown in, Fiogquurtehel . sdurface of the white dwarf
ruwmay . It I s dluirviendy amud he xsphloorsti ve events th

el ements are formedNaTheaedipomuwalcidenc ad bedet
hydrodynamic simulations from such -lefenod (

2Na makes it ideal to identayyspaoacssibékenow
detection of a 1275 kéWWa. inmewdwerm tshwech ea as ic
be obser veetd ,a(lSe9WOt0NH e 't hdAsu rét@aeal 27kM4 )i otnteat (
peak temperatures, the dominafha cnoewlhda na rsims ef

certain proton cc8lptumatr eompaneeswidam a bet ¢
cycl e. Presently therasaxicst stthaeestieg $ rhie sogfrmaarc o/ e
could be resolved by |ifet?ihg MKiasse.leof@na 20D
devel opment of a new scattering chamber at i
these |ifetimesweéwnen,heswmermra fmd ag tdflge rieona m,wo u
in order to produce t hre wttradme sr eorho vianlt erreeasd t
anot her new beam t hat c’thy bhetml ddeceeed witah |

met hod.

Figure1l4:An artistdéds i mpression of a nova expl os



1.3.3 Nuclear shapes

A remarkable feature of atomic nucl ei i's the
in excitation enerfgiynaciomgp ae eer dg\A ntcheesyrdal gpu rad
2000) . Nucl ear shapes are important to unde
coexistence or collective nuclear-emottatni ol
reactions at emer oewd owmd| babeliew. The spectr
or the nucl ear charge distribution in the I
momenta J # 0, 1/ 2 can be determined using
tiohe permdygretr fine splitting oeft,h tahRed OnOu)c.l ear | e

B, cos(y+30)

Figure 15: A sketch illustrating the ability of atomic nuclei adopting different shapes for a

small cost in energy compared to their total binding energy (Andreyay, 2000).

The population of -sdiaftfeesr etnhtr-do mgd n e ehiret i tesillrdec t r
gradient of the target changes with the spec

inhibiting the asymmetry oexctihgatamauys ar THi s
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change in the angular distribution provides

spectroscopic quadrupole moment . The rele

accel ertaleduse@&ndgfarigiegls ReEnhiamfgcesp @ hte+—oenal t

V &

o

Al so t he usealoeavbye atmesr goerit oenhanct€gygi ndhespape

particularly when heavy ions are involved.

T

i BT est andt heahyst at e wse amairrssorhe amuwsd Ite avre s h

Alternatively, the study of the nucl'®€us of
favoudet ehmi natibobmarmdi trieodnu cprdodb)abv dli te®s, Homn
rel evaheweloofping new beams to accomyeidas e n
research at i Themba LABS.

1.4 Outline of this thesis

For most nuclear physics experiment conducted at iThemba LABs using the separated sector
cyclotron, one of the most important components is the beam of particles. For this thesis, we
explore methods to manufacture nickelocene from natural nickel, theresjftehesis
nickelocene witifNi and ®?Ni isotopes. In chapter 2 that follows, the background of these
class of metals, referred to as metallocenes will be discussed. This will begin with their
history, chemical properties and finish with the discussiothe nickelocene compound. In
chapter 3, beam production at iThemba LABS facility is introduced including the various

possibilities that are available to supply the requested beam to the users.

Nickelocene compoursdsynthesis and charactsation is disassed in chapter 4. lthese
characterisations, the following methods XRD,-IRT and *H NMR were used. This is
followed in chapter 5 by the results of the nickelocene characterisation. Chapter 6 provides
illustrations and first tests for beam productiossg the synthesised nickelocene, and then

thesis summary and conclusions are provided in chapter 7.
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Chapter 2  Metallocenes Background

Although the study focuses on the nickelocene complex which belongs to the family of
organometallic compounds, ita$ interest to discuss other available metallocene materials in
literature. This is important for future research proposals at iThemba LABS, whereby more
enriched particle beams using organometallic materials via the MIVOC method will be
produced. The smgficance of metallocenes through their applications in general is also
highlighted to give full scope of these complexes. The periodic table of elements is attached
on the appendix for the reference of all elements discussed in the metalotegreup

elements, transition metals, lanthanides and actinides elements.

2.1 Organometallic compounds history

The birth of organometallic chemistry star
organoarsenic compound, was accidentally formed in the organic latyo(@hayer, 1966;
Astruc, 2007) . Cadet 6s liquid is explained
heterogeneous fusion of potassium acetate with arsenic trioxide giving various
organometallic compounds along with numerous organic and inorganrotyct®

(Thayer, 1966) More studies were done by various chemists on this compound to find out

what it was composed of until the discovery of Zeise's salt, K Rt&C.H,)], another
organometallic compound. This discovery posed various questions again from chemists
regarding the structure of the compound which was proposed by the founder, Zeise (Hunt,
1984; Crabtree, 2005; Astruc, 2007). Since then, many compounds wemvedé,

organochlorosilanes, metal carbonyl derivatives and binary 1oathbnyl compounds.

The field of organometallic chemistry provided useful ideas to industry, medicinal and
organic chemical synthesis. Organometallics are favourable in industese vdatalysis is
applied because their catalysts are capable of forming one enantiomer of a chiral product. The
field also formed links with biochemistry whereby organometallics are used as biological
catalysts. For example, in the chemistry of materias the deposition of metals
organometallics are used as precursor materials with the metal of interest to be deposited.

Nanoscience also benefited as organometallics are involved in the production of

12



nanoparticles which are used in applications like ed@ats, magnetic and optical devices or

in sensors (Grunest al; 2003; Zhanget al, 2007). Another example is the rodium and
iridium based catalyst of the organometallics which are famously used to convert methanol to
acetic acid without any bgroductsproduced after the reaction. And this brought hope as to
consider organometallic chemistry as a way forward for a possible solution when climate
change becomes severe (Zhaba@l, 2007; Cantrill, 2012).

A proposed structure of benzene by the principal formulator of the theory of chemical
structure, Kekule (1865), brought some insights and theories in the field of organic chemistry
but those could not be proven and ended up being neglected. Some of rihguepions
remained abouthe kind of compoundshat could exist in the cyclic family anthe kind of
reactions these compounds could undergo. For instance, the angle strain theory regarding the
cubic carborbased molecules that were thought to be ursthbtause of the sharp 90°
angle. Surprisingly, the cubic carbon cyclic compounds so called cubanes were discovered
which are much stable and has many application in industry and in pharmaceutical purposes.
In addition to the cubanes, dgpropanone and beyne alsodrm part of the cycliestable
compounds with angles less than 105° (Johnson, 1977; Crabtree, 2005; Astruc 2007).
Another hypothesis which was found to be impossible was the chemical bond between
carbon and transition metals, however this thewag also proven to be incorrect and swept
away after the discovery of Ferrocemestable compound in air and at temperatures above
300 °C (Johnson, 1977; Robertson, 2012; Bacher, 2016). FerroceHe).F€, was the first
metallocene to be discovered and published by Kealy and Pauson (1951), and its chemical
structure was later published in the following year by Wilkinebal. (1952). The compound

was accidentally discovered, the aim of the researcty siiad to synthesise the fulvalene
compound, @Hio (Robert & Caserio, 1977The ferrocene nameame after empirical
calculation of the formula by the IUPAC and was the first transition metal compound
containing carboxylic rings as ligands that are copldoagach other to form a sandwich
structure with a metal. This was one of the grebrebking moments in the organometallic

field as researchers worked tirelessly to synthesise more metallocene compounds and their
derivatives (Salzer, 1999; Takahashi, 20Rdbertson, 2012; Bacher, 2016). Crabtree (2005)
however mentions that several chemists have noted at the beginning of the 1950s a very
stable orange compound powder that is formed when cyclopentadienyl is passed through iron
tubing but these studies nevpublished any information about the compound (Crabtree,

2005). Since then, a variety of bicyclopentadienyl complexes of other transition metals and
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their derivatives were synthesised. To mention a few, materials like nickelocene, cobaltocene,
nickelocefium cation, titanocenedibromide, vanadocene, ruthenocene, chromocene,

magnesocene and manganocene were synthesized (Salzer, 1999; Takahashi, 2004).

Ferrocene has the unusual properties of an organoiron compound, being stable at more than
500°C and abldo be dissolved in and recovered from concentrated sulphuric acid. Kealy and
Pauson (1951) work started a storm of research on transition metals in general an area
between organic and inorganic chemistry, which has flourished ever since and has led to an
improved understanding of important biochemical processes (Robert & Caserio, 1977;
Vassylyev, 2005). More research studies were conducted for compounds containing
hydrogen, carbon and iron which were still believed to be not feasible at that time. For
exampe, Miller et al. (1952) further synthesised ferrocene a year after discovery of ferrocene
via a different approach by reacting reduced iron with cyclopentadienyl in nitrogen. At the
time, it was still believed that direct replacement of hydrogen on cdrparon was not
possible. After this discovery, another door for organometallic compounds was open which
are defined as materials which possess direct, more or less polar bonds between metal and

carbon atomsYamamoto, 20011

Most organometallic compods resemble organic compounds in their physical properties
rather than inorganic compounds that they form reactions with. As a result, organometallic
compounds exist as low melting crystals, liquids or gases because of the distinct molecular
structures thiacan be formed by these compounds. One of the chemical behaviours of these
complexes is that they are soluble in a wide variety of weakly polar solvents (Pugmire, 2001).
As a result, organometallics wittyclic structures are preferred in many applicati@amd

mostly as homogeneous catalysts in processes where all the reacting partners are present in
one phase, usually the liquid phase. Homogeneous enantioselective catalysts that selectively
react to give the desired product are the most studied compaduondise field of
organometallic chemistry, especially the metallocenes, because of their special character in
catalysis reactions. The advantage of using the metallscatalysts especially in polymer
production applications is that they produce homogesgmlymers. This is due to the single
active site in the metal of the metallocerEhe electronic and stereochemical location of the
metal is controlled by the organic ligand shell assult;each metal centre has the same
ligand environment. These conditions are not possible when using other contour part catalysts

(Carnahan & Jacobsen, 2000; Shamirial, 2014). For example, palladium is one of the
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most studied metsalin organometallic cherstry because it is versatile and catatysa
number of organic reactions (Tsuji, 2004; Colacot, 2012; Hickman & Sanford, 2012).
Another application of organometallic compounds is the use of degraded products of
metallocenes to manufacture fibres for highality formation of fibre structures upon
calcination of electrospun fibres, fibore mats or membranes (L&tr@l, 2001; Pugmire,
2001; Rezola, 2002; Takahashi, 2004). Refractory materials like tungsten carbide film for
microelectronics and tribologicapplications can be obtained via organometallic chemical
vapour deposition. Thiss considered as the clean method in the deposition of refractory
materials as deposition via other methods requitegh temperatures which vyield
contaminations (Lai and Lam1995).

2.2 Metallocenes

Metallocens are defined or described in various ways depending on their applications.
Originally metallocens compounds were initiallgonsiderecas sandwich complexes of bis
cyclopentadienyl and the metal. However, with wider usage and developments in the field of
metallocenes, other cyclopentadienyl complexes were identified as half sandwich and
multidecker sandwich (multicyclopentadienyl) conmyde as well as complexes with
additional substitution at the metal centre. In addition, the megtaditix from the name
metallocene is restrictive again when one considers more development of complexes
involving norrmetallic elements such as boron, sificor arsenic (Jutzi & Burford, 1998).
Therefore in consideration of this, metallocer@man be referred to as any compounds
containing a met al -cloud afta cyclgpentadienytl €p) ort somilat h e
substitient (Macdonald, nd). This comes aftemsideringthat some of the fblock elements

that form or could form complexes with cyclopentadienyl are not metals.

2.2.1 The structural bonding of metallocenes derivatives

Cyclopentadienyl ligands are bound in various ways, and this coordination is referred to as
hapticity, d (Cotton, 1968) . | n af theypi cal
cyclopentadi eny!l 5(c@opdination as experiented.h Ahistisothesind

occurring and uniform binding of the central metal atom of all 5 carbon atoms at the same

metatcarbon distances, see Figure I'here areother structural elements with coordination
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of monohapto, dihapto, trihapto and tetrahaptat do exist but arenuch less common. In
addition, metallocene sandwich structures typically exist the form of various oxidation

states with the number of valenekectrons (NVE) between 14 and 20. Complexes with 18
NVE are said to be stable as compared to the oned\NMEhof less or above 18. This rule is
typically applied to predict the stability of the organometallic compound. It is stated by Royo
and Ryan (1998)and Astruc (2007) that organometallic molecules or complexes are
particularly stable when the valenceatens of the metal plus the bonding electrons which

are contributed by the ligandre in a total of 18. The high stability of ferrocene,
cobaltocenium and rhodecenium cations is due to thelei®ron rule. All three molecules

are commonly isoelectroniand have 18 valence electrons except for a low spin rhenium
anion that has 17 valence electrons. The reactivity of rhodocene and cobaltocene can be also
explained as both complexes have 19 valence electrons; as a result they are easily oxidised.
Although the 18 electron rule is useful in predicting the stability of the organometallic
complexes, however it is not universal when it comes to explain the bonding and structure in

organometallic complexes (Astruc, 2007). This will further be discussed in s&c3ion

2.2.2 Stability of metallocenes derivatives

The chemistry of metallocegebis (cyclopentadienyl) metal derivatives has been developed

for most delements (Royo & Ryari,998). The stability of metallocesdiffers and depends

on the metal and its oxidation state, for instance ferrocene, ruthenocene and osmocene are
particularly stable because in each compound, the metal involved achieves the electronic
configuration of an inert gas. In addition, some metalhe ionic compounds angorestable

than their metallocerseFor instance, the cobaltocenium ion is resistant to oxidation in a way

that it can be recovered from boiling aqua regia (mixture of hydrochloric acid and nitric acid).

In cobaltocenium ions, thmetal has the 18 outer shell electrons, the characteristic similar to

that of a noble gas krypton electron configuration. Many other unsaturated organic
compounds as wel | can form °~ complexes with
that in somavays is comparable to ferrocene is the complex of two benzene molecules with
chromium metal, called dibenzenechromium as shown in Figure 2.1 (Royo & Ryan, 1998).
The bonding structure of the compound raised
0 bonding. It is reported that the bonding involves zeral ent chr omi um and t

of the two benzenengs;this was reported by Royo and Ryan (1998). Nevertheless, Rayon
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& Frenking (2003) did a further study on dibenzenechromium bonding and founh at t he
bonds contribute more significantly in dibenzenechromium than in ferrocene. Thus it was
concluded that d i b-leondede motecule (Rayan & rfrenking, 2@03).0
Because of the compound stability it was explained that, in dibenzen@ahmp the
electronic configuration of chromium atom is similar to that of krypton (Seyferth, 2002).
Although dibenzenechromium is thermally quite stable, however, the stability decreases at
285 e C and breals @owrtdoogg Hderzene and chromium. Furthermore, it is said

that the compound appears to lack the aromatic character of either benzene or ferrocene as
judged by the fact that it is destroyed by reagents used for electrophilic substitution reactions
(Rayon & Freaking, 2003).

Cr

D

Figure 2.1: The structure of dibenzenechromium with the bonding that involves/alemt

chromium and ° el ectrons of the two benzene

Several transition metabmplexes of cyclobutadienyl have been reported to be prepared and

are thought to be extraordinary because of the parent hydrosdhadmare prepared from are

not stable in general. Cyclobutadienly is known for oligomerisation, which shows how
instable the compound is. Reactions that logically should lead to cyclobutadienyl give
dimeric products instead. Furthermoremetallocene derivatives are known of other
conjugated cyclic polyenes. Examples are bis (cyclooctatetraene) uranium, uranocene, and
bis(pent al enyl ni ckel ). Russi an c¢ henosuasreactivié® | 6 pi n
and reactions could be formed by some of the metallocenes. For instaacecene

undergoes a reaction that forms a compexmpoundthat can be easily reduced to form

ammonia during thabsorption of dinitrogen, () , (Vol 6pi n, 1972, Royo
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2.2.3 Metallocenes of the s and the+plock elements

The size of the atom plays a significant role in the bonding of metallocene complexes formed
within the groupme t al | ocenes. Met all ocene compl exes

bonds reactions with a few exception compounds thatthave n d s . The °~ bonds

weak which is the reason of having instable metallocene compounds in most of the cases.
Starting wih the alkali metal metallocenes of group 1 and 2 are considered as vital
compounds as they are used during the synthesis of other metallocenes of any element from
the periodic tableThese ionic compounds presesitnple molecular formulae but their
chemicé structures are interesting (Willianas$ al., 1990; Jutzi & Burford, 1998; Macdonald,

n.d). Different structures within the group are contributed by the charge distribution of the
anion of each element as a result the alkali metal compounds are beerglieg¢hr super
sandwich or zigzag structures (Figure 2.2). This variation in structure is mostly contributed

by the mass of the atom and the media where these compounds are at. For example, in
solution, the alkali metal cyclopentadienyl compounds captaal@ariety of structural forms

that can be reflected as pieces of the super sandwich structure. Similarly to the alkaline
metalloceng, the alkaline earth metallocenes are useful reagents for the synthesis of other
metallocenes. In addition structuratoperties of some of the group 2 metallocene

compounds are quite different to those of same the group metallocenes.

The heavier analogues are highly ionic and contain large cations, thus they can also form
polymeric structures similar to those found foe heavier group 1 metallocenes (Jutzi &
Burford, 1998; Bachmanmet al, 2016; Macdonald, n.d). For instance, Ca and Ba form
polymeric structures of metallocenes. In general, in main group metallocenes, metallocenes
i nteract s icentralkondirty oreperiphkrally bonding. If those conditions cannot

be met, then slggandwich structures are formed. Beryllocene and boronocene cation
structure are the examples of metallocenes compounds that do not have such bond. As a
result, their structuresand out from other metallocemstructures. However, beryllocene
caught attention to many, and findings related to this behaviour are explained by Beattie and
Nugent, (1992). The structure was studied by various ways ushays<and computational

methods The reasons came up from those investigations were the small size oftienBe
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which contributes to the offset of the bonding angleother reason that caused a slip of the
rings of the compound is a shallow potential energy surface found in bengdipas a result

the steric requirements of the Cp ligands changes and give rise to the observed geometrics
shown in Figure 2.3 (Chiu & Schéafer, 1977; Nugenhal., 1984; Jemmis & Reddy, 1990;

Margl & Schwarz, 1994; Jutzi & Burford, 1998; Bacher, 2016;iBaanret al, 2016).

M M M M M

M =Li, Na

LN X

M=K, Rb, Cs

:Cp

Figure 2.2: Alkali metal cyclopentadienyl compound sandwich illustrating linear structure
for lighter metals of Li and Na (top) and z@g structures found on heavier metals from
group 1 (K, Rb andcCs) (bottom) (Pugmire, 2001; Fernandez & Carmona, 2005; Bachmann
et al., 2016).

The pblock metallocenes present a greater variety of covalent bonding and form stable
compounds as opposed to the metallocenes of-tieck. This variation of bonding withi

the group 14 compounds is contributed by the variety in atomic size of the group 14
elements. For example, the group 15 solilCNd s t r u c-bomded: an theirrCeringd

and this type of bonding is found on P and As. However, the obsifvB#IR spe&trum of

As has one signal, and this is indication that the bonding is no l@nhgarthe Cp and this

change is said to be contributed by the rapid 1, 2 rearrangement of atoms in the complex
(Jut zi & Bur ford, 1 9 Déded Gfaringd @ tha kodid, state ard ) . Tt
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however formed in the Sb and Bi analogues. Again this type of bonding is due to the size of
the larger atoms and their coordination spheres. In this group, cationic metallocenes are
favourable because they form stable complexes wdniehcomposed of combined chemical
bond internaddooonr opr alp ebonddd €p ligand. These eompounds

can be synthesised via halide abstraction using strong Lewis acid or by metathesis reactions
(Macdonald, n.d).

Figure 2.3. Slip-sandwich conformation of beryllocene fos € mmetry and gas phase

wher e: (a) repr esent/sYwhereasy) and ®)ttransiton spaeofare t r y
the intramolecul ar tr ans fJodama?¥ ttimmlingonfodeb er y | |
respectively (Almenningen et al., 1979; Margl, & Schwarz, 1994).

The group 14 sandwiches represent the most extensive series of isolated main group
metallocenes and present interesting structures. Metallscenepounds of group 14€ifm

eitherd - o r -bohded structures as wéBurkey & Hanusa, 1995)his time the bonding of

the metallocergis determined by the oxidation state of the element as well as opposed to the
metallocens of group 13. In the high oxidation state elemefts,bonded compounds are
preferred while | ow oxidation st at ebormlédde ment s
Cp® groups. Compounds formed within the group are germanocene, stannocene and
plumbocene and are easily accessible in various forms of coupqémmstronget al,

1997; Jutzi & Burford, 1998). For example, the lead (Pb) compounds are often polymeric or
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oligomeric in the solid state and this is because of the large size and low electronegativity of
the atom (Stone & West, 1986; Beswiekal, 1998; Jutzi & Burford, 1998;ayfield et al,

2002; Thayer, 2010; Macdonald,d). Figure 2.4 shows a typical polymer structure of
plumbocene. Monomeric gaseous phase structures of plumbocene can be obtained by
substituting Cp groups in a polymer struetuStone & West, 1986). Similar polymer
compounds are also found in heawplsck compounds, for example §Ba. Silocene is
however an exception within the group 14 metalloseas it has one known isolated
derivative, Cp'Si. This is attributed to the diifulties associated with the stabilisation of a
divalent silicon centre. This compound could have bent or parallel rings in the same crystal
whereby the laer structure is due to the small size of Si;’Spis found to be very reactive
metallocene andhas a rich insertion and oxidation chemistry with both main group and
transition metal compounds. In almost every case, the reaction is driven by the need for the
Si(I) to become oxidised to Si(IV) (Jutzi 1989; Macdonaid).

Group 13 cationicmetallocens have isoelectronic sligandwich structuresimilar to the
neutral sblock metallocengof the group 2. Various structures of these metallccbase

been synthesised along the graumgldiverse structural behaviours in cationic structureB,of

Al and Gaamong the groupre reported (Kwon & McKee, 200Macdonaldet al., 2009.

Again all this variation in structures among the group 13 is also attributed to the oxidation
state of the element. (Dohmeketr al, 1993). Because of thecantvalence orbitals on high
oxidation state of group 13 centres, one would presume that the metadldoewing of

t hese el ement s-coardinhtibn of Qp'pligands. tHoweuere this' is not the case.
Only d-bonded cationic metallocemieompounds areeported which are somehow stable at
certain conditions. For example, Bochmann & Dawson (1996) reported the parent
aluminocenium cation metallocene from oxidation state 3 (MIll), and this cationic
metallocene is known in industry as an effective initiator olefin polymerisation of
isobutane. The compound is however only stable at low temperatures (Bochmann & Dawson,
1996; Pugmireet al,, 2001).

Another interesting cationic of this group is boron (B), which has an interesting bonding
structure. Thisbrought interestto researchers ithe field to conductintensive structural
investigation on B analogue usitgchnologies such &8MR and crystallographic. Findings
from the results confirmed that the ‘Cp f t he r-Cpm,eCp imtaractons{(Jutzi &
Burford, 1998; Voigtet al, 2000; Macdonaldp.d). This type of interaction was predicted to
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occur in the beryllocene structure which was not the cageh ring interactios were not
expected to occur fahis metallocene sinde hassmallest ringring distanceascompared to

any bis Cp0 compo u WVagtandthettelare evgneeafer to ildeemast a b | e
tightly squeezed metallocenegVoigt et al., 2000). The gallocenium (Ga) cation is much

more difficult to synthesise in the group 13 analoguezi(&Burford, 1998; Macdonald,

nd) . But the compound o tCpg-&d structare lika borotenuat i o n
cation as opposko the Bq type structure observed in £Al. The highelectronegativity in

Cpz Ga contributes to this slipandwich structure (Robert & Caserio, 1977).

e

Pb—-—) ) ——
/!

o

/
/

Figure 2.4: The branched polymeric structure observed in the solid state for the sandwich
metallocene of GfP°b. The structureeveals a tricoordinate environment for each lead centre
composed of two -y -Cp ligands (dashed lines) and one terminal Cp ligand (solid line)
(Stone & West, 1986; Jutzi & Burford, 1998; Layfield et al., 2002).

2.2.4 Transition metal and rare earth metallocenes

The first recorded metallocemen the history of organometallic chemistry is ferrocene
synthesised from the transition element, Fe. This resulted in a series of investigations and
synthesis of metalloces&ompounds from the transition metaShfrik & Bercaw, 1998).

These developments of metal cyclopentadienyl ligands compounds extended the scope of the

organometallics for their application in many fields. For example, in the group 3 metallocene,
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organoscandium compounds were less favouraliietha soluble metallic ring compounds

of Sc were developed (Melson, 1975; Arnadtl al, 1998; Mountford & Ward, 2003;
Hendersoret al, 2004). From the lanthanide elements, the only stable divalent metallocene
are those of the elements of Sm, Eu and Yb (Arnold, 1998).

Group 3 metallocene complexes have been reported and prepared in various methods. Metal
vapour synthetic techniquesveaafforded a variety of reactive, low valent organometallic
complexe of group 3 and the lanthanidéements. This technique remains the only route to
zerovalent molecular lanthanide complexes. Another, promising possible reported method of
synthesis isthe cyclisation reactions undergone by -8i@ethylpropylidynephosphine at

metal atoms during eoondensation reactiond he choice of metah this route of synthesis

clearly dictates the nature of ring or ringsbeformed. For example, the cyclisatiomethod

has been appliet the synthesis of vanadium complex five phosphaalkyne,usgslting in

the isolation of sandwWiCBtu,) c FHdei:)d Seasdocenec h as
complexes have been prepared in similar procedure as the vanadinplexes by
condensation of electron beam vaporised scandium with an exces€ef Biis is followed

by flash sublimation for separ at>-P.GBuUs)p f a deé
And by repeated sublimation and removal ofpbgduct,this yieldedthe forestgreen triple
decker c omGBUg Sc (kdf: d° @:CsBus) S C-P:@BUY)]. The compound is

presented in Figure 2.5 (Arnold, 1998; Chirik & Bercaw, 1998; Mountford & Ward, 2003;
Hendersoret al, 2004). Rogergt al, (1981)reported that the first Gl¢, was prepared by
Birmingham and Wilkson. Cyclopentadienyl derivative of yttrium with the crystal structure

of the THF adduct, (THF)GY, has since been reported as well. The lanthanum (La)
complex can also be synthesised isirailar manner in a THF adduct structure and has been
identifiedasazig ag pol ymeric materi al i n wfashiorh met a
to three Cpicoordipated tbs foarth €p rihg (Rogessal, 1981; Chirik &

Bercaw, 1998).

Unfortunately, the sterically hindered tris(cyclopentadienyl) complexes do not offer much
opportunity for catalytic activity, more attention has been devoted to the preparation of bis
(cyclopentadienyl) complexes of yttrium (Chirik & Bercaw, 1998; BocekaP004). Alkyl

and hydride derivatives have received the most attention, due to their function as
homogeneous catalysts. Unlike for the organoscandium analogues, use of the sterically

demanding pentamethylcyclopentadienyl ligand generally does not groshociomeric
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yttrocenes free of coordinated salts or Lewis bases. For instance, reactions efitviCl

equivalents of KCpin THF results in the formation of @Y Cl.K (THF). (Eppingeret al,

2000; Hou & Wakatsuki, 2003). The neutral metallocenes alkyl and hydride derivatives of

the group 3 are mostly used in the investigations of the mechanisms of chain initiation,
propagation and transfer without the-catalysts such as methylalumoxaneA®) and the

possible complications of ion pairing effects in the process. As a result, detailed studies into
the rates, enantioselectivities and U agno
performed with group 3 and rare earth metallocenes (CkiBlercaw, 1998; Eppingest al,

2000).

Figure 25: An i mage of dar k purpl e microcdrystal
P.CsBU'3)2] and a triple decker scandocene complex obtained after repeated sublimation

[ C-BsC:Bu2) Sc(u-d®: S @:CsBus)  S°ePsC{Bdy)] (Arnold, 1998; Royo & Ryan, 1998;
Mountford & Ward, 2003; Bochkarev, 2004).

The fact that the olefin polymerisation is initiated at titariisarbon bond increased the
importance of the chemistry of this class of gmunds.In additiontitanium is favourable
because of its distinction in Ziegidfiatta catalysis. Organozirconium compounds have
received attention later after some developments (Wadlesal, 1974) in olefin
polymerisation In many cases titanium and zirconium form similar types of compounds, but
these compounds differ in their chemical behaviddethyl derivatives of zirconium, for
example, are far more sensitive to hydrolysis than the corresponding compounds of titanium,
whereas the latter are more sensitive to thermal decomposition. Other differences have been
noted in the cyclopentadienyl derivatives. For instance in zirconium, the ckyyeied

ligands in compounds of the type £Zpr ( OR) X  ( -oyol@epentadie@)p arei te
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effect a decrease in the stability of one of the cyclopentadienyl groups to such an extent that
solvolysis or insertion of S£) NO, etc.,, can occur. No such effect is noted with the
corresponding titanium compounds even under the same cosdit@oming to hafnium
although it has not received little attention, it seems that the chemistry of its organo
derivatives is as closely related to that of zirconium as its inorganic chemistry.

The thermal instability of alkyl transition metal compoundasworiginally attributed to

natural weakness in the métai carbon bond. Thermodynamic and spectroscopic data
suggests, however, that there is no reason that transitioni toetarbon bonds are any

weaker than bonds from main group metals to carbon (Wi, 1973). It was concluded

that the instability of transition metal alkyl and aryl derivatiigsontributed by superficial
decomposition by |l ow activation energy pathyv
b el i minati on o f sispoedowpling di hgahdsiattthe franditionmeethl atom.
Cyclopentadienyl derivatives of titanium and zirconium were among the first of this type to

be prepared (Wailest al, 1974). As a result bis (cyclopentadienyl) titanium and zirconium

halide have éen available since then and the organometallic chemistry of these metals is
reported to be evolved in these compounds. In bis (cyclopentadienyl) derivatives of titanium,
zirconium and hafnium, the angle subtended at the metal atom by the centres gfaravit
centroids, o f the cyclopentadienyl rings ar
compounds is therefore essentially tetrahedFgpical structures of tetrahedral of these

compounds haveeen found in the tetracyclopentadienylzirconium amad ofi hafnium.

Wil kinson and Bi r mi n g hhaayclogerita@liéngl)) dihalogingomium e d b
complexes [Zr (Cp Xz, X=Cl, Br] as some of the earliest examples of organozirconium
compounds. Today, zirconium is one of timest widely used transitionmetals in organic

synthesis, althouglit still lags behind copper and palladium irrns of versatility and

frequeny of use. However, the chemistry of organohafnium compounds has proved to be
useful for the investigation of the structural and mecharasfiects of both organozirconium

and hafnium compounds (Negeshi & Takahashi, 2003). Negeshi and Takahashi (2003)
compiled various known and possible organozirconium and organohafnium compounds

according to:

1 "The nature of ZrC and HfC b o n disa, n di/ileendingiand hapticity
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1 "The formal oxidation state of zirconium and hafnium metal. Since many of these
compounds contain more than one type of carbon ligand, the complexes are
prioritised according to which of their ligands have the highegptidity and the
organisation is independent of thé Mbond being formed. Besides, the majority of
well-known organozirconium and organohafnium compounds are derivatives of
zirconocene and hafnocene, respectively

1 "As with many organometallic compound®veral methods are also applicable to the
preparation of organozirconium and hafnium compounds. Those most frequently used
ar e synt hesi s by compl e x atdonors (oxidative h neu
complexation), by transmetalation, hydrometalation, obaasetalation and oxidative
addition( Negeshi & Takahashi, 2003) "

Generally free titanocene [€]] is a 14 electron species and is too reactive to be isolable
and due to this, it formansatitanocene complexes (Liaret al, 2001). The chemistry of
titanium is characterised by its multiple oxidation statedthe available oxidation states of
titanocene are +2, +3, +4 (Figure 2.6). Organometallic compounds of Ti(lll) are said to be
paramagnetic and are reported to be used in wide applications. rfEheyea in applications

like in water splitting to hydrogen and oxygen for neutral carbon energy supply (Beckhaus,
1998; Godemanat al, 2015).

It is reported that the bright green titanocene was firstly obtained by Wilkinson and Fischer in
1956 from thereaction of TiC4 with NaCp which marked the discovery of one of the most
extensively utilised complex systems in organotransition metal research (Freitag & Gordon,
2002). Ever since the titanocene complexes are currently synthesised by introducing the Cp
ligands using thesalt metathesis reaction. Their common derivatives of titanocenes, e.g.
[Cp-TiCl;] are available by various reported possible synthetic methods (Veétid¢s 1974;
Beckhaus, 1998):

1 Higher yields of up to 65% were reported somewhere else (Sazler, lia9BiCls
treated with CfiNa or CpLi in dimethoxyethane solution and then further oxidised
with hydrochloric acid.

1 The use of cyclopentadiengubstituted tin compounds to prepare

monocyclopentadienyl transition metal complexes for the synthesis of GpaAnGl
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related compounds (. The very same method is used for selective and high yielding
preparations of mi xed P-CHsy EQHYLH endes s uc
[ T P-Cstds) (°-CottlaBU)CL].

1 The use of lead dichloride (P Bs an oxidising agentifahe preparation of mixed
LoTiClz or substituted derivatives showing functionalised side arms..i@ed as a
reagent to oxidise a wide variety of tetravalent JCpiR] complexes to their
tetravalent analogues.

1 Amine elimination reactions froritanium amides and GH for the synthesis of
[CpTi(NMe)3] from [Ti(NMe2)s] and CpH (Walleset al,, 1974; Beckhaus, 1998).

Figure 2.6: General ligand and structure type of titanocene complexes of +2, +3 and +4,
(top) (Beckhaus, 1998). Titanocene compounds of oxidation states +3 and +4, (bottom)

(Godemann et al., 2015).
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2.2.5 Group 5 and group 6 metallocens

Metallocenes in general are sandwich metal complexes with two parallel cyclopentadienyl
rings coordinated to eentral atom. In other cases cyclopentadienyl rings are not parallel but
slightly bent due to attractive van der Waals forces between the rings. There are those
metallocene compounds that coordinates with one or more additional substituents to form
bent bs (cyclopentadienyl) complexes (Royo & Ryan, 1998). Group 5 metallocene have not
received much attention as group 4 metallocenes. Among the group 5, vanadocene complexes
have received much attention the same way as the group 4 metallocenes while niobium and
tantalum compounds ke received less attention. Group 5 organometallic compounds are
considered as being reactive compounds as they obtain 15 electrons as opposectmof8 ele
rule (Royo & Ryan, 1998; Galletti & Pampaloni, 2010). Niobium and tantalum are the most
reactive compounds of the group when compared to vanadium which is much less reactive.
The viable method for the synthesis of neutral metalloc@megroup 5, forexample, is
through metathesis reaction of vanadium (Il) halides using alkali cyclopentadienides to
transfer the cyclopentadienyl ringRoyo & Ryan, 1998) Niobium and tantalum
metallocenes are also synthesised through the same method (Royo & Ryanit128&)Iso

been mentioed that application of group 5 metallocenes is limited especially in catalytic
polymergation due to their low catalytic activity especially for Nb and Ta complexes (Galleti

& Pampaloni, 2010). Galletti and Pampaloni (2010) haseedsome work on niobimium
cyclopentadienyl complexes (half sandwiched complexes) as catalytic precursors for
polymergation of olefins and they also experienced the low activity in polymerisation as

reported before.

Royo and Ryan (1998) reported possibbmplexes of group 5 and 6 metallocenes and their
synthesisin group5 metallocenes, vanadium (II) specés normally produceby reducing

[VCls (THF)3] with agents such as Li [Ali, Zn or the alkali metal cyclopentadienide when
used in excess undezflux. Other vanadium (II) compounds such as pPM@HF)s] or [V2Clz
(THF)e]2[Zn2Cls] have also been used. The reported vanodocenes include compounds
containing variously substituted cyclopentadienyl rings suchshis, ©sDs, CG:H4sR (R=Me,

Pr, BU", BU, Et) etc. The dinuclear bis (fulvalene) derivative; [fulvalene)], a dark purple

pyrophoric solid and complexes containing mixed cyclopentadienyl rings [VEHRIR=
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CMePh, CHMePh) have been isolated. All of these complexes were reported to be shermall
stable, air sensitive, red to purple oils or crystals; those containing substituted rings had lower
melting points and were more soluble and more air sensitive. The niobium and tantalum
derivatives werdound to beless stablavhen compared with other nadium complexes-or
example, the reactiveiabocenecomplexwas formed by H abstractioinom H> reductive
elimination reaction of [NbCpHs] and by the reduction of [NbCpCly] with sodium
naphthalenide (Royo & Ryan, 1998).

Group 6 metallocene have I#ectrons and through the redox reaction of the neutral
compounds of group 6 metallocene, anionic and cationic metallocene are produced.
Beginning with the chromium metallocene synthesis, thesléétron neutral chromocene
derivatives are obtained by re@ct of a previously reduced chromium (lI) species such as
CrCbh or [Cr2 (u1-OAc)4] with alkali metal cyclopentadienides (Figure 2.7). Similar reactions
with appropriate alkali cyclopentadienide salts have been used to prepare the ring
substituted, indenyland fulvalene dinuclear derivatives and related complexes containing
bridged bis (cyclopentadienyl) ligands (Royo & Ryan, 1998). The chromium derivatives,
obtained as red solids, are more accessible since they are thermally stable and less reactive
than tlose of the heavier metals. Heavier metallocenes from W and Mo are reported to be
synthesised via photochemically induced elimination of neutral ligands from f@Op]
(M=Mo, W) and [WCp(C:Hs) or similar reductive elimination from [MGpl2] or
WCp2(CHs)H] (Royo & Ryan, 1998).

Figure 2.7: The structure showing the synthesis of a neutralel&6tron chromocene
derivative (Royo & Ryan, 1998; Togni & Halterman, 1998).
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2.2.6 Lanthanocenes and actinocenes

Lanthanocenes amonsidered to be trivalent compounds whereas actinocene are tetravalent
compounds (Liuet al, 1997; Green, 2000). The organometallic chemistry of the
lanthanocenes and actinocenes, fteeements compounds has attracted the attention of both
the experimentalists and the theoreticians due to their so called bis[8] annulene metal
sandwich complexes MgEs) ((Liu et al, 1997). Actinocene have not found that much
attention, for example uranege since there are no application for the complex.

The organolanthanide chemistry genesis started when Wilkinson and Birmingham (1954)
described the tris (cyclopentadienyl) lanthanide complexg&sHs)s, from a reaction of

YClz and NaCp. However, theedelopment of this area of organometallic chemistry was
relatively slow due the instability of organolanthanide compounds towards moisture and
oxygen (Edelmann, 1998). Edelmann (1998) reported the synthesis lanthanocene (II)
compounds via different routeBeginning with the ammonium route since most of the rare
earth metals can be dissolved easily in liquid ammonia. EUH{Z was first obtained by
reacting the blue solution of Eu metal in liquid ammonia with cyclopentadiene (Edelmann,
1998). The base feematerial was obtained by heating the initial produced ammonia adduct
to 200 °C under high vacuum followed by the vacuum sublimation of the thermally highly
stable product at 400 °C. The behaviour of EsH illustrates the typical properties of
most aganolanthanide complexes. The compound is thermally extremely stable while it
rapidly decomposem the presence of traces of oxygen. Yk Kg).too has been prepared by

adopting the same ammonia route (see reaction 2.1) (Edelmann, 1998).

b 060 WML D250 60 (2.1)

Other synthetic routes of lanthanocene (II) complexes are using THF solution which yields
Ln(CsHs).THF adducts (reaction 2.2) (Edelmann, 1998For this route, an elegant
transmetallatiorreaction starts with the metal powders bf5) Sm, Eu or Yb which are
treated with HCs Hs)a.

D¢ OWO 4 60 HEYOO OQ (2.2)
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Similarly, Yb reacts with TICs Hs)> in DME solution to give (€Hs)> Yb (DME) (reaction
2.3) (Edelmann, 1998).

OO CYA'O u 60 MOWLO Y (2.3)

The most straightforward access to (88is). involved the reaction of Smlwith two
equivalents of sodium cyclopentadienide (reaction 2.4) (Edelni®98).

Y60 cO @6 'O Y480 b 6O (2.4)

The actinocene synthesis were not much developed until the late 1960s where Streitwieser
and MiullerWesterhoff (1968) prepared the first linear sandwich of cyclooctatetraene
uranium, (Cogu complex, uranocene, of the f element (Streitwieser & MiWesterhoff,

1968; Berthett al, 2013). Seyferth (2004) reported that other actinocene of actinides were
also synthesised success$fuin laboratories in the USA and Europe since then. The
transuranium research laboratory at Oak Ridge National Laboratory extended the research
further on to transuranium radioactive elensendf berkelium and californium
tricyclopentadienyl complexes. Thergparation method used for the synthesis was
radiochemical for Np tricyclopentadienly complex (Seyferth, 2004). A different approach
was used for the synthesis of tricyclopentadienylplutonium which reported to find the
extensive use during the synthesis ather transuraniun metal cyclopentadienyls. The

reaction for the method used is displayed in reaction 2.5.

OB o060 6 ®@cHO 06 069 (2.5)

2.2.7 Industrial application of metallocenes

Metallocenes have found usesaiwide variety of chemical and industrial applications since
their discovery in 1951 and some of the uses have been mentioned in the beginning of this
chapter (Clifton & Carter, 1989; Hamielec & Soares, 1999). Around all the fascinating
organometallic chemad aspects in metallocene catalysis, the key aspect which earned them
their enormous industrial researfdtusis their useof group 4 metallocene catalyst@ne of

the remarkable examples of metallocenes catalysis is the polymerisation of cyclic olefins
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without ring opening Janiak, 1998). Therefore, bis (cyclopentadienyl) group 4 metal
complexes are currently introduced in industry as a new generation of A¥gtercatalysts

for the polymerisation of olefins. Ziegkatta catalyst means the rapid yokrisation of

e t h a n eolefins with tbe aid in the coordination sphere of a metal catalyst, operating at
low pressure and low temperatures (Cossee, 1964; Boor, I8ik, 1998 Among the

group IV metallocenes of titanium, zirconium and hafniune #irconocene complexes
deserve the most interestcademically and industriallfzor instance the titanocene catalysts

are unstable at conventional polymerisation temperatures while the hafnium systems are too
expensive. Hence, the so called metallocextalgsts are mostly zirconocene derivatives with
zirconocene dichloride being the parent system. Their development as useful polymerisation
catalysts in industry, serve as the first large scale industrial application for the long

recognised and well develed class of metallocene complexes (Togni & Halterman, 1998).

For example, ferrocene is used as anlambick addictive in motor fuels as well as a catalyst

in reactions such as commercially important production of polyethylene. Furthermore,
metallocenesderivatives can also serve as monomer units for production of various
metallocene polymers and copolymers. Recently, interest has been spurred by their proposed
application as sources for metallisation particularly by chemical vapour deposition methods
(Pugmireet al, 2001). However, there are several constraints placed on a material in order
for it to be effective source for the selective area deposition of metal where the selectivity is
control by electron or photon stimulated deposition. The matenging as the metaource

must desorb molecularly from the surface in the absence of incident radiation to ensure

deposition in desired areas only.

In the case of metal deposition from organometallic precursors, where organic ligands are
used to volatise the metal for transport to the substrate, the unbound ligands should be stable
and easily desorbed both in the substrate material and on the deposited metal. If they do
decompose on the substrate, their deposition products should desorb cleanly idhder m
conditions. This will allow for the production of contamirigfrte metal features. For
example, nickelocene has many favourable properties that give it good potentiabatea vi
chemical vapour deposition (CVD) and seledtae=a CVD source. It is Iegoxic than many

of its alkyl counterparts and is much less toxic than nickel tetracarbonyl which is commonly

used for CVD of nickel. Furthermore, nickelocene is solid at a room temperature making it
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easy to handle, purify and is stable to 573 K in amtiamosphere (Togni & Halterman,
1998; Pugmireet al, 2001).

Room temperaturend vapour pressure fonetallocens are sufficient enough to allow
effective transport of source material to the substiie to thisbehaviour nickel hasbeen
deposited in microscale patterns on silicon, silver and copper with photo or electron assisted
decomposition. In the study report by Pugneteal. (2001), scanning transmission electron
microscopy was used to deposit Ni from nickelocene in 10 nre Vinés on a thin carbon

film demonstrating that very fine control over spatial deposition can be exercised. When
information on the composition of the nicke#position surface has been reported, use of
nickelocene in CVD processes generally has beenrwdibeto include some carbon
contamination within the metal film except in the case of threshold photolysis. While a
number of studies have been reported on metal deposition using metallocenes as precursors,
very little is known about the surface chemistrfymetallocenes at the molecular level. A
good understanding of the metallocenes surface properties is necessary in order to maximise
the controllability of decomposition, minimise contamination and tailor precursors and
conditions to optimum depositionfeiency. A very important piece of information in the
understanding of nickelocene surface chemistry is the role that substrate reactivity plays in

order toanswer

1 AWhat effects dessurface reactivity play on the thermally induced méggnd bond
cleavage of adsorbed nickelocdReigmireet al, 20010
1 ADoes surface reactivity affect the fragmentation, if any, of the cyclopentadienyl, or

of its decomposition fragments (Pugmateal,, 2001)?

As much as cyclopentadienyl compounds (metallocenes) have been used sucdessfully
CVD but sometimes their high volatility makehem less favourable candidates for the
method. This high reactivity and thermal stability make them favourable for atoyeic la
deposition (ALD), whereby high reactivity is reported that it can be controlled by sequential
pulsing of the precursor material (Putkonen & Niinistd, 2005). Organometallic precursors,
especially the metallocene compounds have been reported also londtuknd Niinisto
(2005) as precursors for ALD for thin film growth. This finding is considered as the

advancement of the CVD method. Group Il and IV metallocene derivatives and
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tricyclopentadienyl compounds of lantanthanides have been utilised on AltBefesynthesis
of thin films.

Ferrocenetriazole derivative are one of the systems that have potential applications in the
field of nanoscience, conducting polymers, electrochemical detection and sensing, medical
chemistry as a biosensing probes and a tpsst chemistry. A ferrocene moiety is generally

a preferred choice for electrochemical monitoring and organic hybrid devices due to its
extensive stability and versatility in functionalisation (Kaminsky, 1998; Gehas, 2011;
Komero et al, 2011; Francois, 2013). Metallocenes have found wide use in medicine, for
example, they are used as daotnor drugs (GomeRuiz et al, 2012). Organometallics have

a great structural variety, ranging from linear to octahedral and even beyond and g/ ratio
ligand design, provide control over key kinetic properties such as hydrolysis rate of ligands.
Furthermore, they are kinetically stable, usually unchanged, and relatively lipophilic and their
metal atom is in low oxidation state. Because of these fuadtal differences compared to
classical coordination metal complexes, organometallics offer ample opportunities in the
design of novel classes of medicinal compounds, potentially with newisgeaific modes

of action. Organometallics such as metallosgri@lfsandwich, carbine, CO, or-lijgands

also found application in medicinal chemistry. For example ferroquine is used for
antimalaria, bent metallocenes of the transition metals used asaandr complexes, as well

as half sandwich complexes of O§) (ised as antitumor drugs (Koleresal, 2010; Gasser

& MetzleriNo | t e, 201 1et al.K2011uThe ®condorder optical nonlinearity
metallocenesre reported to be used in devidestelecommunications, optical computing,

optical storage andptical information processin@alabreset al, 1991)

2.3 Determining the properties of organometallic ligands

2.3.1 The crystal and ligand field theory

The crystal field theory (CFT) provides a way of determining the electrostatic respects on
how the energies of the metal ion orbitals will be affected by the set of surrounding atoms or
ligand. This theory has been used to describe various spectroscopies of transition metal

coordination complexes, in particular optical spectra (colours). CFT pagitiaterprets
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magnetic properties, colours, hydration enthalpies, and spinel structures of transition metal
complexes, but it does not describe bondj@gtton, et al, 1986; Hartwig, 201.0Aguayo,

2016. CFT was combined with molecular orbital theoryfdom a ligand field theory (LFT),

which delivers understanding into the process of chemical bonding in transition metal
complexes. In the other hand, the ligand field theory refers to an entire body of hypothetical
apparatus used to understand the bonding) linked to electronic properties of complexes

and other compounds formed by the transition elements (Cettah, 1986; Hartwig, 2010).

There are, however, two things that set the study of the electronic structures of transition
metal compounds apart from the remaining body of valence th@meyis the presence of

partly filled d andf shells. This leads to expermtal observations unlikely possible in other
cases, the paramagnetism, visible absorption spectra, and apparently irregular variations in
thermodynamic and structural properties as some of the cases. Second is that the crystal field
theory provides a powtil yet simple method of understanding and connecting all of those
properties that arise from the presence of the partly filled shells. The metallocene comes to a
2-1-2 split: the orbitals in the xy planexdnd d%,%) barely occur in interaction witthe Cp

ligands and so are energetically favoured. TAewbital occurs only with a small quantity in

the interaction and is in the middle. And the most destabilising orbitaland ¢, show

entirely to the rings (Crabtree, 2005).

2.3.2 Molecular orbit al theory

The crystal picture gives a qualitative understanding and molecular orbital theory (MO) gives
an understanding of electronic structure widely by theoretical calculations (Mulliken, 1966;
Crabtree, 2005). MO it further describes the photochemiedlaviour of a molecule
(Mulliken, 1966). For example, the properties of ferrocene, in terms of structure and stability
could be fully described through molecular orbttadory In the molecular orbital theory, as

in the crystal and ligand field theompteractions between the metal orbitals with the ligand
orbitals are considered (Crabtree, 2005). As in the crystal field theory, the energy splitting of
the orbitals is from the interactions between metal and ligand orbitals. This result to a
molecular obital diagram containing bonding, ndmonding and antibonding orbitals and this

is shown in Figure 2.8, the MO diagram for ferrocene. From the diagram, if a ligand orbital
of a Cp ring and a-drbital of the metal interact, it creates two new moleculaitaisowhich

splits into energetically bonding and an antibonding molecular orbitals. The strength of
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splitting is said to be greater when the interaction between the ligand and the orbital is
stronger. If there are no interactions, the corresponding ewebgpnl does not change and

there is norbonding orbital. Even with molecular orbital theory, the orbitals pointing toward
the ligand are most affected. The more binding molecular orbitals are occupied with
electrons, the stronger the bond between thalnaeid the ligand, and the resulting complex

is stable. In 18salence electrons, all bonding molecular orbitals are occupied and the

complex has the highest stability (Royo & Ryan, 1998).
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Figure 2.8: The molecular orbitatliagram of ferrocene (NPTEL, 2016).

2.3.3 Organometallic chemistry of nickel
The organometallic chemistry of nickel started back during theepagion of nickel carbonyl

[Ni(CO)4] for the use in the Mond process for refining of nickel metal (Jolly & Wilke, 1974;
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Kubiak, 1995). Nickel is the only metal which reacts significantly with CO at &TP.
general, the chemistry of Ni is dominated by the divalefitaxid zerovalent Nioxidation
states although examples of' NN'' even NIV are known. In the case of Nithere is a
tendency of disproportionation (2Nn*Y  NLn?*Y  RLn). The strong tendency of nickel
to form complexes with alkenes and alkynes has also led tdetvelopment of important
organometallic processes for their oligomerisation (Kubiak, 1995). Although the
organometallic chemistry of metal carbonyls is widely used, but the chemistry efaerd
metal cyanide compound is much more limited. Many nitrod@mor ligand complexes of
Ni® are known. The addition of amine and pyriditype ligands generally leads to unstable
species. However, the use of chelating nitrogen donor, ligands such gsh&rh@throline or
2,82bipyridine leads to stable complexes.

Ni c kel oc e®lds),, isNficentfatimportance in the organometallic chemistry of
cyclo-pentadienylnickel compounds. In addition, nickelocene is the only metallocene to have
a 20valence electrons configuration (Crabtree, 2005). The complexes @flatueke hee

been prepared by a variety of methods but the convenfamous laboratory synthesis are
based on the addition of sodium cyclopentadienide to anhydrous nickel halides or
alternatively the treatment of cyclopentadiene with hydroxide in tesgmce of Nisalts. As

one of the chemical properties, nickelocene is soluble in mospolan organic solvents and

only in solutions wherd is significantly sensitive to oxygen. The structure of nickelocene is
reported to involve staggered cyclopetayl rings at low temperatures, although like most

of the metallocenes, the actual structure is probably dependent on temperature and crystal
structure packing (Jolly & Wilke, 1974; Seiler & Dunitz, 1980).

Differences in structural geometries mi€kelocene versus ferrocene and cobatocene are the
interplanar separation between cyclopentadienyl ringsiickelocenet is 3.60 A which is
significantly longer than those found in ferrocene (3.32 A) or cobaltocene (3.40 A) (Seiler &
Dunitz, 1980). Allthese differences are because of the electronic structure of nickelocene
which places the two extra electrons into molecular orbitals of the hajabdpentadienyl

ring antitbonding character. The aftonding orbitalis doubly degenerate {¢ and hence
nickelocene is a ground state tripletef(i= 2.8913 m). The known rule of metallocenes
having 18 valence electrons that are stableand any NVE above 18 or below from the
complex are instable. This fact explains why nickelocene oxidises easily, the NVE in

nickelocene structure is 20 (Crabtree, 2005). The weak ragkdbpentadienly ring bonding
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influences the chemistry of nickeloceneThis is liberated by displacement of
cyclopentadienyl ring. An extensive organometallic chemistry of nickel has been developed
upon the displacement of the cyclopentadienyl rings. For example, the reaction of the two
equivalents of nickelocene with Lewis Bronsted acids results in the displacements of one
cyclopentadienyl ring and the formation of the triple decker sandwich, Figure 2.9.
Additionally, when nickelocene is treated with NO it results in the formation of the stable 18
valence electron comple, N-CsHs) (MO), a red liquid complex (Lauheat al, 1976;
Crabtree, 2005).
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Figure 2.9 Triple decker sandwich of nickelocene resulted after the reaction of two

equivalents of nickelocene with Lewis or Bronsted acids (Lauher et al., 1976).

This chapter covered metallocene complexes that could be formed rfra@im group
elements, transition metals, lanthanides and actinides. Since the MIVOC method uses
organometallicompoundsknown tohave high vapour pressure in room temperatiigre
2.10presens a modified reproduction ahe periodic table illustrating which elements could

be good candidates to form organometallic compounds (Leach, 2008).
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Figure 2.1Q Organometallic periodic table (Leach, 2008).
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Chapter 3 Particle Beam Production at
IThemba LABS

One of the main objectives of the iThemba LABS is the operatidheoSeparated Sector
Cyclotron §SQ which provides beams of various ion species at energies ranging from 5 to
220 MeV/amu (Conradie, 1992). Accelerated beams are used for fundamental nuclear

physics research, radioisotope production and medical physics applications.

The SSC is supported hwo preaccelerators which are solid pole cyclotron, referred to as
SPC1 and SPC2. For the gaeceleration of light ionsSPClhas a maximum bending
magnet power for 8 MeV protons, i.e. a cyclotron with-gafue of 8. It is equipped with an
internal Pening lonisation Gauge (PIG) source. This injector is dedicated for pre
acceleration of light ions. The second solid pole cyclotron, SPC2, wiilvalle of 10 caters

for heavy ion acceleration demand. SPC2 is similar to SPC1 except that it is equipped with
different types of external ion sources, two Electron Cyclotron Resonance lon Source

(ECRIS) and the atomic beam source for nuclear spin polarised protons.
3.1 The Layout of the accelerator complex at iThemba LABS

Figure 3.1 gives an illustration layoat the facility of iThemba LABS. The first part of the
facility is described by an example of bicceleration to 66 MeV as used for neutron therapy
and isotope production. A higimtensity proton beam is piaccelerated t@nergyof 3.14

MeV in the lightion injector cyclotron, SPC1, and transported to the SSC through a transfer
beamline with a provision for féunching of the beam, beam pulse length definition, beam
emittance definition and energy selection. The beam is horizontally injected into tren8SC
accelerated t@energyof 66 MeV. The 66 MeV beam is directed with bending magnets and
focused transversely with quadrupole magnets to a horizontal and vertical beam target station
for the production of radioisotopes. The same beam is also directedaiatdor neutron
therapy treatments. The intensities of the beam are typically 100 pA to 250 pA for isotope

production and 30 pA for neutron therapy. Furthermore, for medical proton therapy the
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particles are praccelerated in SPC1 emergyof 8 MeV andto a final energy of 200 MeV in
the SSC.

The SPC2 injector cyclotron peecelerates beams of nuclear spin polarised protons or heavy
ions. After acceleration in the SSC the beams are directed to nuclear physics experimental
research vaults. Nuclear physics vaults consist of scattering chameal600 magnetic
spectromet er , TrfhspectriarhReROantd @ Beanidine for the production of

neutron beams.

Separated-Sector Cyclotron Facility

Polarized ion source SSC Target vaults Spectrometer

. electronics

HH-BHHHH—o o /DDD—DB-D—DD-D—DE-D—(/ IIIIIII\ l CL,,

beam
swinger

Neutron therapy

Figure 3.1: The layout of iThemba LABS cyclotron facility. Light ions aregueelerated in
the first solid-pole injector cyclotron (SPC1) for medical therapy and radioisotope
production. The second solble injector cyclotron (SPC2) is used for f@eceleration of

heavy ions and polarized protons.
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3.2 Electron Cyclotron Resonance lon Source

This study focuses on the production of exotic beams at iThemba LABS, therefore further
discussions and background on the ECR ion sources will follow. lon beams have found wide
application in scientific research to study the structure of matter, parfiatfgeoests and
investigation of wide range of natural and exotic phenomena under laboratory conditions.
They are also used in medicif@r radiation therapy, in industrial material processing and
analysis as well as radiation hardness testing of elecg¢Beller, 1996; Brown, 2004). New
developments in scientific research require higher beam energies and new ion species to
expand the range of phenomena available for research studies. Higher beam currents are also
required to make the observations ofetalow cross section reactions possible. Therefore,

these requirements are a driving force for continuous ion source research and developments.

Nuclear physics uses a variety of isotopic ion beams to explore the properties of nuclei
through acceleratr driven nuclear reactions. These beams are accelerated after being
produced in a dedicated ion source (Rubetrgl, 2012). Electron Cyclotron Resonance lon
Sources (ECRIS) are favourable among other sources because of their reliability and long life
time span between maintenance (Geller, 1996). In addition, most ion beams for experiments
that are relevant for research in nuclear and atomic physics can be provided. Furthermore,

they can deliver ions with high ionisation degree which is important forefficicceleration.

In an ECR ion source ions are produced inside a plasma confined in an external magnetic
field, and sustained with microwave radiation. Higher plasma density is one of the
requirements to produce higher beam currents. The required alextengy for ionisation

lies between 100 eV to 50 keV (Geller, 1996). In order to produce desired species, elements
to be ionised need to be introduced into plasma volume to undergo ionisation and followed
by subsequent extraction. Gas and liquid spe@esbe introduced directly to the plasma for
ionisation without difficulties. However, production of metallic beams is more difficult than
producing the gaseous beams from materials. This is due to the fact that metals need to be
vaporised or sputtered dfeforethey areintroduced into the plasma (lat al, 2012). Based

on this, the selection of the best method to feed the solid into the ECR ion source strongly

depends on specific properties of materials (Rubesl, 2012; Bogomolowet al, 2015).
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There are several methods to provide solids and metals in gaseous form for ECR ion source
production. Methods like oven heating, plasspattering;pulsed excimer laser and MIVOC

are used for formation of gaseous elements for ECR ion source (Cheng, 1998; alao
2007).

3.3 The MIVOC method for the conversion of organometallic material

For the materials to be ionised in ECR ion source applications, some need to be prepared
prior to their introduction in the plasma of the sour€her materiad can be introduced
directly to the plasma of the ECR ion source, known as direct plasma contact method. There
are also available heating methods of materials to their vapour state that are currently used in
ECR ion sources. These methods are oven heatidgputtering. The heating methods are
however dependent on the physical and chemical properties of the materials to be heated.
These methods have limitations and could not cover the whole scope of the materials to be
used in ECR ion sourceBor examplebeams produced from transition metals are impossible

to be produced witkhe aforementioned methods since theleenentanelts andvaporises at

high temperature?roblems with unstable beam akso encountered especially ilgsma
contact method since thaetallic oxide materials are used for this hoet as the source of
metal. The end results atke amount ofuncontrollableoxygen ions in the plasma source.

The downfall of the sputtering method is low beam intensities tfleatiehieved with this

met hod t hat ar e ub tdescnptonseof themethods &re degeribed in
detaiked by Caoet al. (2007) and Cavenaget al (2009) including their advantages and
disadvantagesThe limitations mentionedmplied thatalternative methodo produce exotic
beams fromow vapour pressure metals at iThemba LA®® required andickel as one of

them Nickel atoms are relatively challenging produce by heating nickel substrate. This is

due to nickel high melting temperatuand low partial pressure at temperatures below 1000
°C. This problem could be circumvented by forming a metallocenes which can prevent the
strong metallic binding of the Ni atoms and produces a sufficient vapour pressure at room
temperatureTherefore the focus othis researclstudyis on MIVOC method as a technique

for ECR ion source applications for the production of nickel beams.
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The MIVOC technique was first developed in Finland for ECR applications (Koigtséb,

1994; Cacet al, 2007). Advantages of the MIVOC method for beam production are that it
allows the production of most difficult beams that are impossible with other methods (Rubert
et al, 2012). For example, beams from metals like vanadium, chromium, cobalt and nickel
can be produced with this method (Leherissi¢ral, 2007). The reason being that in the
MIVOC technique, solid state volatile metallic compounds produce vapour gas having
metallic atoms even at room temperature (Bogometaal, 2015). The technique inwgs a
separate container which is loaded with the volatile compound and takeR b3 to get

rid of moisture and decomposed components. The vapour pressure of the metallocene is
typically 10° to 10% mbar, which is sufficient for the molecules toarthe plasma chamber.

Here, they are dissociated and ionised allowing extracting an intense beam of metallic ions.
Beams with higher currents compared to other methods can be obtained with this method
(Caoet al, 2007). Furthermore, the MIVOC method leeen demonstrated as very efficient

to produce highly charged ion beams at the lowest consumption of the material (Sasaki, 2002;
Rubert et al, 2012). Nakagawat al (1997) did some comparison on beam intensities
produced from precursor compounds using taMecenes and hexacarbonyls
organanometallics. Metallocenes seem to produce higher beam currents than hexacarbonyls
because of the six bonds on metal compared from hexacarbonyl which only has two bonds

from the rings of the metallocenes (Nakagawal, 1997).

The challenge with the MIVOC method is that the organometallic precursor materials with a
metal of interest are commercially available only for natural materials. As a result, isotopes
with small abundances cannot be produced with sufficienhsittes with natural material.
Isotopically enriched organometallic materials have to be synthesised in small scale in the
interested laboratories to produce isotopic metallic beams. Such exotic materials have been
produced somewhere else with enrichedatselike nickel, iron, vanadium, chromium, cobalt

and ruthenium, etc.and have been used for beam production via the MIVOC method
(Koivisto et al 1994;Koivisto et al, 1996; Koivistoet al, 2002 Leherissieret al., 2007;
Rubertet al, 2012). In the eriodic table shown in Figure 3.2, the beam particles that are
produced to date through the ECR ion source with organometallic materials using the

MIVOC method are highlighted in cyaBome of he enriched metal ion beams produaed
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JYFL (Finland), GANIL (France) and JINR(Russid using metallocenes amdso presented
in Table 3.1.

1
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Figure 3.2: Metallic beams produced via the MIVOC method to date are highlighted in
turquoise in the periodic table of elements (Koivistoakt 1994; Koivisto et al., 1996;
Nakagawa et al., 1997; Koivisto et al., 2002, Cao et al., 2007; Leherissier et al., 2007;
Rubert et al., 2012; Bogomolov et al., 2015).

Table 3.1: Someof the metallicion beams poduceda MIVOC method usingrganometallic

material with the enriched metal.

Organometallic material Beam I nstitute References

Ferrocene 54.5¢e JYFL Leherissier et al,
2007, Koivistoet al,
1996

Magnocene 24.26Mg GANIL Leherissier et al,
2007, Koivistoet al,
1996

Nickelocene 58,60\ JYFL Koivisto et al, 1994

Titanocene 48,50T7 FLNR, Koivisto et al, 2002,

GANIL, JYFL,

Ruthenocene 102Ru GANIL Leherissier, et al,

2006, status report

1 JYFLDepartment of Physiog@YFL), University of Jyvaskyla in Finland; GRMNILGrand Accélérateur National
RQL2ya [ 2dz2NRaz 2NJ [ | NEBS inlF@rce ELNENRY Fletov lindogatgry 6f Nuclésd St S NI
Reactiong; Joint Institute for Nuclear Research in Russia
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3.4 Electron Cyclotron Resonance lon Sources at iThemba LABS

The acceleration of ion beams at iThemba LABS is achieved by using two dedicated types of
ion sources whereby the ionisation of elements take place. The ionised elements are then
extracted and praccelerated at either the first solid pole injector cyolo(iSPC1) or (SPC2)

before being transferred to the SSC. The full description of the SSC is given by Conradie
(1992). The current study is about the MIVOC method development for the vaporisation of
metal species before being transported to the SPC2 siédirgector shown in Figure 3.3.

This is part of an upgrade for ECR ion sources in order to increase the number of ion beam
species to be produced at iThemba LABS. ECR ion sources used at iThemba LABS for the
production of ionised particles are the ECREd the Genoble Test Source GTS.

Figure 3.3: The layout of the SPC2 pexcelerator of iThemba LABS. 1: Inflector 1; 2:
Probe 1; 3: RADAX slits; 4: Radial slit; 5: Probe 2; 6: Axial slit; 8: Harp; 9: Electrostatic
extracton channel; 10: ¥ magnetic channel; 11:"2 magnetic channel; 12: Deflection

magnetic channel.

The Electron Cyclotron Resonance lon Source 4 (ECRIS4) source has been used at iThemba
LABS for beam production since June 2008 (Thoneteal, 2009). This source was
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originally built at GANIL (Sortais, 1995) for the Hahn Meitner Institute (HMI) in Berlin,
Germany (Waldmann & Martin, 1995)t was later donated to iThemba LABS (Thonete

al., 2009). This source consists of a water cooled plasramber with a length of 18 cm and

a diameter of 7 cm. The chamber is surrounded by FeNdB permanent magnets which produce
a hexapole field of 1 T at the wall of the chamber for radial plasma confinement. Two
solenoid coils produce an axial field which @ioaes the plasma axially. The field on the axis
typically varies from 0.4 to 1.1 T. The microwave power is coupled into the source via a
wave guide and the coaxial coupling system. The generator can deliver up to 2 kW of
microwave power at a frequency o4.% GHz. This is the ion source that will be used for

beam production experiments in this research.

In addition to ECRIS4, the Genoble Test Source GTS in Figure 3.4, is another modern room
temperature ECRIS used at iThemba LABS. The source is coupladi#.5 GHz and 18

GHz microwave generator. It has a provision for two ovens. The axial field can be varied
between 0.5 T and 1.2 T by means of three solenoid coils and the radial field has a value of
1.3 T using FeNdB permanent magnets (Thoeiasd, 2009).

The arrangement of the two sources in the vault is shown in Figure 3.4. It allows for the
simultaneously operation, i.e. the required beam for cyclotron acceleration will be delivered
from one source while the other source can be used for bearopieesit. The beam line for

the ECRIS4 consists of a solenoid which fasthe beam extracted from the source into the
focal position in front of the doubi®cusing 90° bending magnet. Two steerer pairs allow
for adjusting the beam with respect to the akishind the magnet the beam is focused by

means of Einzellens into the-t@ansfer beam line.

3.5 lon particle beams at iThemba LABS

lon beams at iThemba LABS are subject to certain limitations regardingl@anmiergy and
intensity. Due to:
1 the frequency range which can be adjusted for the cyclotron resonators,
1 the RF (radio frequency) voltage which can be stably generated in the acceleration
gaps,
1 the magnetic induction which can be achieved in the magnet poles and
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1 the charge state of then to be accelerated obtained in the ion source,
The energy range is limited to approximately2@ MeV/amu depending on the mass over
charge state of the ion question. Another limitation is the beam intensity which can be
delivered to the target. Whemas in earlier experiments, intensities of tens of particle nano
amperes (pnA) were sufficient, nowadays much larger intensities in the range of 10 ppA are
requested.

The beam transmission of the transport and acceleration chain is known to be as follows
approximately 10 % of the intensity extracted from the ion source can be accelerated with
SPC2 and transmitted into the SSC. These losses are mainly due to the intrinsically limited
longitudinal acceptancef the RF acceleration cavities, the limitednseerse acceptance of

the inflector and extraction channel and instabilities during acceleration in the injector
cyclotron. The injection, acceleration and extraction of the main accelerator, SSC, accounts
for another reduction by a factor of 5. Furthereydo deliver a low emittance beam onto the
target (to avoid unwanted background) the slits of the high energy beam line have to be
closed to a certain amount accounting for a further reduction in beam intensity. Adding
together, a minimum beam intensitiyai least 1 to 2 puA must be extracted form ion source.
Whereas this is niaa problem for light elementgpr heavier elements, e.g. Ni, which require
charge states of#dto 12+ for successful acceleration requirements, this is more difficult to
fulfil.
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Figure 34: The schematic Layout of the ECR vault for HMI ECRIS4 and GTS2. The

schematic shows the positions of the solenoid, the two pairs of horizontal and vertical
steerers, the einzellens and the Faraday cup 3Q.
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Chapter4  Synthesis of nickelocene

using nickel isotopes

In this chapter the procedure for the synthesis of nickelocene complexes using natural nickel
and the isotopes &fNi and®Ni is described. The main aim of the study is to synthesise the
nickelbcene with the enricheNi and ®2Ni isotopes. Thé?Ni in the sandwich complex of
metallocene was used to develop the method before using enriched isotopes of nickel for cost
saving. The final product of enriched nickelocéfsiCp, and ®?NiCp, will be used for
metallic beam production &PNi and ®?Ni. These metallic beams will then lised in the
fundamentahuclear physics experiment, more details in chapter 1 whereby the motivation of
the study is described. In additjom this chapter, dracterisation methods used on
synthesised nickelocenes for the investigation and determination of the structure of
nickelocene complexes are described in detail. Techniques used for characterisations were
Infrared Spectroscopy (IR), -Kay Diffraction (XRD and Proton Nuclear Magnetic
Resonance!d NMR). This chapter begin with the background where the behaviour of
nickelocene is highlighted in order for the reader to understand all the step by step synthesis

undertaken to the final product of the enricimézkelocene.

4.1 Synthesis of nickelocene

4.1.1 Background of nickelocene complex behaviour

Nickelocene is an organometallic compound that has 20 valence electrons which exceeds the
normal number of 18 electron count as seen for many organometallic compounds as
discussed in chapter 2. The extra two electrons are in orbitals that are weakiycanbbal
antibonding and as a result the complex undergoes reactions in whichi rnathbn bonds

are broken to a stable electron count at the metal centre to 18. Considering the instability of
the complex, there should be measures that need to be exaenaisddr to keep the complex

in its original 20 electron count, and this is achieved by storing the complex under inert

environment.
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Metallocenes in general are prepared following the methods as described by Jolly & Wilke
(1974):

1 Direct reaction betweemetallic nickel and cyclopentadiene.
1 Reaction of main group metal cyclopentadienide and nickel salt.

91 Deprotonation of cyclopentadiene by an inorganic base in the presence of nickel salt.

In this study, the preferred method to synthesise nickelocene hgasetond mentioned

method above, reaction of metal cyclopentadienide and nickel salt.

Isotopic materials are costly and supplied in small quantities. In addition, the cost of the
material also depends on the abundance of the isotopic material and Huelsnesed to

separate during the production. Thus, to minimise the cost during method development of
nickelocene, natural nickel was initially used to develop the method before the enriched

isotopic nickels could be considered.

The setupfor the synthesi of metallocenes was assemblegdthe Target Laboratorat
iThemba LABS. The following equipment and chemicals (listed in Table 4.1) were available
for use including the characterisation equipment not available at the current laboratory

facility, howeversourced externally:

Analytical weighing balance
Buchner funnel and Buchner flask
Condenser

Cold finger

Glass vials

Hot plate with magnetic stirrer

Oil free vacuum pump

Ultrasonic bath

Test tubes with arms

Vacuum boxes

SMP10 Stuart melting point apparatus

= =4 4 4 4 -4 -5 A2 -5 -2 -2 -9

Br u k enmayoPewdar Diffraction
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1 H NMR spectroscopy
1 Infrared (IR) spectroscopy
1 Thermometer

1 Fume hood

Table 41: Table listing the chemicals and nickel materials being used, supplier and the

purity or isotopic enrichment.

Chemical Supplier Purity (%) / Isotopic
concentration (M) Enrichment
(%0)
Nickel powder Cerac 99.97% =
Hydrochloric acid (HCI) Sigma Aldrich 32% -
Ammonium hydroxide Sigma Aldrich 25% -
solution (NH4OH)
Acetone [(CHs)CO] Sigma Aldrich 99.99% -
Chloroform (CHCI 3) Sigma Aldrich 99% -
ONi powder Isoflex, USA - 99.80
®2Ni powder Isoflex, USA - 98.02
Sodium Cyclopentadienide  Sigma Aldrich 2.0M -
in THF (CsHsNa)
Argon gas (Ar) Air products 99.99% -

4.2 Nickelocene method development

Nickelocene synthesis in this research involves rstéip synthesis whickhomprisesthe
following steps: & synthesis of nickel chloridep) hexaaminenickel (II) chloride anat)(
sublimation of the nickelocene complex. Only enriched nickel powder fisotaickel)
material was available, not in an oxide form. Therefore, the method was initiated by using a
natural material of nickel for the method development using the steps as specified in the next

subsections.

4.2.1 Nickel (Il) chloride hexahydrate (NiCl2.6H20)

The method used was adapted from the one used at the Department of Physics in the
Jyvaskyla accelerator laboratory (Rubettal, 2012) and also referred by Crabtree (2005).

The process was initiated by synthesising hydrous nickel chidride was achieved by:
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1 Dissolving 300 mg nickel (Ni) powder into 25 ml concentrated 32% hydrochloric acid
(HCI) and the reactants were placed into ultrasonic bath set at 80° C to speed up the
reaction until nickel powder dissolved completely and the ligaeg nickel chloride
in solution was formed (Leet al, 1998), as shown in Figure 4.1(a).

1 The solution was then heated on the hot plate to dryness untéhHracteristic
yellowish brown colour was obtained, reaction 4.1, which is anhydrous nickel
chloride (NiCk), Figure 4.1(b).

YO
0d o060 ddn©° 0 ®ai (4.2)
1o
All processes were conducted under the fume Hoodbetter ventilatiorasHCI| fumes are

toxic when inhaled
4.2.2 Hexaaminenickel(ll) chloride [Ni(NH3)sCl>]

Anhydrousnickel chloride (NiCl) powder was dissolved in approximately 2 ml of deionised
water and the green solution of nickel chloride hexahydrate was formed. @RifD),

following,

6 ®ai  @Os & ©° § ®a ¢gO0 ON (4.2)

Figure 41: (a) Pictures showing the set up for synthesis of hydrous nickel chloride and (b) the

anhydrous dried nickel chloride, yellowish brown powder.
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1 Hexahydratenickel chloridecomplexis composed o&ix water moleculebonded to
nickel chloride crystals. This complex can easily form coordination complexes
because of the weak link between nickel chloride and the water moleg@iessfore,
ammoniawas addedo the complexo displaceammoniawater molecules as it forms
stronger bond with nickedhloridethan water(Girolamiet al, 1999). Then, about 10
ml ammonia solution (Nk) was slowly added to nickel chloride hexahydrate, this
was achieved by adding a drop M¥H at a time and swirlingptallow the solution to
cool down as the reaction releases heat. Addition of ammonia solution was done until
a deep blue solution of hexaaminenickel(ll) chloride was obtained, see Figure 4.2 (a)
and refer also to reaction 4.3 below.

0 M0 046wy @O wA° 0 WO 6a wn @O a (4.3)

The solution was let to stand in air for about 5 minutes to allow further cooling.
Then the hexaaminenick8) chloride was extracted from the solution by adding
acetone until the lavender precipitate was formed at the bottom of the glass beaker,
Figure 4.2(a).

1 It should be noted thaacetone and HIXDH usedwere keptin the refrigeratoa night
before being sedin order to achieve a better yield of the complex

1 The complex was then placed in ice bath for 30 minutes until the precipitate settled;

see the image in Figure 4.2(b).
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Figure 4.2: Hexaaminenickel (II) chloride (a) solution cooling down to ambient temperature
and (b) in ice bath for further precipitation.

1 The resulant precipitate was collectedn Whatman no.5 filter paper aftgacuum
filtration. The vacuum filtration process was done usinguzhner funneland a
Buchner flask which wasonnected to aail free vacuumpump to assist thitration.

1 The filtration process was done until the complex was dry, Figure 4.3(a)tibtitra
was stopped hen the green colour started to develop on the sifledilter paper
The green colour indicates the evaporation of ammonia out of the complex since
ammonia is volatileThe filtration process lasted for about 30 minutes.

1 Thecomplex waghen,scrapped off from the filter paper, weighed and transferred to
a vialwrappedwith parafilm to keep the complex intact atfe vialwas stored under

vacuumusing avacuum desiccator for 4 days for further drying, as shown in Figure

4.3(h.
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(@) (b)

Figure 4.3: (a) Images showing theacuumdried hexaaminenickel (II) chloride in Buchner
funnel and (b) thénexaaminenickel (Il) chloridan a vile storedin a vacuum desiccatdor

further drying

4.2.3 Synthesis and gblimation of nickelocene

For the synthesis angublimationof nickelocene theset up used in this study is shown in
Figure 4.4 All the used glassware was oven dried for 3 days at 100 °C before use for safety
precautionsThe sodium cyclopentadienide in tetrahydrofuran (THF) reacts vigoradmn

in contact withwater and moisture, which might result into firewasthenallowed to cool

in a desiccator. Ae experimental set up glasswavasfirst purged withargon gas for 3 to 5
minutes for complete drgess and to create the inert atmospHegore the addition of

reactantsThusthe synthesis of nickelocemeas carriedbut as follows:

91 Dried hexaaminenickgll) chloride prepared above wasansferred to resion tube
in Figure 4.4 which was followed by adding 5 to 8 ml of 2 M sodium
cyclopentadienide in THF, (refer to reaction 4@)ring the heating,hie temperature

of the oil bath where the reaction tube was immersed was kept at 75 °C in order to
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achieve the reaction temperature at 8D and at this temperaturghe green

nickelocene solution was formed

. AOGH 0BO 8a00. B'O i b @dia @0 Q (4.4)

1 After 2 hours, the oil bath temperature was increaseds5t6CGfor 10 minutes to
ensure that ammonia evaporates completely before sublimation oicktedocene.
The argon flow waslsostoppedduring thelO0 minutesof evaporating ammonia from
the product

1 It should be noted thabtoughout the reaction process, argon gas was allowed to flow

slowly in the reaction chamber.

Condenser

Sidearm

reaction tube

Reactants

Figure 4.4: Thesetup used during the formation ofude nickelocene.

1 The final step in the synthesis of nickelocene was sublimation. The purpose of
sublimation is for purification of the crude nickelocene. This was achieved by
removing the condensé&om the eaction chamber armupling the coldinger to the

reaction chambeasshown in Figure 4.5.
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1 Since the nickelocene begins to sublime around 80 °C, the temperature of the oil bath
was increased to 120 °C. When the temperature was just above 110 °C the
sublimation begun but the nickelocene waé collected on the cold finger only but
sublimed at the walls of the test tube as well. The length of the test tube was shortened
to minimise the distance in between the bottom part of the teswtide the crude
nickelocene is aaind the cold fingeto ensure that most of the purified nickelocene is
collected on the cold finger.

1 Figure 4.6 shows the collected nickelocene after modifications. The final product was
collected and stored in normal glass vials and some in headspace vials and stored
under nert atmosphere&samples were weighed under the nitroiéed glove box.

Cold

Cold finger

finger

Sublimed

nickelocene

NaCl

(a (b)

Figure 45: The sublimation set up, shows unmodified test witie cold finger coupled on
as a collector of nickelocene during deposition process. Image on the left (a) is before
deposition and the one on the right (b) is for when the nickelocene deposited on cold finger

and the sides of the test tube.
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@ (b) ©

Figure 4.6: (a) An image of green crystalline of nickelocenedaposited orcold finger
whenmodified test tubewere used(b) the collected product in a weighing paper and (c)

stored in a sealed vial fdurther storage.

4.3 Characterisations

Crystal structure and the compound unique structure information were collected using XRD,
'H NMR and FTIR techniques after determining the melting point of the synthesised
materials. All the identification of nickelocesamples that are discussed in this section are
as follows: Samples 1 to 7 are nickelocene samples with natural figkéC.) and then
nickelocenes with enriche¥Ni and ®2Ni (®°NiCp. and ®?NiCpz). A commercially acquired
nickelocene sample frofigma Aldrich was used as a neface sample in this studyh&

tables with sample identities are presented in Chapter 5.

4.3.1 Melting point determination

All the synthesised nickelocene samples were physically characterised by testing their
melting pant in the target laboratory of iThemba LABS. The melting point was conducted by
inserting the synthesised crystal powder to capillary melting point tubes as the sample holder
and the melting point was determined using SMP10 Stuart digital melting pqatadips

shown in Figure 4.7.
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Figure 4.7: Melting point apparatus used for determination of synthesised nickelocene
samples melting point.

4.3.2 X-ray diffraction (XRD) analysis

The crystal structure and the orientation of synthesised nickelocene were investigated by the
Xiray diffraction method. Analysis were conducted using the equipment available at the
Materials Research Department (MRD) of iThemba LABSra}( diffraction is lased on
constructive interference of monochromaticrXys and crystalline sample wherebyra§s

are generated by a cathodaa§ tube, as shown in Figure 4.8. The process involves filtering

the X rays first to produce monochromatic radiation, followed byoentrating them by use

of collimators to be finally directed to the sample (Girolatnal, 1999). In the Xray tube,
electrons are emitted from the cathode filament and accelerated towards the anode plate. The
anode is typically fabricated from high ity metals of copper, chromium, molybdenum,

iron, cobalt, nickel or silver. The electron current between the filament and the anode may be

adjusted by tuning the filament current in the range of 10 mA.

When electrons impinge on the anode, they are eiateld by their interaction with the target

plate atoms leading to the emission d¢Xys. The acceleration voltage in kV must be greater
than the energy of the characteristic radiation required by the experiment in keV (Birkholz,
2006). Diffraction effect are observed when electromagnetic radiation impinges on periodic
structures with geometrical variations on length scale of the wavelength of the radiation. The
interatomic distances in crystals and molecules amounts to 0.15 to 0.4 nm and this
corresponds n t he el ectromagnetic specrays hamingwi t h

photon energies between 3 and 8 keV. This equivalence in energy leads to interactions so that
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the electrons of an atom will primarily be responsible for the scatteringi cdyX. The
number of electrons in a given volume of space determines how strongly an atom sg¢atters X
rays. The interference of scatteretrys leads to a general occurrence of diffraction (Ewald,
1962; Birkholz, 2006; Van Holdet al, 2006).

Be window Getter Contacts
Water filter ™}
)
/ I oy >
/,/
Lead shield -l
Wehnelt
Anode  Focal Cylinder
spot

Figure 4.8: Schematic showing the conventionatay tube Birkholz, 2006)

Constructive interferenckeappens only under specific crystalline orientation conditions. For
instance, when a crystal is placed in a monochromatic beaanitgenerata diffraction

signal only if its orientation ina beam sagst he Br aggds condition for
(Sarrazin,et al, 2005) . Braggbs equation (Equation 4
shown in Figure 4.9 and also explaineddetails by Birkholz (2006) and Van Hold¢ al.

(2006). The Braggb6bs equation is written as;

¢l ¢QOE+H (4.5)

wheret is the reflection order}, is the wavelength of the-Kays, Qinterplanar distance and
—the incident angleEssentially, when a set of crystallographic lattice planes with distances
dna is irradiated byplane wave Xrays impinging on the lattice planes at an arglé causes

a relative phase shift of the wave depending on the atom configuration. The plfase sh

compr i s@&nBs dio &hicletheir sum equals 8 d s fomadfly arbitrary angle— The
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reflected wave after the constructive interface can only be achieved when the phase shift
2 d s is a multiple of wavelength.

The nickelocene crystallineommercial samples were analysed as supplied along with the
synthesised nickelocene samples prepared at iThemba LABS for comparison. The
characterisation of these nickelocene complexes using XRD have never been investigated at
iThemba LABS before and ascduno reference sample exist. To carry out the analysis, a D8
Advance Bruker Xray diffractometer, shown in Figure 4.10 was used at iThemba LABS.
The analysis of samples was conducted usinggCa#iation with a wavelength of 1.5418 A,
Angular steps werencremented by 0.0%nd counts were collected for 0.5 seconds per step.
The data were collected aGfom 5° to 7 from a commercial sample and from samples 1,

2, 3 and 4. XRD data were collected gtfidm 10° to 6 for 5°NiCp, and®?NiCpz. The XRD
andysis results of commercial sample (Sigma Aldrich), sample 1 (iThemba LABSYp,

and %2NiCp, were further processed using the EXP0O2014 program (Altoetaaé, 2005).

All XRD results are discussed in chapter 5.

O

A, +A, =2d cos(90°—8) = 2d sin 6

Figure 4.9: The schematic drawing of different sets of crystallographic planes that occur
according to Birkbolyz,@6. condition (
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X-ray tube
Y Detector

Sample holder

Figure 4.10: A D8 Advance Bruker MXay diffractometer employed during the structural

investigation of nickelocene complexes.

4.3.3 Proton Nuclear Magnetic (H NMR) Spectroscopy analysis

Nuclear magnetic resonance (NMR) spectroscopy is a technique that reliesroagthetic
properties of the atomic nucleus. When a nucleus is placed in a strong magnetic field, nuclei
resonate at a characteristic frequency in the radio frequency range of the electromagnetic
spectrum. Slight variations in this resonant frequency proddailed information about the
molecular structure in which the atom resides (Traficante, 1996; Faust, 1997; Jacobsen,
2007). This implies that NMR absorption is a result of transition between the energy levels
caused by applied radiofrequency radiatiBngns, 1995). In short, many atoms behave as if
the positively charged nucleus was spinning on an axis. The spinning charge creates a tiny
magnetic field. When this spinning nucleus is placed in an external magnetic field, it tries to
align itself with it (Gerothanassist al,, 2002; Jacobsen, 2007). Since the spinning nucleus has

angular momentum, the torque exerted by the external field results in a circular motion called

63



Larmor precession. The rate of this precession is proportional to the externatindigid
strength and to the strength of the nuclear magnet and is given by:

0 — (4.6)

where 0 is the precession rate (radiation frequency) in Hértggyromagnetic ratio) the
nuclear magnet strength aBdthe external magnetic field strength. This resonant frequency

is the radio frequency range for strong magnetic fields and can be measured by applying a
radio frequency signal to the sample and varying the frequency or applied magnetic field until
absorbane of energy is detected (Traficante, 198&rothanassiset al, 2002; Jacobsen,
2007).

The magnetic resonance phenomenon occurs as a result of the quantum mechanical property
of the intrinsic spin I. The spin confers a magnetic moment onto a nudlkespin (I) can

have valued=0, %, 1, 3/2, etc.Raust, 1997Gerothanassist al, 2002; Edwards, 2009T he
gyromagnetic rati¢,, is a proportionality constant which determines the resonant frequency
of the nucleus for a given external field. In a matgnfield, a nucleus of spihhas 2 + 1
possible orientations, given by the value of the magnetic substatedsich has values dfl ,

-1+ 1,17 &( e.g. for a nucleus of spin 3@y = 3/2, - ¥, %, 3/2 ). For example, a nucleus
with spin | =1/2 nucleus, when placed in a static field has an energy which varies with the
orientation to the field. The possible energies are quantised, with the two possiblenvalues
(x¥2) corresponding to paltel and antiparallel orientations of this small magnet and the
external field as shown in Figure 4.11. Then, NMR absorption is a consequence of transition
between the energy levels stimulated by applied radiofrequency radiation (Traficante, 1996;
Edwards 2009).
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Figure 4.11: The splitting of the degenerate nuclear energy levels in applied magnetic field
(Edwards; 2009).

ThelH NMR spectroscopy investigations on nickelocene samples were conducted at Central
Analytical Facilities (CAF) of Stellenbosch University. The confirmation of the ligand
structure was conducted on synthesised samples of nickelocene from the target laboratory at
iThemba LABS, as well as on the commercially acquired nickelocene material supplied by
Sigma Aldrich. Samples were firstly dissolved in deuterated chloroform (@t aided

the process by sonication. Dissolved samples were transferred to NMR tubes for analysis.
The proton NMR was recorded on 600 Varidflnova NMR spectrometer withH and °C
frequencies of 600 and 150 MHz respectivély.NMR spectra were obtained using a 5 mm

dual channel IDpfg and the spectra were referenced to the residual solvent signal at 7.26 ppm.
Samples 1, 2 and 3 including the commercial nickelocene usedeference were analysed

in this condition. The second batch of samples (commercial, sample PNi@p.) was
dissolved in deuterated dimethyl sulfoxide(DMSO-ds) solvent, as rapid decomposition of
samples in CDGlsolvent and turbidity during the analg was experienced in the first batch

of samples. The data was acquired as above and the residual solvent signal was observed at 0
ppm shift and regions covered were 50 to £300 ppm. Results and discussions are presented in

chapter 5.
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4.3.4 Fourier Transform Infrared determination (FT -IR)

Most of the samples could be studied usiRgspectroscopyandthis serve as one of the
advantage for the technique.lIt could beliquids, solutions, pastes, powders, films, fibres,
gases and surfaces all can be examined (Smith & Dent, 2005; Othmer, 2005). For a molecule
to absorb IR, the vibrations or rotations within a molecule rbesenough tacause a net
change in the dipole momeof the molecule. Thealternating electrical field of the radiation
interacts with fluctuations in the dipole moment of the molecule. If the frequency of the
radiation matches the vibrational frequency of the molecule, then radiation will be absorbed

causing a change in the amplitude of the molecule.

Rotational levels are quantized and absorption of IR by gases yields line spectra. However, in
liquids or solids these lines broaden into a continuum due to molecular collisions and other
interactions. Theositions of atoms in molecules are not fixetausehey area subject to a
number of different vibrations. Vibrations fall into two categomésch are stretching and
bending. Stretchings a changeoccursin the inter-atomic distance along bond axis, whilst
bending is a change in angle between two bands. There are four types of bending that are
encountered in molecular vibrations: rocking, scissoring, wagging and twisting (Smith &
Dent, 2005; Siebert & Hildebrahd2008).

Infrared analysis was performed at the Chemistry Department of the University of the
Western Cape. The analysis was achieved by mixing the KBr powder with the samples.
Samples were firstly grounded with agate mortar and pestle to a fine pawidsulgected to

die set which was later evacuated to form a disc suitable for IR analyssresulting
transparent compressed disc was transferred to IR sample holdéR &fdectra were
obtained with PerkinElmer Spectrum Two -FH spectrometer scanned wavelengths
between 400 and 4000 ¢dmSamples 12 and 3 were analysed as the first batch and the
®ONiCp. and ®2NiCp. complexes were of the second batch of analysis. In both batches,
commercial nickelocene was used as the reference material. Resulseseated and

discussed in chapter 5.
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Chapter 5 Results and Discussion

In chapter 4, the experimental procedures for the synthesis and characterisations of
nickelocene samples were described in dethul¢his chapter, the results obtained from those
activities are presented and discussed. In particular, the percentage yield of nickelocene and
that of nickel present in the nickelocene complex. This chapter is divided into four sections,
namely nickeloene synthesis, XRD characterisation results, FTIR characterisation résults,

NMR analysis and their discussions.
5.1 Nickelocenes synthesis

This study is mainly on the production of nickeh (Ni®*) as the end user prodymtoduced

from nickelocengthe quantity and quality of Ni was determined through each step during the
synthesis. The percentage yield of nickel in overall synthesis of nickelocene was also
calculated. Therefore, the initial investigations were determination of the theoretidaduykl

the efficiency of the production of hexaaminenickel (I1) chloride, the intermediate product of
the reaction. The methods used for the calculations are in section 5.1.1 and the values are

reported in Table 5.1.

Moreover, it should be noted that tparity of the synthesised nickelocene complexes is an
important defining factor to measure the success of the reaction. The npmdiimg of
nickelocene complexes wetkerefore determined as the initial factor of investigation in all
samples and this wa was compared with the available literature value. Furthermore, the
percentage yield of the nickelocene complex was also estimated from the intermediate
complex of hexaaminenickel (II) chloride. Given that the hexaaminenickel (II) chloride is a
limiting reactant in the reaction to produce nickelocetherefore theoreticalyields of
nickelocenein terms of mass (mg) werealculated as in section 5.1u&ing the complex
massesRelated results are presented in Table 5.2. The graphical representation in Figures 5.1
and 5.2 are for the masses and percentage yield, respectively. The change in mass of Ni were
monitored throughout the mubtep synthesis as well in order to identif there is any

discrepancy between the initial values of nickel used from the beginning of a reaction with
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that found in the final product. The results are presented in Table 5.3 and their determination
is discussed in section 5.1.3.

5.1.1 Theoretical yield and efficiency of hexaaminenickel(ll) chloride

production

Note the molar masses of Ni[(N}Jd|Cl. were calculated according to the isotopic masses of
naNj, ®Ni and®2Ni. Thus molar masses are as follows: 231.78 g*r(i8Ni), 233.02g.mof*
(°°Ni) and 235.02 g.md1 (®?Ni). The procedures used for the calculations of theadetield

and efficiency of Ni[(NH)e]Cl2 are shown below:
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The actual mass of Ni[(N$)k]Cl> above (and in Table 5.1 below) refers to the maséehe

synthesised product.

Table 51: Initial masses of Ni and the calculated theoretical masses (mg) and efficiency (%)
of Ni[(NHz)e]Clo>.

Sample  Mass Theoretical yield Actual yield Efficiency of
of Ni Ni[(NH 3)s]Cl2 (mQ) Ni[(NH 3)6]Cl2 (mg)  Ni[(NH 3)e]Cl2 (%)
(mg)
Sample1 300 1185 922 78
Sample 2 300 1185 1044 88
Sample 3 305 1207 800 66
Sample 4 300 1185 629 53
Sample 5 300 1185 1127 95
Sample 6 300 1185 870 73
Sample 7 300 1185 700 59
5ONj 293 1139 814 71
62N 218 827 340 41
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5.1.2 Theoretical yield (mg) and percentage yield of nickelocene

The theoretical (expected) yield using the limiting reactant, Nig)sBl2, was calculated as
follows: Note that the molar massesNiCp, according to isotopic mass &fNi, ®°Ni and
®2Ni are: 188.88 g.mdl 190 g.maotand 192 g.mol, respectively also that of Ni[(N$]Cl>
were; 231.78 g.mdl 233.02 g.mot and 235.02 g.md} respectively.

Therefore;
Gé adiéi"d Qo6 n

DE T OB Q. aTBQI0 88
AEAODIETRQ O oa

The percentage yield of NiGmvas calculated as follows:
Woo & i & Q0 Q6 i
FME T OdBGh@Q

P " QQHQ0 n pTITT

Table 52: The actual mass of synthesized Ni[@)¥Cl., theoreticaly calculated values of
NiCpzand the actual mass of synthesized Nifop Samples 7 and®°NiCp; and®NiCp are
presented. Included also is theeasured melting points of Ni€pomplexes, refer also to the
reported values 171 174°C by Park & Sudarshan (2001).

Sample Ni[(NH3)s]Cl> Theoretical Actual % yield of NiCp>.  Melting

(mg) Yield NiCp2  mass  from the amount Point
(mg) NiCp>  of Ni[(NH3)e]Cl2 (°C)

(mg)
Sample 1 922 751 260 35 173
Sample 2 1044 851 463 54 171
Sample 3 800 652 367 56 172
Sample 4 629 513 238 46 171
Sample 5 1127 918 158 17 173
Sample 6 870 709 151 21 173
Sample 7 700 570 207 36 173
6ONj 814 664 349 53 172
2N 340 278 198 71 171
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Figure 5.1 shows a plot of the masses of the nickel (natural and nickel 60 and 62),
intermediate producthéxaaminenickel(ll) chlorigeas well as the nickelocene final products

as shown in Table 5.1 and Table 5.2. The consistency in terms of the production of
hexaaminenickel(ll) chloride is noted from the results present@alate 5.1. Efficiency of

above 90 % was achieved in sampleRBsults presented in Table 5.2 show the theoretical
yield (in mg) and the actual yield (in mg) of nickelocene (samgl&$ 4nd nickelocene with
enriched ®°Ni and ®2Ni synthesised #house. These values in Table 5.2 show some
discrepancy in the theoreticand actual mass. The discrepancy is mostly pronounced in
samples 5 and 6. The measured percentage yield are on average (40 £ 20) %, with the lowest
yield at 17 % and highest yield at 56 % for samples 3 and 5, respectively. The highest yield
of 71 % of nckelocene was obtained from enriched sample % However, as shown in
Figures 5.2 the results showed no particular trend in the percentage yield of the nickelocene

complex.

During the synthesis, the observation showed that the determining factbe foigher yield

of the nickelocene complex relied on the hexaaminenickel(ll) chloride complex yield and the
freshness of sodium cyclopentadienide used in the final step of the synthesis. The higher the
mass of hexaaminenickel(ll) chloride produced, litgher the mass of the nickelocene yield
except for sample 5 and 6 where the sodium cyclopentadienide was starting to deteriorate
during the process. For instance, in samples 5, 6 and 7, the sodium cyclopentadienide used
was mostly brown in colour as oppaito its pinkish colour when it is still fresh and good
which resulted in the percentage yield below 30%. Improvement in the percentage yield was
observed again when a new batch of sodium cyclopentadienide was used during the synthesis

of nickelocene enched®Ni and®Ni.

Another aidingfactor that helps improving the yield is the time taken for the sublimation
process of nickelocene under vacuum on the cold finger, which is the final step of the
synthesis. Sublimation process longer than 2 hours yielded better amounts of nickelocene
collected on the cold finger. However, sample 1 was synthesised during the initial stage of
the method development of nickelocene while the optimum reaction conditions were still to
be identified. The sublimation time of sample 1 was below 2 hours. Thessucte¢he
synthesis also relies on the purity of starting material, Ni, and concentration of ammonia in
NH4OH.
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Figure 5.1: Presentation of the mass (mg) of the starting material (Ni) for the synthesis of
nickelocene from natal nickel for samples (s1s7), enriched nickel samples {Bl0 and Ni

62) (black), intermediate product, Ni[(NH]CI2 (green) and the final product, nickelocene
(NiCp) (green).
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Moreover, it should be noted that the calculated theoretical yields do not account for the loss
of reacting materials during the synthesis. For example, the synthesis in this stwidsdreq
multi-step reactions, loss of material from the reactants should be expected and monitored to
minimise such losses. Measured melting point in all samples were between 171 to 173 °C,
which is within the range as reported from the available litergRaek & Sudarshan, 2001)

and also provided by the supplier, Sigma Aldrich on the material certificate of analysis.

5.1.3 Actual yield of nickel in the nickelocene complexes

Nickel mass contents in Table 5.3 were calculated from No©Omplexes. The efficiency of
the method to produce nickel from the nickelocene was also determined. Below are the

methods used for the calculations

Actual mass of Ni from nickelocene and efficiency on the production of Ni were calculated

as follows:
"t s s vt & n GeaodicieQ L,
0Wo A Wi G Q . AOIETQAP
A€ aiéiQOon

b OOO G @asi "0 i &N
- T T o v - mm
i OWiI a®EEIA0 Q P

Table 5.3 shows the results of thaaulation of actual mass of Ni content in NiCthe final

product (samples 1, 2, 3, 5, 6, 7 &i and®2Ni). From the results, there is no consistency

in the mass of Ni present from the nickelocene samples except for samples 3, 4 and 6 having
the values of Ni of above 100 mg with sample 2 having the remaining Ni of almost 50 %
from the initial mass of Ni. A great loss of Ni in the produced Nj&b about 200 mg or

more is experienced in sampleThe high yield of the amine complex with a mas4d.b27

mg with an efficiency of 94 for Nia high yield was expected in this sample as the Ni content
was higher in this sample as compared to other sanigledow yield was most likely due to

the decomposing NaGpthus the freshness of the NaGyay a vtal role in the the product

yield. In average, between 30 to 50 % of Ni yield was found in the final product from the
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intermediate product in most samples with an exceptiéfNinwhereby about 20 % of nickel

loss was observed. In conclusion from thesmults, it shows that Ni is lost either because of
the incomplete reaction between hexaaminenickel (1) chloride and sodium cyclopentadienide
or the sublimation process time was not enough to collect most the nickelocene sample
during purification processin ®Nickelocene it shows that most of the nickelocene was
collected during the synthesis while it was lost during the formation of the intermediate

product.

Table 53: Calculaed masses and overall efficienciels i presentin NiCp complexes

synthesized.

Sample Mass of Ni Actual Mass of Ni Overall Efficiency of Ni
from NiCp2 (mg) produced (%)

Sample 1 300 81 27
Sample 2 300 144 48
Sample 3 305 114 37
Sample 4 300 74 25
Sample 5 300 49 16
Sample 6 300 47 16
Sample7 300 64 21

6ONj 293 108 38

2Nj 218 61 29

5.2 XRD results and discussion

In Figure 5.3, the first set of results obtained after analysing four samples of nickelocene
from the first batch of samples produced during the method development of nickelocene and
that of commercially supplied nickelocene by Sigma Aldrich. The sameigiiitations are

given in Table 5.1 (samples 1 to 4) and nickelocene from Sigma Aldrich as a reference and

are colour coded in the spectra as shown Figure 5.3.
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X-ray patterns could not be indexed in order to identify the crystal structure of the
nickelocene complexes due to the unavailability of the JCP&®d for the organometallic
compounds at iThemba LABS XRD facility. In addition, this type of analysis on
metallocenes or paramagnetic complexes was done for the first time. In this instance, the
pattern obtained on commercial nickelocene was used a®fdrence and then compared

with patterns from irhouse synthesised nickelocenes. This was achieved by stacking the
spectra of the analysed samples synthesised at iThemba LABS with the one obtained from
analysing commercially acquired sample. In all 4 demgsee also Figure 5.3), there are
resemblances in the peaks observed in the theta regions between 14 and 24. Nickelocene with
the enriched?Ni was analysed and compared to commercial nickelocene, and also show the
positive resemblance, see Figure R.the XRD analysis of irhouse synthesised samples

and the one from Sigma Aldrich were conducted under the same conditions.

1.0x10° T T T T T T T T T T T
—— Sigma Aldrich sample
Sample 1
8.0x10° - Sample 2 n
Sample 3
Sample 4
M)
= 6.0x10° - -
=
=}
(&)
e
£ sox0° e
-l
20)(105 IJA Il A_A.
J AJA .l l F— A YW, DR
0.0 L_hl_ll | A .
LA DL DL DL B | I | I I I I I

20-scale

Figure 5.3: The combined XRD patterns of synthesized nickelocene samples fnoose
and commeitally supplied nickel material; Sigma Aldrich (black) and other colour coded
spectra are for samples 1 (red); 2 (blue); 3 (green) and 4 (purple) as in table 4.1. Note that

the spectra are scaled in the vertical axis to visualize the patterns for eactessapprately.

2 JCPD8ardg Joint Committee on Powder Diffraction Standards card which provides the primary references of
X-ray diffraction data.
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Figure 54: The combined XRD patterns of synthesizeckelocene samples; (black)

reference samplédNiCpz) and (red)®2NiCpe. Note that the spectra are scaled in the vertical

axis to visualize the patterns for each sample separately.

A triclinic structure was conffilir méfid.i nT hbeot h
space group were coNifdpmme Pf ¢ BN ib@gpnikfRi/ @pyf or
the EXPO2014 pretgramhOlRA) t omhese results of
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contradict the conclusions by Seiler and Dur
structur e, i . e. monoclinic"NiSeddretraiannsd tDhuen i f
i sot ohpies(,6 N1 R N2 )N %)3. 6°N%w) (And® %) ( Va
1941, Rosman & Taylor, 1998) and this <coul
structure for the natur al materi al and enr
required to fully wunder stiacnhde dt hmast ebre haa vsi otua

possibly staprfiing68.il®) tfher dexd mm@ml
should be
sem.t i ngs of

mat eri al ,

characterised at t he s

t he XRD

all sampl es

par ameters and syste

Table 54: The table representing the XRD lattice parameters and the crystal structures of
nickelocene (NiCp) samples obtained after analysis with an EXP0O2014 program (Altomare
et al., 2013).

Sample ANiICp2 ANiCp2 5ONiCp2 52NiCp2
(commercial) (iTL) (iTL) (iTL)
Crystal system Monoclinic  Monoclinic Triclinic Triclinic
Space group P2/m P2/m P-1 P-1
a (A) 9.177(3) 9.182(4) 13.459(8) 7.633(3)
b (A) 7.883(2) 7.886(3) 8.934(4) 6.662(2)
c (A 5.924(3) 5.933(4) 6.416(3) 5.999(4)
a (% 90 90 90.25(3) 103.44(4)
b (°) 91.93(3) 92.05(6) 102.98(3) 93.46(3)
g(® 90 90 106.86(6) 90.45(7)
Volume (A% 428.3(3) 429.3(4) 717.4(7) 296.1(2)
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Figure 55: The indexed XRD pattern of commeréfNiCp, used as a reference sample.
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Figure 5.6: The indexed XRD pattern BfNiCp. (sample 1) synthesized at iThemba LABS.
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These results are comparable to the one obtained for ferrocene having two crystal structures,
monoclinic and triclinic, which was the initial assumption by Seiler and Dunitz of ferrocene and
nickelocene being isostructural (Seiler & Dunitz, 1980). The diffgrence with the current results is

that the phase change to triclinic on ferrocene only occurred at lower temperatures and not at room
temperature as it is with the natural and enriched nickelocene (Seiler & Dunitz, 1979). The XRD
patterns with indice obtained using EXPO2014 software (Altometral, 2013) are shown in Figures

5.5 to 5.8. Only four peaks were |l abelled for t
45A). These 2d angl es wer e r an docarcorgpare with eeemt d u e
results on nickelocene by GonzalBarciaet al. (2017). The rotations for natural materi&fNiCp,)

between the commercial andtheimus e synt hesi zed nickel ocene sam
comparable (1 1 0; 14; 2 0-2 and 3 3 0). Rotations for Nigwith the enrichedNi and®Ni are

different from the rotations obtained for natural nickelocenes as labelled in the Figures 5.7 and 5.8.

The EXP0O2014 datdile for the analysis of°NiCp, is attached on appendiA.3) for further

referencing
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Figure 5.7: The indexed XRD pattern ¥NiCp. which was synthesized at iThemba LABS.
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Figure 5.8: The indexed XRD pattern tA@iCp,which was synthesized at iThenib®BS.

5.3 Fourier Transform Infrared Spectroscopy (FT-IR) results and

discussions

Centrally °~ bonded complex which -compexessent o
exhibit infrared spectra in regions almost similartton o se o f t thendedt e nt r a
derivatives. However, these compounds are characterised byringtaibrations as well as

other skeletal vibrations in the far IR region (Mehrotra & Singh, 2000). ThERFanalysis

was performed using PerkinElmer equiprhavailable at the Univsity of the Western Cape

(UWC). The results are presented in Figures 5.9 to 5.15. Tables 5.5 and 5.6 presents the
functional groups, type of vibrations and the characteristic absorptions of the spectra
represented in Figures 5.9 5.12.The FTIR sample preparation and characterisations of

these spectra were conducted at UWC.
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Table 54: The table showing the FIR frequencies of the first batch of nickelocene samples

prepared inhouse using naturalickel and the commercially supplied by Sigma Aldrich.

Sample ID V(C-H) V(C=C) s(CH) " (CHY Ni-Cp
cm? cm? cm?
"AINICpo2, 3000 1421 1043 819 Not observed
Sigma Aldrich
naNiCP,-1 3000 1405 1000 790 Not observed
NANCP2-2 - - - - -
natNiCP,-3 3129 1535 1033 793 Not observed
100
90
80 1
70 - T~~~
60
— i
40 -
30 | _Nicpz -1 \_\,—/\/\
{ ——Nicp, -2
20 NiCp, -3
b Reference
10 1271-28-9-IR1 /’/
4 —1271-28-9-IR2
0 T r

! | ' | ! | ! | ! | 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 5.9: This combined IR spectra of nickelocenes samyd€NiCp 1-3) synthesised in
house and nickelocene supplied by Sigma Aldrich (reference) stacked to two nickelocenes

spectra from the NIST database (Chemical book, 2016), sample IDs28Z¢IR1 and
1271-28-9-1R2 supplied by Sigma Aldrich.
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The assigned bandsgsented in Table 5.5 showed the weak stretching intensities banes of C
H at wavelength regions of 3000 ¢rim all samples. The spectra for the samples were fitted
in FT-IR spectrum supplied by NIS@n theirwebsite for nickelocenélhe ID numbeiof the
given on the website i$271-28-9 (Chemical book, 2016kee also Figure 5.3t 1535-

1421 cm' frequencies, the C=C is observed. Th&l@n plane bending was observed at the
frequencies 1043 1000 cm' and the GH out of plane bending were olbged in 819- 793

cm? frequencies. The bands assigned for the iinét@l stretches were not detected because
KBr FT-IR was used and is not sensitive in the regions below 500 assigned region for
metal ringstretches and tilts (Mehrotra & Singh, 2000)

Table 55: The table presenting the results from thelRTanalysis of the second and third
batch of the synthesized nickelocene complexes at iThemba LABS.

Sample ID V(C-H) V(CH) V(C=C)  V(C-C) s(CH) ~( CH
cm? cm? cm? (ring cmt cm?
breathing
mode) cmt
NiCp2 3076 2978 1426 1160 1000 767
Sigma
Aldrich
%ONiCp2 3085 2924 1421 1109 1000 770
2NiCp2 3082 2969 1423 1111 1003 772
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Figure 5.10: FT-IR spectrum obtained after analysingkelocene supplied by Sigma Aldrich

used as a reference material in this study.
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Figure 511: The nickelocene with the enriched 99 % of enriéPidsotope FTR spectrum.
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Figure 5.12. TheFT-IR spectrum obtained from the analysisigkelocene complex with the

enriched®Ni isotope.

The FTIR results shown in Figures 5.10 to 5.12 were obtained from the commercial
nickelocene and the locally synthesised nickelocenes with enriched isofdfdsand®2Ni.

Peaks are assigned and listed in Table 5.6. Three strong peaks were observed in all 3 samples
in frequency region of 1423 to 760 chWeak bands observed in a region of 3085 to 3070
cnt! are due to € stretching vibrations and thel€ bands are also assigned for frequencies
at 2978, 2969 and 2924 dmweak bands are also observed in a region of 1100acmd are
assigned for asymmetric ring breathingppde The in plane CH bending was s#ved in

1003 and 1000 crhfrequency regions and the out of plane CH bends are in 772, 770 and 767
frequency regions. The metahg stretch is supposed to be seen at a region between 400
350 cmt as described by Mehrotra and Singh (200@)wever, thestretching and bending
vibrations (below 500 cr) could not be observedlie tothe out of the instrument range that

was used during the analysis as a result metal ring stretching was not observed.
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5.4 Proton Nuclear Magnetic Resonance! NMR) analysis results and

discussion

'H NMR analysis was conducted on nickelocenes produced from natural nickel and the one
containing enriched?®Ni. The first batch of samples which contained nickelocene with
natural nickel including the reference sample were chariget at the Central Analytical
Facility (CAF) of the University of Stellenbosch using solvent NMR. Deuterated chloroform
(CDCHh) was used as a solvent however the solubility was poor in all four samples. Combined
spectrum of thanalysis is shown in Fige 5.13 Samples also started to decompose during
the characterisation and the analysis had to be stopped. As a result, the expected peak at the
region of interest for nickelocene was not observed. The chemical shift observed at 7.26 ppm
in all 4 samplessi for CDC4. Results discussed below show that a bad sample can yield
incorrect results. After this experience, solid state NMR was considered but the CAF facility
was not equipped at the time to perform the experiment using solid state NMR. Then, other

sdvents were tried out and the results are presented in Figures 5.17 to 5.19.

Standard_Sampled_1H
Poar solubility in CDCI3 even after sonication

Sample3_1H
Poor solubility in CDCI3 even after sonication

Sample2_1H
Very poor solubility in CDOI3. Even after sonication

Sample1_1H
Very poor solutility in CDOI3. Even after sonication

T T T T T T T T T T T T T T T T T T T T T T T
105 10.0 95 9.0 85 8.0 75 70 6.5 6.0 55 f]-S.LIJ )45 4.0 35 3.0 25 20 15 1.0 0.5 0.0 0.5
ppm

Figure 5.13: Combined solventH NMR spectra of the analysis of the first batch (samples 1
to 3) of nickelocene samples and nickelocene f&gma Aldrich. The solvent used was
CDCls.
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The spectra shown in Figures 5-18.16were all acquired on solvent proton NMR using the
isotopologue deuterated dimethyl sulfoxide(DMSOi ds) as a solvent. DMSO was chosen
instead of deuterated chloroforine to problemm explained above. Figures 5.14 to 5até

for spectra of the commercial nickelocene and thbouse synthesised nickelocene using
natural nickel and the enrich&2Ni isotope. A chemical shift with a sharp intensity observed
near zero irall three samples is for DMSO. Wide chemical shifts with broadened signals are
observed aroune250 ppm. Martin and Austin (2016) also reported the chemical shifts of
nickelocene theoretically and experimental2&i4 ppm. Isotropic signal shifts of nickekne

at -257 ppm are also reported for solid proton NMR (Hedteal, 2001; Martin &
Autschbach, 2015; Martin & Autschbach, 2016).

348
—348

T T T T
12 10 8 6

-2.50 DMSO-d6

- —-250.15

T T g T T T T T T T T T T T T T T T T T T
250 200 150 100 50 0 -50 -100 n (;)195"0‘) -200 -250 -300 -350 -400 -450 -500 -550

Figure 5.14: The'H NMR of the characterisation of Nigpcquired from Sigma Aldrich. The

blown peak is for a DMSO solvent used to dissolve a complex.
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Figure 5.15:. The solventH NMR spectra for a nickelocene produced at iThemba LABS from

natural nickel.

Figure 5.16. The spectra obtained after analysis from solvéidt NMR for enriched
5ONiCp..complex which was synthesized at iThemba LABS.
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The reason for high field shifts in all three samples is du¢héoanisotropic effect of
paramagnetism of nickelocene (Vaaeaal., 2015). Nickelocene is said to have degenerate
antibonding orbitals ¢g) and this fact is reflected in electrochemical properties of the ligand
(Mehrotra & Singh, 2000; Sitzmann, 2001; Hrobar#, al, 2007), see Figure 5.1for
molecular orbital diagram of nickelocene. As such, this results in large NMR shifts because
of the unpaired electron situated in the antibonding orbital of the metal. This unusual proton
resonance shift for paramagnetic nickelocene sandwich was egdsaead early right after

discovery of nickelocene by McConnel (1957) in both solvent and solid state NMR.

Figure 5.17. Partial molecular orbital diagram of nickelocene showing the bonding
configuration of the complex. The highlight in red shows thevialence electrons that are
located in the antbonding orbital, which are the reason for paramagnetism effect of the

nickelocene complex (Sitzmann, 2001).
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Chapter 6  Nickel Beam Production

The objective of this study is to develop nickel (fr6PNi and ®2Ni) ion beams using the

i Themba LABSO6 ECRI S4. These beams ar-eteprequir
Coul omb excitation experiment, entitled ASea
More details regarding the experimente aalso discussed in Chapter 1, whereby the
objectives of the experiment are highlighted. Also in chapter 1, more discussions on why
MIVOC method was the preferred methods to produce metallic begreshighlighted.
Furthermore, details on the MIVOC method and its requirements are described in Ghapter

This also emphasise the developments of nickelocene as precursor material for MIVOC
method. Nickelocene synthesis and their behaviour are discussédpte@4 and>5. In this

chapter, the focus is on the applications of nickelocene as related to beam production. A
detailed description of the production of nickel beams in the ECRIS4 using the MIVOC
method at iThemba LABS will be described in detail iis thapter.

6.1 Pre-sample preparation for MIVOC experiment

Commercial nickelocene!NiCpz, ®NiCpz and ®°NiCp. were used for nickel beam
production experiments in ECRIS4. Investigations using the MIVOC method were initiated
using a commercially suppd natural nickelocene from Sigma Aldrich. This was done for
comparison purposes before enriched nickelocene complé®é¢i€g, and ®NiCp,) were

used. Approximately 1g of the nickelocene was loaded to a stainlessatgher (also the
MIVOC container). Nickelocene is sensitive to moisture and air, therefore suitable
environment is required to handle the material. The loading process of nickelocene for this
study was performed inside a glove box under nitrogen atmosp After loading, the
container was closed with an on/off valve, thereafter, evacuated on a separate pumping
system to a pressure of 4fbar. This pressure is comparable to the vapour pressure of the
nickelocene. The setup is shown in Figure 6.1. VW¢OC setup was then coupled to the
injection system of the ECRIS4 through a manual regulation valve and via another on/off
valve and an insulator connected to the injection chamber of the source. Figure 6.2 shows the
injection system before installing the source, which is shown in Figure 6.3. Recorded

masses of°NiCp, and®2NiCp, used for experiments were 300 mg and 170 mg, respectively.
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It should be noted that the experiments were conducted on different days for each

nickelocene complex.

On/off valve

MIVOC container

Figure 6.1. The picture shows the MIVOC container attached to the on/off valve connected

to a separate pumping system for4pumping.

Figure 6.2: Theinjection system for MIVOC setup before the installation to the ECRISA4.
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Figure 6.3: Photograph of the MIVOC injection system connected to the source.

6.2 Beamproduction with natural nickelocene

The beam experiments were conducted with ECRIS4 attached to the Q injection line, (see
Figure 3.4). The process involves the beam being extracted from the 14.5 GHz ECRIS4 and
focused with the solenoid of 0.2 m lengttitm& maximum magnetic induction of 0.75 T. It is

then directed into the focal position in front of the double focusing 90° bending magnet
which has a rigidity of 0.1 Tm. The beam then drifts to the entrance of the existing Q
where it is focused by mea of electrostatic einzel lens. This reduces the beam envelope
during the drift to the horizontal and vertical slits in front of the Faraday cup 3Q. The beam
requirement is in the range of 200 MeV f9Ni and ®°Ni beams. For the iThemba LABS
acceleratorcomplex this energy can be achieved with th&" Siharge state. Therefore, all
experimental measurements were carried out for the beam optimised for this charge state. The
first experiments were carried out to optimise the beam intensity measured imatiayFeup

3Q for natural Ni (see Figure 3.4) f§iNi®* at source potential () of 10 kV. The extraction
current was 1 mA. For a biased disc voltage8f V, the disc current amounts to @3

mA. The longitudinal magnetic field at the injection andr&stion was set to approximately

1.1 and 0.9 T, respectively. The flow of nickelocene was adjusted by a manual regulation
valve to yield a pressure of 2220 x 10° mbar measured at the injection side of the source.
The slits in front of the Faraday cwugere opened up to 60 mm in both the horizontal and

vertical plane. All experiments were carried out without supporting gas. Initial pressures at
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the source injection and extraction sides were 5.0 % mbar and 8.0 x 1® mbar,
respectively. The highesurrent of about 20 pA was obtained after 1 hour of conditioning.
Figure 6.4 shows th&éNi®* beam intensity measured in Faraday cup 3Q. Over a time span of
approximately 1 hour, beside dips which are due to small discharge in the extraction system,
the curent is constant within3%.
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Figure 6.4: The *®Ni®* beam intensity measured in Faraday cup 3Q over approximately 1

hour. The slit width amounts to 60 mm for both planes.

Subsequently, the mass over charge, m/q spectua®, measured to determine the beam
composition. For these measurements, the horizontal SLX and vertical SLY slit width were
adjusted. The values for these adjustments are displayed at the top header caption of the
spectrum in Figure 6.5. The bending magreid solenoid currents were varied
simultaneously from 31 to 47 A and 130 to 215 A, respectively. This corresponds to an m/q
charge state of 10 to 5. At a source potential of 10 kV, Ni charge states of 10 to 5 were
observed (NP* and NP*). Note that Ni* and Nil®* were also presenthowever were
superimposed by th&C'* and 12C?* peaks, respectively. The intensity for the charge states
showed a typical distribution. Literature values for the abundance of nickel isotopes in natural
nickel are 68%°Ni, 26% °°Ni and 3.6%°?Ni respectively (Valley, 1941, Rosman & Taylor,
1998). However, the spectrum indicates a ratio of 52, 36 and 12% for the three isotopes. The

discrepancy could be caused by the different transmission efficiencies for the different
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massesand that even at 5mm slit width the different species are not completely separated.
Experiments in which the beam is accelerated through SPC2 will allow for a complete

separation of the isotopes.
Uex=10kV, Pre=100W, p1=1.83*10 *mbar, Vmv=800sc, linj=700A, |e=640A, Uein=3.9kV, SLX=5mm, SLY=50mm
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Figure 6.5: The m/q spectrurfor commercial nickelocene obtained at the experiment using
the ECRIS4 source. The spectrum is obtained by varying the bending magnet curreiit (31
A) and solenoid current (130 215 A) current simultaneously. The Faraday cup current

range is 2uA.

6.3 Beam Production with ®°Ni and %2Ni nickelocene

Next, the production of°Ni ion beams from enriched nickelocen®Ni(CsHs),] and
[®2Ni(CsHs),] are discussed. The first 5 hours of experiments, accounted for the conditioning
of the ECRIS system, and decontamination process, as natural nickelocene was used
previously. During the conditioning process, béiNi and ®°Ni ion beams were measured

with the °®Ni intensity decreasing with time. Then, the experiments were conducted as in the
previous experiments for natural beam production, but with the slight modification of the
source parameters. For example, in the second experiments durfifiylitbed °°Ni beams
production, the m/q spectra were acquired when the slit widths were adjusted on both the
horizontal and vertical positions to 1 and 20 mm, respectively and the bending magnet

current was varied between 31 and 47, respectively. The solencathtswirere kept the same
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as previous settings, 130 to 215 A. The parameters are recorded in Tables 6.2 and 6.3, and
also shown in the caption of Figures 6.6 and 6.8. Currents of 30 pA was measured in both

%ONi and®2Ni beam experiments.

U.,=10kV, Vy=770sc, l.,=1.4mA, U,=-260V, |,=0.7mA, P=200W, |;,j=700A,
lext=600A, lso=177A, Upin=3.9kV
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Figure 6.6: The m/q spectrum fot°Ni from enriched 6ickelocene. The spectrum is
obtained by varying the bending magnet 347 A) and solenoid (130 215A) current

simultaneously. The Faraday cup current range was 200 nA.

From the m/q spectrum in Figure 6.6, tHalil®* © 5* charge states are present with both
charge state +10 and +5 superimposedd/* and '°C!*. Charge states of +6 to +9 are
observed with +8 and +7 states occupying maximum peaks. During®®fiebeam
production, the beam was further transported through than@ AX-line to Faraday cup
AX2 in front of SPC2. The profile of the beam at that position inl#€ (in front of SPC2)
is shown in Figure 6.7. At this beam line, a current of 21 pA was measuredransmission

of 75% was probably due to charge exchange processes during transportation.

From the spectrum in Figure 6.8 all the charge states peaks of 10 to 5 are observed as
opposed with the previous results obtained for natural and enriched-@ickelam profiles
whereby +10 and +5 charge peaks are superimposed by +2 &A@ e¢harge states. In the
present result, doublet peaks are observed for +10 and %Hiipaired with +2 and +1 of

12C. In the overall results obtained for b&fNi and ®2Ni, the results showed peaks for the
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®ONi and ®?Ni isotopes with no extra impurities other than expectegriylucts elements of
C, H and O. Source parameters for experiments are shown in Table 6.1.

WﬁnA_ _466 nA

400 nA 4 400 nA

300 nA 4 F300 nA

200 nA 4 200 nA

100 nA 100 nA

ik T T T T T T T T T e T L A e L L b &
-42 -36 -30 -24-20-16-12-8 4 0 4 312162024 30 36 42 || 42 -36 -30 -24-20-16-12-8 4 0 4 812162024 30 36 42

Figure 6.7: Beam profile of thé®Ni®* ion beam measured in the Ae, X (left) and Y
(right).

#Ni-Ocene: Ua,=10KV, Vyn=770sc, l.,=1.0mA, U,=-70V, I,=0.2mA, P,=150W, p,=1.7*10°mbar,
li=650A, lox=580A, l;o=174A, Ugr;=4.2kV, SLX=1mm, SLY=30mm
1 -
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62Ni9+ GZNiN+
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Figure 6.8: The m/q spectrum of a beam profilé®i obtained in MIVOC method using-62
nickelocene.
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Table 61: The ECRIS4 parameters during the productioffdfi and®**Ni beams using the
MIVOC method.

Unit
natN i 60Ni 62Ni

Parameter

Slit width Q3(in front| 50 mm (horizontal| 1 mm (horizontal),| 1 mm(horizontal),

of Faraday cup( Q3) and vertical ) 20 mm (vertical ) | 30 mm (vertical )
Regulation valve 800 sc 770 sc 770 sc
(Vmiv)

Injection side pressur, 1.8 10° mbar 2.0 10° mbar 7.0 10° mbar
(Py)

Microwave power (Rr) 100 W 200 W 150 W
Coil currents 592 A(lin)) and 690 A(lin)) and 650 A(lin)) and
620 A(lex) 600 A(lexy) 580 A(lexy)
Steerer Currents(l)
IsTx1 0.3A 10A 1.0A
IsTy1 0.36A 0.1A 0.1A
IsTx2 2.21A 0.3A 0.3A
IsTy2 0.5A 0.1A 0.2A
solenoid current(sh) 165 A 177 A 177 A
einzellens voltage 3.53 kV 3.9 kv 3.9kVv
(Uen)

6.4 Theacquired m/q spectra

This sectionhighlight the method usedn how the m/q spectraere obtained during the

beam productionThe ion source is charged to a potential U on which the ions with mass m
and charge q in the plasma are creafidthse ions close to the extraction aperture of the
plasma chamber are accelerated towards the ground electrode and will drift through the beam
line with a kinetic energy U*q. A solenoid positionedat 1.2 m behind the source focuses

for a certain currensetting one specific m/q into the focal position in front of the bending
magnet. From there the ions drift through the double focusing 90° magnet which again bend

one specific m/q onto the design radius. lons with different m/q ratios will not be trasm
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The bending magnet acts as a mass spectrum analyser. However, because the emittance of
different charge states extracted from the source are not necessarily identical. Each charge
state would need a separate optimisation of the solenoid. The sbiples peaks are

influenced by the slit opening and possible offsets of the electronics.
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Chapter 7  Conclusiors

The method to develop nickelocene was successfully achieved in this study. Nine samples
were synthesised, seven of which being synthesised with natural nickel while two samples
were synthesised with enrich@iNi and®2Ni. A percentage yiekifor the compte synthesis

of Ni to nickelocene of 16 % to 48 % were obtained. After the investigation of the low yield,

it was found that the method depends fully in all reagents used during the process of the
multi-step synthesis. The freshness of the reagentsrikaomium hydroxide, which is used
during the formation of the intermediate product, and the hexaaminenickel(ll) chloride
percentage yield play an important role for final product yield. If the ammonia solution is not
stored accordingly, it loses the ammaqgnighereas in the other hand the hexaaminenickel
chloride storage of the product is also crucial. To prevent the escape of ammonia from the
complex, the hexaaminenickel chloride should be stored in appropriate sealed vials. During
the investigations, we asfound out that if the complex stored in an airtight vial is further
sealed with parafilm, the complex can be kept longer without losing any ammonia. The
storage of sodium cyclopentadienide under nitrogen atmosphere before and after use also
plays an impdant role on the % vyield of the nickelocene complex. This avoids the
organometallic compound from decomposing. The favourable conditions during the synthesis
were inert atmosphere to prevent any decomposition and contamination of the final product.
Sublimation time of the product played an important role as well. The longer the time, the
better or higher percentage yield of nickelocenes were obtained. All these factors worked
hand in hand with each other. We have noticed that, even the samples of nitkelmred

under vacuum can decompose after a week or two if exposed to light. This was observed by a
colour change from dark green to brown. For samples stored away from light the lifespan

increased without any colour change being observed.

Crystal struatres of the nickelocene samples were characterised in order to determine the
orientation within the crystal complex. The crystal structures were obtained using the
obtained XRD data and processed further using EXPO2014 analysis software. From these
analyss, monoclinic structure was predicted f8NiCp, and commercial®NiCp, samples.

These results agree with the studies conducted on the crystal structure of nickelocene by
Seiler and Dunitz (1980). On the other hand, both monoclinic and triclinic structures were

predicted for isotopically enriched nickelocen®iCp, and ®2NiCp,. This findings agree
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with the theoretically assumption by Seiler and Dunitz (1979) for nickelocene structure based
on their study on ferrocene structure. Seiler and Dunitz (1979) assumed that since both

ferrocene and nickelocene were isostructuraly trystal structure should to be similar.

Nickelocene samples were further characterised for bond vibrations using IR method. The
results showed bands frequencies at, for these nickelocene complexes similar to results of
Mehrotra and Singh (2000). Thesibrational bands 3000 ¢in1400 cmt, 1000 cmt and

700 cm' were assigned to -6, CGC, C=C and CH, respectively. In addition, the
paramagnetic shifts of nickelocene were also observezb@tppm using NMR. These shifts
observed in the far negativegien of the NMR spectra were also reported by Heisal.

(2001) and recently by Martin and Autschbach (2015).

The application of the synthesised nickelocene samples by producing nickel beams in
ECRIS4 of iThemba LABS were conducted with maximum beaments of 30 pAfor the

first time. The experiments allowed the modifications on the ECRIS4 to accommodate for
beam production using the MIVOC method. During these experiments three samples were
used for Ni beam production in ECRIS4, nameBiNiCpz, NiCp, and 52NiCp.. The
emphasis of this projectasto produce®™Ni and ®2Ni beams with a beam current above 20

MA in ECRIS4 before acceleration in SPC2. After final acceleration in the SSC these beams
will be transported further into experimental vaultghe target. Beam currents of above 20

HA for 89Ni*® and®2Ni*® were found to be sufficient to provide beam current of above 35 enA
onto a target for the Coulordxcitation experiment proposal (see Chapter 1). It should be
noted that thé®Ni beam was transported further from ECRIS4 through tH®eQto the
Faraday cup in front of the SPC2 were the current measured was 21 pA. These results
obtained in both stations (ECRIS4 and transport line) will enable the MIVOC method to be
applied for he nickel beam production for the proposed experimenits.beams were
produced for the first time at iThemba LABS ECRI®4 overall, the synthesis method for

the production of the nickelocenes yielded samples with no additional impurities. When the
enriched *°NiCp, and ®?NiCp, were also used in thmdividual experimentsthe spectra

acquired presented orflfNi and®2Ni.
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7.1 Summary

The method for the synthesis of nickelocene complexes Wit °°Ni and ®2Ni has been
developed. The calculated efficiency of the production is between 16 and 48 %. From the
synthesised samples, nickelocene complexes&hthand®Ni were further used at iThemba
LABS ECRIS4 for the production ¢fNi®* and ®“Ni®* beams. The t@ms extracted from the
source had an intensity of approximately 30 pA. The MIVOC method developed here will
allow further exotic metallic beams production of enriched low vapour pressure metals which

are currently not accessible at iThemba LABS.

The samfes were characterised for structural information using infrared, nuclear magnetic
resonance and -Xay diffraction methods. The results were comparable with those from
literature. However, there was a disagreement on the crystal structure determined using
EXPO2014 program to analyse the XRD results. This discrepancy was only obsetted on
enriched nickelocene samples. Triclinic structures were found in both enriched complexes
instead of the monoclinic structure given in the literature for natural nickedosamples.

Thisanomaly requireturther investigation.

7.2 Future Work

1 Investigation on the loss of Ni material during the msitiip synthesis will be
conducted further or look émother methods that will eliminate muttiep synthesis
bearing in mind the purity of the final product.

1 XRD analysis will be conducted using tharichedisotopes of nickel>€Ni, ®°Ni and
®2Ni) to further investigate the crystal structurenadkelocene. Analysis are planned

to be performed at the same for consistency.
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APPENDIX

A.1 Ru beam development

Ruthenium beam development
04i 20 March, 2013
Rainer Thomae, iThemba LABS

In March the weekend beams for physics experiments were delivered from SPC1. During this time
beam development experiments for the generation of Ruthenium ion beam with the HMI ECRIS4
were carried out. A stainless steel container was loaded with 2g oérRetime (Ru(§Hs)2) under

Argon atmosphere and mounted via the container and the regulation valve to the source.
Subsequently, the container and the valve system was pumped down to®thediOrange. The
source was then optimized f&¥Ru'®* at a sourcepotential of 14.75kV corresponding to a SSC
energy of 430MeV requested for a physics experiments. Due to the number of existing isotopes with
similar abundances of RutheniurffRu abundance 5.596°Ru abundance 1.9%°Ru abundance
12.7%, *Ru abundancd 2.6%, '“Ru abundance 17%4%Ru abundance 31.6%“Ru abundance
18.7%) the mass separation and identification is difficult. Figure 1 shows the beam current measured
in faraday cup Q3 when 9®1Q1 bending magnet current was increased from 37.5 to 43A.

these measurement the horizontal slit in front of the Faraday cup was closed to 1mm gap width. The
vertical slit gap width was 10mm. This current range correspond to a mass to charge ratio range of 5.6
to 7.4 P°Ru*"* to “Ru'*"). The increased intensity at 38.2A is due to't@8* contribution.

Ruthenium, SLX=1mm, SLY=10mm
1000 -
g 900 A
= 300 4
£ 700 -
€
5 6001 .
5 500
g 400 4 . .
> 300 A .
*» .
§ 200 - . R AR e
= 100 A *e » “w + ".¢ .t
D L] L] 1 1 L] 1
T 38 39 40 41 42 43
Bending magnet current [A]

Figure A.1: The beam current measured in faraday cup Q3 whémB2Q1 bending magnet current

was increased from 37.5 to 43 A. For these measurement the horizontal slit in fronFafabay

cup was closed to 1mm gap width. The vertical slit gap width was 10mm. This current range
correspond to a mass to charge ratio range of 5.6 to PRU("* to 1>Ru'**). The increased intensity

at 38.2A is due to th€C?* contribution.
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A.2 Periodic Tables

ﬁh?lh Nonmetals ~—
ok lis Noble Gases —_ 48
H Halogons—\ “ !
anl 2 14 15 16 17 | 2
u Be in Li:’l".?’v c N 3
3| 4 1'1,1;\ 61 |B7S BN DS
NaMo JAIlsi|P|S |C
1|1 3 10 11 12 14115[16 | 17| 18
K |Ca|Sc CuIZn Gel|As|Se ! Br|Kr
19| 20 | 21 29| 30 32133|34|35|
Rb|Sr| Y IAng Sn|Sb|Te| | | X
37| 38|39 47| 48 50| 51)|52|53|54
Cs/BalLa Au Hngi Pb| Bi|Po| At
55| 56 | 57 79/80|81[82|83|84]85
Fr|RalAc
87 | 88| 89

Lanthanide

series

Actinide
series

PmSm Eu

95 | 96 | 97

Tm|Yb|Lu
69 |70 |71

Md|No| Lr
101{102/103




A.3

EXP0O2014 output file

bgnd_62 Nicp ITL Med-new
RAR AR A sl R i SRR ARl S ARl R AR SRRl R Lt R R At AR AR RS AR SR AR SR nd g s

structure bgnd_62 Nicp iTL Med-new

Mon 23 April 2018 at 10:11:29 AM Expo2014 runs on: bgnd_62 Nicp ITL Med-new

Used commands & direclives:

Y%data pattern C:\Users\ \Desklop\XRDWXRD-newibgnd_62 Nicp iTL Med-new.xy
wave 1.540560
cont (C10H10NI)2

%ntreor  default
Shexlraction  default
“%normal defaull
%invarianls  default
%phase defaull
Yfourier  default
Yemenu default
Y%end default

Files used in expo:

Channel name

5 card reader

6 line printer

30 direct access structure file  bgnd_62 Nicp iTL Med-new.bin

31 direct access scralch file

32 sequential scratch fle

41 scallering factors file C:\Program Files\Expo2014\sharelexpolexpo.xen (Release:01.12)

Direct access stuclure file has been Initialized

Expo2014; dala routine Release: 1.17.08

slruclure bgnd_62 Nicp ITL Med-new
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H
C

bgnd_62 Nicp iTL Med-new

Unil cell contents and scattering faclor constants

Atom  Symbo!l Number in cell

Hydrogen
Carbon
Nickel

H

c 20

Ni

2

6
28

f=sum( afi) * exp(-b(ij's2) ) =14+ ¢
a(l) b(f) a2} b2) ad) b3) a@) b4) ¢

0.490 20.659 0.262 7.740 0.197 49.552 0.050 2.202 0.001
2.310 20.844 1.020 10.207 1.589 0.569 0.865 51.851 0.216
Ni 12.838 3878 7.202 0.257 4.444 12176 2.380 66.342 1.034

Alomic number
1

. e e s % w

Paltern information

2-Thelamin = 10.0000
2-Thetamax = 69,9942

Step = 0.0343 .
Meounls = 1750 *
B
Peak positions
2theta d FWHM  100."lfimax
1) 148036 5979187  0.1041 100.00
2) 175477 65049873 00688  5.05
3) 17.7150 5002635 00686 27.87
4) 181635 4880026  0.0686  14.04
5) 187133 4737879  0.0825 21.68
6) 193299 4588095 00956 766
7) 213886  4.1572717 0.0856 1080
8) 223836 3968590  0.0810 979
9) 246117 3814135 00720 550
10) 266721 3339433 00686 17.34
1) 286623 3111922 00744  4.16
12) 30,1039  2.966099 0.0974 343
13) 317477 2816174 0.2106 3.20
14) 333616 2683531  0.1364 345
15) 355630 2522923  0.1039  1.58
16)  36.7554  2.443161 0.0686 2.09
17) 374060 2401812 0.0888  6.31
18) 423479 2132656 00820 314
19) 427618 2112866  0.0821 1574
20) 428511 2108201  0.0821 3.3
21) 433758 2084389 01651 242
22) 443607 2040002  0.1234 212
23) 448800 2017940 01240 363
24) 455043 1.991697 01247 592
25 46,0183 1.970638 01252 320
26) 475260  1.911581 0.1106 439
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bgnd_62 Nicp iTL Med-new ‘
27) 496220 1835631  0.2643 i
28) 504116 1.808717  0.2643 1.83
29) 516438 1768420 04220 218
30) 631239 1722564  0.6680 1.62

31) 55.0054 1.668028  0.0902 1.90 ‘
32) 58.0579 1.587382  0.1888 1.81

B e T T T T R R oS
Expo2014: N-TREOR routine Release: 1.17.08
slructure bgnd_62 Nicp iTL Med-new

Rl R R g L R e s

The first {up to 26) d-values will be used by N-TREOR in order to
find a possible cell.

Applied 2Theta-zero shift = 0.0000

Version: November 2001
5,9791875
5,0498729
5.0025349
4.8800259
47378788
4.5880047
41572766
3.9685300
3.6141346
3.3394332
3.1119220
2.9660988
28161738
2.6835308
26229230
24431615
24019117
21325557
2.1128657
2.1082006
2.0843694
2,0400023
20179403
1.9916974
1.9706384

Number of plausible solutions (with M(20) > 10)= 1

Page 3

123



bgnd_62 Nicp iTL Med-new
Cell# 1:

WARNING: the cell

A= 643611 B = 747691 C = 17.50641
Alpha = 7154348 Beta =108.58878 Gamma= 85.79620

Unitcell volume = 743.03 A*3

M20)= 15 M{20)= 15

Number of observed fines = 20

Number of calculated lines (up to the 20th observed d} = 164

Number of unindexed lines= 1

has been fransformed into the following one
Crystal system: Triclinic

A= 747691 B = 1556662 C = 643611
Alpha= 9113358 Bela = 94.20380 Gamma= 96.39696

Unit cell volume = 743.03 A™3

M(20)= 15 M(20)= 15

The cell # 1 s refined by PIRUM

w1 PRRUM: Starling cell parameters ****

A= 747681 B = 1556662 C = 643611
Alpha= 91.13358 Beta = 94.20380 Gamma = 95.39696

Unit cell volume = 743.03 A3

=+ DIRUM: refined cell parameters ****

A= 1556162 B = 748550 C = 643036
Alpha= 94.21732 Bela = 91.07802 Gamma= 95.42406

Unitcell volume =  743.43 A**3
M20)= 9 M@= 9
Total number of observed lines = 32

Number of calcutated lines (up fo the 20th cbserved d)= 164
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hgnd_62 Nicp iTL Med-new
Number of unindexed lines= 1

DT = abs{2-theta(calc)-2-thefa(obs)) = 0.6700

DT is the maximum difference above which a ling is not indexed

Condition Percentage of involved indexed lines
k+1=2n 34.4 %

h+1=2n 438 %

htk=2n 65.6 %

h+k+i=2n 40.6 %
htk+l=8nork+h#l=23n 65.6 %

h=2n 50.0 %

k=2n 63.1%

I=2n 18.8 %

WARNING :  Systematic theta-zero shifts will be applied to the
2-theta peak positions in order to find more accurate cells

Applied 2Theta-zero shift = 0,0686

No plausible cell has been found
Look into the ntreor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.0686

No plausible cell has been found
Look into the ntreor.out file for finding a plausible cell

Applied 2Theta-zero shift = 0.1372

No plausible cell has been found
Look into the ntreor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.1372

No plausible celf has been found
Look into the: ntreor.out file for finding a plausible cell
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band_62 Nicp iTL. Med-new

Applied 2Theta-zero shift = 0.2058

No plausible cell has been found
Lock into the ntreor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.2058

Number of plausible solutions (with M(20) > 10)= 2

WARNING: the cell

A= 544954 B = 1133425 € = 2553279
Alpha= 31.67020 Beta = 67.89571 Gamma= 67.01170

Unit celf volume = 769.10 A**3

M20)= 10 M(20}= 10

Number of observed lines= 25

Number of calculated fines (up to the 20th observed d) = 129

Number of unindexed lines= 1

has been fransformed into the following one
Crystal system: Triclinic

A= 1048417 B =1343823 C = 544954
Alpha = 93.21992 Beta = 95.50978 Gamma = 83.99200

Unit cell volume = 759,10 A*3
M(20y= 10 M(20)= 10

WARNING: the cell

A= 508253 B = 835453 C = 1216436
Alpha= 91.91452 Beta = 99.18725 Gamma = 86.42304

Unitcell volume = 598.85 A*3

M(20y= 10 M(@20)= 10
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bgnd_62 Nicp iTL Med-new
Number of observed lines= 25
Number of calculated lines (up to the 20th observed d) = 131

Number of unindexed lines= 1

has been transformed into the following one
Cryslal system: Triclinic

A= 835453 B =1216436 C = 598253
Alpha = §0.18732 Beta = 93.67695 Gamma = 88.08540

Unitcell volume = 598.85 A*3

M20)= 10 M(20)= 10

Applied 2Thela-zero shift = 0.2744

No plausible cell has been found
Leok into the ntreor.out file for finding a plausible celfl

Applied 2Theta-zero shift =-0.2744

No plausible cell has been found
Look into the nireor.out file for finding a plausible cell

Applied 2Theta-zero shift = 0.3430

Number of plausible solutions (with M(20) > 10)= 2
Cell# 1

WARNING: the cell

A= 520582 B = 727701 C = 17.87389
Alpha = 12258000 Beta = 81.89510 Gamma= 92.33981

Unitcell volume = 564.36 A™3
M(20y= 11 M(20)= 11
Number of observed lines= 25
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bgnd_62 Nicp iTL Med-new
Number of calculated lines (up fo the 20th observed d) = 125

Number of unindexed lines= 1

has been fransformed into the following one
Crystal system: Triclinic

A= 727701 B = 1524313 C = 520582
Alpha = 98.38522 Beta = 92.33987 Gamma= 81.14026

Unitcell volume = 564,36 A**3
M20)= 11 M{@20)= U

WARNING: the cell

A= 602446 B = 8.06027 C = 30.79310
Alpha =110.94064 Beta = 59.54019 Gamma = 73.32579

Unit cell volume = 979.07 A**3

M20)= 13 M(20)= 13

Number of observed lines= 25

Number of calculated lines (up to the 20th observed d) = 198

Number of unindexed lines= 1

has been fransformed into the following one
Crystal system: Triclinic

A= 806927 B =21.17337 C = 602446
Alpha= 9585043 Beta =106.67420 Gamma = 80.20805

Unitcell volume = §79.07 A3
M(20)= 13 M(20)= 13

The cell # 2is refined by PIRUM

*++ PIRUM: Starting cell parameters **

A= 805927 B =2117337 C = 6.02446
Alpha= 95.85943 Beta =106.67420 Gamma = 90.20905
Page 8
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bgnd_62 Nicp iTL Med-new
Unit cell volume = 979.07 A3

** PIRUM: refined cell parameters ****

A=2117928 B = 805868 C = 603009
Alpha=106.65677 Beta = 95.92919 Gamma = 90.26039

Unitcell volume = 980,11 A**3

M20)= 8 M(20)= B

Total number of observed lines = 32

Number of calculated lines {up to the 20th observed dj= 210
Number of unindexed lines= 1

DT = abs[2-theta{calc)-2-theta(obs)} = 0,0500

DT is the maximum difference above which a line is nol indexed

Condition Percentage of involved indexed lines
k+l=2n 50.0%

h+l=2n 344%

h+k=2n 46.9 %

h+k+i=2n 50.0 %

h+k+1=3n or-k+h+1=3n 344 %

h=2n 56.2 %

k=2n 406%

I=2n 40.6 %

Applied 2Theta-zero shift =-0.3430

No plausible cell has been found
Look into the nirecr.out file for finding a plausible cell

Applied 2Theta-zero shift = 0.4116

No plausible cell has been found
Look info the nireor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.4116
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bgnd_62 Nicp iTL Med-new
Number of plausible solutions {with M(20) > 10)= 1

WARNING: the cell

A= 763483 B = 599503 C = 10.17128
Alpha = 83.86703 Beta = 40.90830 Gamma= 9346732

Unit cell volume = 295.95 A**3

M20)= 15 M{20)= 15

Number of observed lines= 25

Number of calculated lines (up to the 20th cbserved d)= 60

Number of unindexed lines= 1

has been transformed into the following one
Crystal system: Triclinic

A= 666087 B = 763483 C = 599593
Alpha= 93.46740 Beta =103.44217 Gamma= 90.44903

Unit cefi volume = 295.95 A3

M20)= 15 M(0)= 15

The cell # 11s refined by PIRUM

¢ DIRUM: Starting cell parameters ****

A= 666087 B = 7.53483 C = 599593
Alpha= 9346740 Beta = 10344217 Gamma= 90.44903

Unitcell volume = 295.95 A**3

2+ PIRUM: refined cell parameters ****

A= 763202 B = 666231 C = 599892
Alpha = 10344370 Bela = 93.45619 Gamma = 90.45187

Unitcell volume =  296.09 A™3
M(20)= 14 M(20)= 14

Total number of observed lines = 32
Page 10
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bgnd_62 Nicp iTL Med-new
Number of calcufated lines (up to the 20th observed d)= 68
Number of unindexed lines= 1

DT = abs[2-theta(calc)-2-theta(obs)] = 0.0700

DT is the maximum difference above which a line is nol indexed

Condition Percentage of involved indexed lines
k+l=2n 46.9 %

h+l=2n 34.4%

h+k=2n 50,0 %

h+k+1=2n 46.9%

h+k+1=3n or-k+h+I1=3n 65.6 %

h=2n 43.8%

k=2n 43.8%

1=2n 406 %

Applied 2Theta-zero shift = 0.4802

No plausible cell has been found
Look into the nireor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.4802

No plausible cell has been found
Look into the nireor.out file for finding a plausible cell

Applied 2Theta-zero shift = 0.5488

No plausible cell has been found
Look into the nfreor.cut file for finding a plausible cell

Applied 2Theta-zero shift =-0.5488

Number of plausible solutions (with M(20) > 10)= 2
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bgnd_62 Nicp iTL Med-new
WARNING: the cell

A= 585764 B = 1151413 C = 11.82715
Alpha= 4501962 Beta = 80.71281 Gamma= 80.70646

Unit cel volume = 555.56 A3

M(20)= 10 M(20)= 10

Number of observed fines= 25

Number of calcufated fines (up to the 20th observed d) = 121

Number of unindexed lines = 1

has been transformed into the following one
Crystal system: Triclinic

A= 894089 B = 1151413 C = 585764
Alpha = 99.29354 Bela = 90.31569 Gamma = 110.65636

Unitcell volume =  555.56 A**3
M20)= 10 M(20)= 10

WARNING: the cell

A= 604006 B = 631404 C = 19.28790
Aipha=102.79868 Beta = 59.77215 Gamma= 79.53439

Unit cell volume = 581.63 A3

M(20)= 10 M(20)= 10

Number of observed lines= 25

Number of calculated lines (up fo the 20th observed d) = 126

Number of unindexed lines= 1

has been iransformed into the following one
Crystal system: Triclinic

A= 631404 B = 1554282 C = 6.04606
Alpha = 94.55712 Beta =100.46561 Gamma= 89.42779

Unitcell volume = 581.63 A**3

M(20)= 10 M(20)= 10
Page 12
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bgnd_62 Nicp iTL Med-new

Applied 2Theta-zero shift = 0.6174

No plausible celf has been found
Look into the ntreor.out file for finding a plausible cell

Applied 2Theta-zero shift =-0.6174

No plausible cell has been found
Look into the nireor.oul file for finding a plausible cell

Total number of plausible solutions = 3

SolM20 a b ¢ alpha beta gamma 2Theta-shift NIX Vol.

114 76329 66623 5.9989 103.4437 93.4562 90.4519 -04116 1 296,
2 9 155616 74855 6.4304 94.2173 91.0780 954241 0.0000 1 743.
3 8 211793 8.0587 6.0301 106.6568 95.9292 90.2604 0.3430 1 980.

NIX is the number of unindexed lines.

e For more details about the cell refinement results **+++*
look into the condens.out file.

Indexing process still in progress.
For each plausible cell a new figure of merit
will be calculated. Please wait...

Cells sorted according to FOMNEW

Celi# Fomnew M20 a b ¢ alpha befa gamma NIX Vol 2Theta-shift Ext. Group

10480 14 7.8329 6.6623 5.9989 103.44 9346 9045 1 2961 -0.4116 P1
20377 9 155616 7.4855 64304 94.22 91.08 9542 1 7434 00000 P1
3 0007 8 21.1793 8.0587 6.0301 106.66 95.93 90.26 1 980.1 03430 P1

Cell parameters and standard deviations

1. a= 76329 b= 6.6623 ¢= 59989 alfa= 103.444 beta= 93.456 gamma= 90.452 Vol= 296.088
stdv= 00034  0.0023  0.0035 0.039 0.033 0.070 0.246
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bgnd_62 Nicp iTL Med-new

2. a= 15.5616 b= 74855 c= 6.4304 alfa= 94.217 beta= 91.078 gamma= 95424 Vol= 743.426 ‘

stdv= 0.0067  0.0109 0.0046 0.020 0.033 0.088 1.254

3. a= 211793 b= 8.0587 c= 60301 alfa= 106,657 beta= 95.929 gamma= 90.260 Vol= 980.106

stdv= 00136 0.0064 0.0025 0.028 0.038 0183 1.008

Nireor09 {epu time):  Oh 3m 52.473s
Nireor09 {glapsed time): Oh 5m 38.062s
@@bgnd_62NicpIT| 14.00] 048] F
@@bgnd_62NicpIT| 9.00] 038 F
@@bgnd_62NiepiTf 800 0901 F

List of plausible cell parameters:

nopog a b ¢ alpha beta gamma vol M20 FomNew McM20 NIX sym

1 N 7.6320 66623 59989 10344 9346 9045 29609 14.00 048
2 N 155616 7.4855 6.4304 94.22 91.08 9542 74343 9.00 038
3 N 214793 8.0587 6.0301 t06.66 9593 90.26 980.41 800 0.01

The following cell has been selected:
a=T7.633(3) b=6.662(2) c= 5.999(4)
alpha= 103.44(4) beta= 93.46(3) gamma= 90.45(7)
Volume= 286.1(2)
*  Generated reflections information

%

rho min = (.00320 *
rhomax = 0.13860 *
d {resolution) = 1.34304 *

reflections nr. = 256
hkifmax} = & 4 4 *

I

**** Space Group Determination Section *****
++++ analysis by using the point group ++++
Lauegroupno. 1 P-1

Space Group Number: 2
Crystal System: Triclinic
Hall Symbol: P1
Hermann-Mauguin Symbol: P -1
Laue Group Symbo!: -1

Point Group Symbol: -1
Schoenflies Notation: Ci*
Patterson Space Group: P-1
Exlinction Symbol: P -

Centrosymmetry: Centric (-1 at origin)
Asymmetric Unit:  0<=x<1; O<=y<=1/2; 0<=z<1
Cheshire Cell: 0<=x<=1/2; O<=y<=1/2; O<=z<=1{2

Bravais Latlice: P

Lattice Symbol: P

Muitiplicity: 2

Frequency{no. in CSD): 198014(24.53%), rank:2
List of centering operators: (0,0,0)+
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bgnd_62 Nicp iTL Med-new
List of all symmetry operators:

xyz 2)-x, -y, -z

Number of Alternate origins is: 8
Origins: (0,0,0) (0,0,1/2) (0,1/2,0} (0,1/2,1/2) (1/2,0,0) (112,0,1/2) (1/2,4/2,0) {1/2,1/2,4/2)

Seminvariant condition: ggg
*  Generated reflections information *

* rho min = 0.00320 *
* rho max = (,13860 *
*  diresolution} = 1.34304 *
* reflections nr. = 255 *

hki(max) = 544 *

Extinction Group Fig.Mer
P1 1.000

List of plausible space groups

. Space Group Extinction Symbol FoM  Nabs Nasym No.in CSD % of CSD Rank Chiral

P4 P- 1000 0 11 198014 2453 2Zno
P1 P- 1.000 0 22 7662 095 10 yes

Tie following spacegroup has been selected: P -1

Space Group Number: 2
Crystal System: Triclinic
Hall Symbal: P1
Hermann-Mauguin Symbol: P -1
Laue Group Symbol: -1
Point Group Symbel: -1
Schoenflies Notation: Cit
Patterson Space Group: P-1
Extinction Symbol: P -

Centrosymmelry: Cenfric {-1 at origin)

Asymmetric Unit:  0<=x<1; 0<=y<=1/2; 0<=z<1
Cheshire Cell: 0<=x<=1/2; 0<=y<=1/2; 0<=z<=1/2
Bravais Latlice: P

Laltice Symbol: P

Multiplicity: 2

Frequency{no. in CSD): 198014(24.53%), rank:2

List of centering operators: (0,0,0)+

List of all symmelry operators:

vz 2} X, -y, -Z

Number of Alternale origins is: 8
Qrigins: (0,0,0) {0,0,4/2) (0,1/2,0) {0,4/2,1/2) (1/2,0,0) (1/2,0,4/2) (1/2,172,0} (1/2,112,1/2)
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bgnd_62 Nicp iTl. Med-new
Seminvariant condition: ggg
*  Generated reflections information *

* rho min = (,00320 *

* rho max = (.13860 *

* d{resolution) = 1.34304 *

* reflections ar. = 259 *

* hkifmax) = 5 4 4 *
* Info *

* Input file C:\Users\kheswalDesktopXRDWRD-newibgnd_62 Nicp iTL *
* Med-new1.exp with new crystal data will be created ¥

Number of aloms in asymmetric unit=  11.00
Equivalent number of equal atoms in primitive celf= 5
Volume per atom = 13.46
Volume of the cell = 296.09

R L R L R Ry R RNy SR A
Expo2014: intensilies eXtraction routine Releass: 1.17.08

structire bgnd_62 Nicp iTL Med-new

B A R d e e RN SRR T SR TSNS RR WS

Some counts equal to zero are in the input profile

: Number of intervals = 2 \ -

: Zerocorrection = 0,011 . *

: Standard peak from 24.3439to 25.7503 , *

: Initial peak width = 10.24 * fwhm , *

: Refined peak width = 12.66 * fwhm . *

: Used functien : Pearson . *

: *£ Intervals information  *** . *

: | 2Th-Min 2Th-Max Count-Min Counl-r\:lax Nref-Min Nref-Max *
* 1 1042 408 1 88 1 58 ¢

: 2 3882 7041 829 1750 Sfi 256 ¢
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bgnd_62 Nicp iTL Med-new

Interval  Full paftern Stand. Peak 1 2
Funcion ~ Pearson Pearson Pearson Pearson
Back, Degree - 1 7 9

R-prof 27595 21025 49779 55.750
R-prof 27468 21.039 50076 54.007
R-profw 57071 29952 77458 101.374

Ref. Parameter old new
Scale 1.00546 097678
Zero 0.00562 0.00518
Fwhm 0.01246 0.01181
Fwhm -0.01409 -0.01456
Fwhm 0.01729 0.01901
Asym 0.37317 0.29502

Mix.par 1.58647 1.74523
Mix.par 0.00000 3.83918
Mix.par 0.00000 66.85231

Astar 0.13134 0.13134
Bstar 0.15408 0.15412
Cstar 0.17186 0.17183
Aphas 0.23390 0.23379
Betas 0.06361 0.06358

Gammas 0.02363 0.02274

Independent observations calculation routine
Number of independent observations = 160

Independent reflections percentage = 62.74%

The overall intensily for each group of overlapping reflections
is not equipariitioned

Refinedcefl  7.629 6.674 5.096 103.466 93.436 90465

R e L S R a kg e e e e R e g R e SRR

Expo2014: Normalization routine Release: 1.17.08
structure bgnd_62 Nicp iTL. Med-new

Raa e L ARt e R R T e T
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bgnd_62 Nicp iTL Med-new }

5702 -5517 -5332 5147 -4.962 -4.777 |
* * * i

® * *

* *
0.021* w* b
* W * *
* w * *
* w * *
% w T *
0.043* w * *
* w * &
® * W *
% * w *
x * W *
0.064* * w
* * w *
* * + y = g*9 *
* *ow * x =in<i»/sigfsg *
0.086* w * {w}=wilsen *
* w* * {*)=calc *
x w *
* w * * infercept=-4.9942 *
* w * slope =-3.2744 *
0.108* w o * bliso} = 1.6372 *
* w o * ufiso) = 0.20735E-01 *
* w o * scale= 14756 *
* w ot * scale*f(obs.)**2 = flabs.)**2*
® w *
0.129* *w b
* *
* * ® * * *

L e R SRR T g L L R R E e

** preferred Orientation section ***

** ng preferred orientation effects have been found ***

L e e R R L e e R Rt s sy

** pseudofranslation section ***

*** program searched for pseudo-translational symmetry ***
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bgnd_62 Nicp iTL Med-new
class{es} of reflections probably affected by pseudotranslational effects:

condition numberof <E™2> figure (m.fsp.}
reflections of merit

I=2n 127 1437 131 13%

remarkable deviations (of displacive type) from
{deal pseudolransliational symmetry are present:
als*2=00 mfsp.= 56%
als*2=max mfsp= 2%
<mfs.p>= 13%
test = 3.959

RA4

pseudotransiationat symmelry will be neglected in subsequent steps ***

Rt 2 R g RS eSS TR T L R LY LRI EE RS PR RS R LR LR R S Y
** final statistics section **

distribution of <E**2> with sin(theta)lambda

sinth/lam <E*2> number
0.0371 0.0000 0
0.0742 0.0000 1
0.1113 2.0359 6
0.1484 0.8934 7
0.1855 0.5745 17
0.2226 05232 25
0.2597 2.0441 27
0.2868 1.0246 45
0.3339 0.8076 53
0.3710 0.9403 74
average values
average
aumeric graphic

alldata acentric centric hypercentric a.c.h,

mod(E) 0.798 0886 0798 0.718 *

E*2 1000 1.000 1.000 1.000

E*3 1628 1328 1596 1.916 *

E*4 3248 2000 3.000 4.500 *

E*5 7666 3323 6383 12260 *

E*6 20.733 6.000 15.000 37.500 *
mod(E**2-1) 0.961 073 0968 1.145 *
(E*2-1y+2 2.248 1.000 2.000 3.500 *
(E*2-1)3 12988 2.000 8.000 26.000 *
{mod(E*2-1)}*3 13669 2415 8691 26903 *
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bgnd_62 Nicp iTL Med-new

n{z) cumulaiive probabilily distribution

average

numeric graphic

all data acentric centric hypercentric a. c. h.

z
0.1 0.224 0095 0.248 0.368 *
0.2 0348 0181 0345 04863 *
0.3 0443 0259 0416 0526 *
04 0471 0330 0473 0574 *
0.5 0494 0393 0.520 0612 *
0.6 0.549 0451 0561 0643 *
07 0.584 0503 0.597 0.670 *
0.8 0616 0551 0620 0694 *
0.9 0639 0593 0657 0.715 *
1.0 0675 0632 0683 0733 *
1.2 0718 0699 0727 0.765 *
14 0773 0753 0763 0.791 *
1.6 0.820 0798 0.794 0813 *
18 0839 0835 0820 0832 *
20 0.871 0865 0843 0848
2.2 0.886 0889 0862 0863 *
24 0.8%0 0908 0879 0875 *
26 0.910 0926 0893 0888 *
28 0910 0939 0806 0896 *
3.0 0910 0950 0.917 0.905 *
32 0914 0959 0926 00913 .
34 0925 0967 093 0920 .
36 0937 0973 0942 0926 *
338 0949 0978 0949 0.932 ¥
40 0957 0982 0954 00938 *

distribution of E - number of E's .gt. limit

E no.
07 129
08 111
09 97
1.0 83
1.1 Il
1.2 55
1.3 46
14 35
15 29
1.6 23
17 23
1.8 22
1.9 16
20 11
21 8
22 8
23 4
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24
2.5

83 largest E-values {o phase

code hkl E p w codehkl E

03.742 0 1.000

22656 0 1.000

22292 0 1.000

12122 0 1.000

2 2067 0 1.000

0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000

0 1.000

69 0.707
¢ 1.000
0 1.000

0 1.000
0 1.000
0 1.000
0 1.000

0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
122 0.707
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
27 0.707
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000

113
313
533
7441
921

1
3
5
7
9
1
3
5
7
9
1
3
5
7
9
1
3
5
7
9
1
3
5
7
9
1
3
5
7
9
1
3
5

e el D OO O N T AN O N T P BB P 0000 GO G0 G RN P R R = = o ek
"‘-ﬂﬂﬂ@&dN—%@NA—NOWWAM@wu##f\)”(ﬂl\)ww—ko—‘wh—h&ﬂ

O o o~
W = O~

bgnd_62 Nicp iTL Med-new

p w
2 1-1-42665 0 1.000
40012614 01.000
630-22209 0 1.000
83202103 0 1.000
3-1-22052 0 1.000
-11.984 0 1.000
21944 0 1.000
01804 0 1.000
-31.862 0 1.000
21.828 0 1.000
31.814 0 1.000
-31.592 34 0,707
061573 0 1.000
11571 0 1.000
01.461 0 1.000
-41.437 38 0.707
2
1
-3
-1
1
-1
-3
21.
-31.
21

10

4
2
4
3
0
1
3
1

1413 24 0.707
1.385 0 1.000
1.367 32 0.707
1.354 165 0.707
1.337 0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.000
6 1.000
0 1.000
0 1.000
0 1.000
0 1.000
0 1.600
427 0 1.000
124 183 0.707
0 1.000
0 1.000
0 1.000
0 1.000
¢ 1.000
0 1.000
0 1.000

1.320

12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46 1.307

-3
3
2
1
3-
-2
0
1
14
24
11
3-2
0+
3-1
4-1
11
52
32
24
11
01

48
50
52
54190 11201
198

28 smallest E-values for psi0 and negative quartets

codehkl E p w codehkl E p

228 4 0 00150 0 1.000
230 5-1-10.127 0 1.000
232 11 20421 0 1.000
234 31 20413 0 1.000

w

229 2-4 00.139 0 1.000
231 4 3-20.126 0 1.000
233 1 1-10.120 0 1.000
235 1 3-40.101 0 1.000
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bgnd_62 Nicp iTL Med-new
-10.088 0 1.000
-10.076 0 1.000

236 01-30.400 01000 23733

238 1-2-30.077 01.000 23914

240 2 1-20.072 0 1.000 241 33 00067 0 1.000
242 0 4-20.054 0 1.000 243 2 2-40.032 0 1.000
244 3-1 00030 0 1.000 2453 0-10.0156 0 1.000
246 3-3 10010 0 1.000 247 2 0-20.005 0 1.000
2481220002 01000 2492100001 0 1.000
250 31 10.000 0 1.000 251 1-1 20000 0 1.000
2520100000 0 1.000 2531000000 0 1.000
254 3 4-10000 0 1.000 25520 10000 0 1.000

R R R R e A R R D Ly g e S S SR L Ea
Expo2014; invariants routine Release: 1.17.08

structure bgnd_62 Nicp iTL Med-new

L R R Rl R L R R e L L L e L L S L S el iy

Psizero relationships estimated among the 83 strongest
and the 28 weakest reflections

¥4 Struclure Invariants distribution  ***

g = concentralion parameter of the Von Mises distribution
no = aumber of relationships (number of g's .gt. limit}

Negative quartels relationships estimated using 379 psi-zero relationships

*** Negative quartets stalistic ***

g no.
00 500
0.2 500
04 500
06 500
68 469
1.0 340
12 257
14 186
16 141
26 77
25 40
0 24
35 13
40 8

5.0 3

60 2
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bgnd_62 Nicp iTL Med-new
Sigma2 refationships estimated among the 83 strongest reflections.
(Emin =1.01)

** P tdplets statistic  ***

g no
00 363
02 363
04 363
06 353
08 294
1.0 248
12 198
14 150
16 120
20 82
2.5 37
30 2

35 14
40 7

50 1

P10 triplets stalistics  ***

positiverel,  negalive rel.

g no. no.
0.0 260 103
0.2 244 89
04 224 82
0.6 205 66
0.8 189 52
10 166 44
1.2 138 33
14 18 28
16 99 28
20 75 19
24 51 13
28 39 8
3.2 30 6
34 24 6
38 15 6
4.2 13 5
46 1 3
5.0 7 3
55 5 1
8.0 3 1
65 2 ]
7.0 2 0
7.5 2 ¢

363 tripleis have been strengthned by 32 free vectors using P10 formula
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bgnd_62 Nicp iTL Med-new
number of refationships
calculated stored
positive estimated triplets 260 205
negalive estimated triplets 103 89
enantiomorph sensitive triplets - -
psi-zerotriplets 378 379
psi-¢ triplets

negative esfimated quartets 1054 500

enantiomorph sensitive quartets -

B Y e R st e
Expo2014: Phase routine Release: 1.17.08
structure bgnd_62 Nicp iTL Med-new

B T L e e R R s g e R A e ARt ay
M converge / diverge section ***
Origin fixing reflexion(s)

phase assigned
code h k | E  restiction phase

212 3181 0,180 360
13 2 01197 0,180 360
55 3-3-1120 0,180 360
Selected symbols
phase
code h kI E  reskiclion
B O 1139 0,180
15 1 4 0192 0,180
3 222137 0,180
79 1-3 1107 0,180
50 1-1-3125 0,180

B T R R L e e kR n s R a i p
** tangent formula section ***
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bgnd_62 Nicp iTL Med-new

the total number of permutations is 32
the maximum number of sets stored will be 20
the number of equivalent sefs rejectedis 3

HHErbebbE e Fligures of meril +44++4te+44

mabs alcomb pscomb R{x,y) ¢cphase cfom
min 6.664 0.031 0.012 0.090 0.014 0.411
max 1115 0.768 0.915 0.427 0.526 0.494

set (tral) mabs alcomb pscomb R{xy) cphase cfom nund

29) 0.887 0.555 0.719 0.427 0.414 0494
13) 0.980 0.766 0.071 0.280 0.091 0.476
18) 0.954 0.539 0.126 0.295 0.134 0.365
1) 1.115 0.621 0.012 0.090 0.014 0.359
25) 0.865 0.350 0.463 0.380 0.348 0.350
17) 0.922 0.474 0.142 0.304 0.165 0.341
9) 0.933 0.504 0.074 0.260 0.096 0.328
21) 0.902 0.390 0.174 0.274 0.241 0.326
14) 0.804 0.158 0.915 0.424 0.526 0.317
30) 0.809 0.275 0.163 0.255 0.223 0.252
15) 0.786 0.176 0.241 0.295 0.318 0.237
6) 0.857 0.273 0.096 0.233 0.159 0.224
5) 0.773 0.218 0.127 0.249 0.199 0.210
11) 0.703 0.057 0.552 0.320 0.409 0.209
28) 0,854 0.152 0.343 0.323 0.282 0.208
31) 0.835 0.175 0.216 0.282 0.245 0.205
32) 0.793 0.095 0.363 0.317 0.342 0.202
3) 0.776 0.129 0.140 0.236 0.270 0.190
12) 0.686 0.083 0.287 0.285 0.319 0.185
24) 0.918 0,160 0.198 0.295 0.210 0.181

SOXLNDORRN D LRNDC &N

S— — — — . — — . — p— p— T T T T N T e
P umocowdos ooV ioPo.wo

R e =% o3 =% o~k & —k % oL

CPU Time for Tangent Procedure  Oh Om 0Os

R R Rt R R R T rT YTy
Expo2014: Fourier/Least-Squares routine Release: 1.17.08
struclure bgnd_62 Nicp iTL Med-new

B R RS R SR E R SN E T SN SR F T A RA AR Wy

** fast fourier transform section ***

+ +
i i Figures of merit i
i Setno. i i
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bgnd_82 Nicp ITL Med-new
i i mabs i alcomb i pscomb i cphase i cfom i
| i i i i i i
i1 108874105550 § 071851 0.4130 § 04941 i

+. +
+ +
| Space group symbol P-1 |
| I
I Unit celi parameters 7.629 6.674 5996 |

! 103.466 93.436 90465 1

! |

| Grid spacing (in angstrom) is approximately 0.333 |
|

| Maximum h, k, 1 value 5 tli 4 1

: Number of grid points along X, Y, Z 24I 20 18 |
: Number of independent reflections input E a3 |
; Number of reflections in one hemisphere E 83 |
i Scale 26.385 | |

+ +

R L SR R S S AN F E R R R TS F RS

*** E-map interpretation ***

+ +
I Anumber of atoms has to be found such that |

| the sum of site occupancies (occ.)fsequalto  11.000 !
+ +

Assumed atomic parameters and limits for interatomic bonds and angles
{interspecies and intraspecies)

distances angles atomic  user
lype radius minimum maximum minimum maximum number conditions

Ni 1450 157 271 5500 18000 28
C 0770 119 233 8500 180.00 6

Tentative of peak labelfing in terms of atomic species

group peaks possible  species range of
number included chemical species assigned bond angles
1 1 Ni NI 55.-180.

2 16 C C 85. - 180.

range of bond distances used to build fragments
group  group1  group 2
1 (1.84-2.76) (1.54-2.30)
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bgnd_82 Nicp iTL Med-new
{1.23-1.85)

interpeak distances up to 2.71

11(1) 252 14(
4 (1) 213 3

B) 1(1) 184 2

1) 3(1) 244 4(1) 213 5(1) 1.84 6(-1) 220 7(-1) 261
8(1) 213 10(1) 1.98 12(1) 1.67 14{-1) 1.98 17(1) 217
2 241) 121 5(1)t251 12(1) 192 13(1)t2.05 13(1) 2.38
16(1)[166 16(-1) 2.25
1(9) 214 3(1) 261 4(-1) 248 5(-1) 258 6(1) 1.74
6(-1) 206 7(1) 244 9(1) 191 10(1) 191 10(1) 261
1) 270 15(1) 249
(-1) 248 5(1) 220 (1) 220 7(-1) 2.34
10(1) 221 16(1) 207
(1251 3(-1) 268 4(1) 220 §(1) 1.19
9(-1) 1.90 12(1) 265 14(1)t2.03 14(-1) 251 16(1) 1.92

17(1) 192

8) 1(-1) 220 3(1

) 174 3(1) 206 4(1) 220 10(-1) 1.67
15(1)t2.01 15(1) 1.90

7) (1) 261 3(1) 244 4(-1) 234 8(1)1268 9(1) 260
10(1) 206 11(1) 1.20 16(-1) 208 17(-1) 1.83

8) 1(1) 213 5(1) 119 7(1)t268 9(1)t1.76 9(1) 239
(241 12(1) 243 14( U198 14(-1) 201 18(1) 2.68
17(1) 1.73 17(-1) 2.34

9) 3(1) 191 5-1) 1.90 7(1) 269 8(1N1.76 8(-1) 239
(1) 197 12(1)t240 13(1) 245 14(1) 251 14(1) 1.37
15(1) 2.57

10) 1(1) 1.98 3(1)} 1.91 3(-1) 2.6¢
1) 3(1) 252 7(1) 1.20 8( 241

41) 221 6(1) 167
7(1) 205 11(1) 241 15(1) 200 15(1) 265
9(1) 197 10(1) 241

12(1)t2.33 13(1) .88 15(1) 243 16(-1) 1.62 17(-1) 1.90
12) 1(1) 167 2(1) 1.92 5(1) 265 8(1) 213 9(1)t240
HM{1)t2.33 13(1)1.51 14(-1) 207 17(1) 1.82 17(1) 220

2N205 2(-1) 238 9(1) 245 11(1) 1.8 12(1)t151

14(1)12.19 14(1) 223 16(-1) 232

14) A(1) 198 3(1) 270 5(#)t203 5(-1) 251 &(1)t1.98
8(-1) 201 9(1) 251 9(-1) 1.37 12(-1) 207 13(1)t2.19
13(1) 223 14(-1) 2.71

16) 3(1) 249 6(1)t201 6(-1) 1.90 9{1) 257 10(1) 2,00

1) 265 11(1) 243 15(-1) 1.54

16) 2(1)t1.66 2(1) 225 4(1) 207 5(1) 1.92 7(-1) 208
8(1) 268 11(-1) 1.62 13(-1) 2.32 17(1) 2.02

17) 4(1) 247 5(1) 1.92 7(-1) 1.83 8(1) 1.73 8(1) 234
104 190 12(1) 182 12(1) 229 16(1) 202 17(-1) 144

' accepted distances in this Interpretation

1) 3-1) 244 4(1) 243 5(1) 1.84 6(1) 220 8(1) 213
10{1) 1.98 12(1) 167 14(-1) 1.98 17(1) 217

2) 16(1)t 1.66

3 1-1) 214 6(1) 1.74

& (1) 213

5) 1(1) 1.84

8) 1(-1) 220 3(1) 1.74 10(1) 1.67

7) 1761} 183

8) 1(1) 213 9(NL1.76 17(1) 1.73

9) §(N1.76 14(-1) 1.37

10) 1(1) 198 6(-1) 1.67

11) 16(-1) 1.62
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bgnd_62 Nicp iTL Med-new

12) 1(1) 167 13( 10151 17(1) 1.82
13) 12 1)t 1.51

14) 1(-1) 198 9(-1) 1.37

15) 15(-f) 1.54

16)
17)

2 1)t1.66 11(-1) 162
(1) 217 7(1) 1.83 8(1) 1.73

bond angles in this inferpretation

oo e
D s

000 O O Ch On b b e B GO LD D G

o
P T Tt S QUL SR S S G G G
Lo PP PurDinr e P P SuneNa-Ss
L T

—_ e

AR M O O MMM RSB R W2 Lo w

TN N T o, o . P P O i, s b, s, i, e g, s, s, (e e e o e 4o O o, o
[ 1= Y

D fl T
P G N I G G UL L
e e e e IR

T o1 v 0o

OO o ek b b
N s T e L

o e
e

e

' '
Vo

4 1) 708 (3(-1)- 1- 5 1)) 80.3
6(-1)} 47.2 ( 3{-1)- 1- 8§ 1))100.2
100 1)) 787 ( 3(-1)- 1- 12( 1)) 150.1
14(-1)) 818 { 3(-1)- 1-17( 1))136.0
< B 1) 666 (4(1)- 1- 6(-1)) 887
- 8(1) 990 (4(1)- 10(1)648
12 1) 1358 (4 1)- 14(-1)) 1408
SAT( 1) 846 ( 5( 1)- ( 1))127.3
8( 1) 339 (5 1)- ( 1)) 131.1
12 1) 975 (5 1)- 1 ( 1)) 818
A7( 1) 862 ( 6(+1)- 1- 8( 1) 1418
-10( 1) 466 ( 6(-1)- 1- 12( 1)) 129.1
- 14(-1)) 929 ( 6(-1)- 1- 17( 1)) 169.9
- 10( 1)1634 {8 1)- 1- 12( 1)) 667

1}-
- 4(-1) 582 (B 1)- 1- 17( 1)) 47.2
-12( 10)1246 (10( 1)- 1- 14(-1)) 136.9

17( ) 1234 (120 1)- 1- 14 1)) 68.4

SA7( 1) 544 (14(-1)- 1- 17( 1)) 97.1
- 6( 1)) 682 (1(-1)- 6- 3( 1)) 64.6

~10(-1)) 596 ( 3( 1)- 6- 10(-1)) 100.2
- 9(1) 968 (1( 1) 8- 17( 1)) 67.6

SA7(1)1249 (8( 1)- 9. 14(-1)) 785
- 6(-1)) 738 (1( 1)- 12- 13{ 1)) 1348
A7) 770 (13( 1)- 12- 17( 1)) 1344

91} 119.8 (20 1)- 16- 11(-1)) 1245

- T(1)) 809 (1( 1)- 17 8( 1)) 65.1
120 1)) 486 (1( 1)- 17- 17(-1)) 1356

8( 10)1386 ( 7(-1)- 17- 12( 1)) 1015

- 47(-1))1260 (8 1)- 17- 12( 1)) 738
- 17 -

17(-1)) 952 (12( 1)- 17- 17(-1)) 887

--------------------- overall plot of the slructure «-----rsereemesememeasc

projection on |.s.q. plane ---- scale : 2.50 cmsfa -----------

10

*k

7 LR L
s
73 13
14
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bgnd_62 Nicp iTL Med-new
11
Ak 1 7
16

%

fragment number 1, 9 peaks included

peak 1 3 4 5 9 10 12 13 14
linkedto 3 1 1 114 1 112 Ao
4 13 9

5
10
12
14

fragments with less than five peaks

peak 2 11 16

linked to 16 16 2
1

fragment 2 2 2

peak number 15 is isolated

2 MAINCL(Qulpuf) conn n.copie= 10

t 3114115651110 1
112 1114 1 9 14 1 12 13 1
2 16 1 11 16 1

MAINCL Output coord. kblock nzizpk

1 07618 03066 0.6025 2386.85 1.000 O 301 101
2 09325 0.0277 -0.039¢ 1736.61 1.000 0 201 202
3 06595 05621 04804 154589 1000 0 201 201
4 05929 0.1939 03022 1521.41 1000 O 201 201
5 08748 02721 03336 93253  1.000 0 201 20%
6 04363 -0.5367 0.2714 810.56 1.000 0 201 -203
7 0.7026 -0.0872 04348 760.68 1.000 0 201 -202
8 1.0081 02746 04488 65594 1.000 0 201 -201
9 11291 04458 06756 649.14 1.000 0 201 201
10 05099 0,2865 0.6571 644.89  1.000 0 201 201
11 0.7816 -0.1821 027756 63453 1000 © 201 202
12 09165 02069 0.7520 589.26  1.000 0 201 201
13 1.0561 0.2957 09385 571.74 1.000 0 201 201
14 09601 0.5050 0.7183 66523 1.000 0 201 201
15 0.5893 -0.4620 0.0638 46670  1.000 0 201 203
16 07911 0.0080 0.1533 44955 1.000 0 201 202
17 0.9186 0.0407 04656 43772 1.000 0 201 -202
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bgnd_62 Nicp iTL Med-new
i+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++f+++

»* QUTPUT SECTION **

strueture bgnd_62 Nicp iTL Med-new

Serial Atom Height x y z  Occ. Bffso] Frag

1) Ni 2387 0762 0.307 0.603 1000 1.64 1
2) C 1737 0.032 0.028 -0.040 1000 1.64 2
3) C 1546 0.660 0.562 0.480 1.000 164 1
4) ¢ 1521 0593 0.194 0302 1.000 1.84 1
5 C 933 0875 0.272 0334 1.000 1.64 1
8 C 811 0436 -0537 0.271 1.000 1.64 O
7) ¢ 781 0708 -0.087 0435 1000 164 0
8 C 656 1.008 0.275 0449 1.000 1.64 0
9) C 640 1129 0446 0676 1.000 1.84 1
10) ¢ 645 0510 0286 0.667 1.000 1.64 1
) ¢ 635 0782 -0.182 0.277 1.000 1.64 2
12) ¢ 589 0916 0207 0.752 1.000 164 1
13) G 572 1056 0.296 0.938 1.000 1.64 1
14) G 565 0960 0505 0.718 1.000 1.64 1
15) C 467 0.589 -0.462 0.064 1.000 164 3
16) C 450 0791 0008 0.153 1.000 164 2
17) ¢ 438 0919 0.041 0466 1.000 154 0

+++++++++++++++++++§+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

* +++ Fourier recycling informalion  +++ *

* *

* 241 (over 255)reflections used *

* 434 {over 148) groups of overlapping reflections *

* Max Intensily value = 0.276E+05 *

* MinIntensity value = 163 *

*  Th. intensily value = 162.803 *

*  %Groupsused = 91, *
T%%%}.Q::§5%::!!!1:::::!:#%::!:::f::{{.::}:::é%:::i::ll::#:!::%!:}tll:%%++++++

*** Fourier recycling section A ***
Step cycle R Rwl) R

A 1 35.73% 20.80%  60.68%
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