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Abstract

Ligadndeld theorqgua(ntielig h ainsnocdad | which calcul ates
properties associated with the presence of an in
of a contlengghonrgerrdygr a m"tfroarn sBedtiadn compl ergported. T

progr am, Kestrel i-sadespgodbdremd bée measwl @dul ati or
transition edarcdgioegs, PRRagmagneti c -$o0scaenptliekwiull iatr
magnetiMmMd) (IBehaviour of a complex wusing its real
features the isdi ctirennl affr UVchroism (CD), and

( MCD) specteatiasymmetri d i g-fseanooise.l] Tusedd gmetdal

bonding parameters to parameterise darhe tdgdhnd f
simulate the effects of interelectronic repul si
spiombit coupling are also treated. Spectroscopic
mechani sm are simulated wusi magmetcaanlsciutliaotne dd ifpoorl e
|l i gand usliingga ne tpaoll ar i s.atHeorne ipnar atnheet earpspl i cat i on
contemporaneoes demestsheadpeactical use of t he s
program is used SbMiMemlmdwiseuhoawf tthier ee homol eptic
changes with variation i n tlhe ammodl éboownlda rn gg e ofrheet rsyt
suggestions for future sSinMbheentaivdi owar ko ft @ heershea rsgye
second case study focuses ont dmperreaetpuroed uUM@D oxnp eod
a characterisaspi nnt(&Sr=megdiiartoen (I V) oxo compl ex.

Kestmaskdognmend obhmwthBe hddi ffers fro,matnhatepirmdiulte
t heeporexxeer i dantadlast| y, the program is wused to
experiment al characterisation ofl ythiec rpeltyaa@cch:
monooxyg(elnPaM@® enzyme LSAA9. The analysis was abl

structure of the copper(ll) ion in this enzyme.
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1l ntroducti on

1. Whyl i gdinedthceor y?

Quantum chemistry provides chemists the means t

properties of t heir mol ecul es. The results of
experiment al dat a, inform chemical desviigrm Hdyhel i
mol ecul eds or substanceds physical properties.

Understanding the el ®&tertanosmiettiadssnt compuerseso€an
rational design of biiomi metliex ud atralmagtne,t?®si mqlde ¢
However, the electronic structures of such comp
unpaired electrons occupying the 3d orbitals o
complicated behavi owmrechanitchadyl y g ueannttaunng | e under
interelectronicorbptul sbapl and. sphae cul mination c
simplelenceasi o-dkter nihneaonrti es i n gqguantum chemistry

to accurately calcul at et ntehresmipthigcdsn campperpesi hees

correlation is handled following orbital constr
| owyi ng excited states. As such, aFimpudi% confi gu
SOC
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Figure 1.1. An illustrative example of multiconfigurational descriptions of a fictitious d’
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system.
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In the literature it i s demsfainyttitoencady ¢ BET U S
orab imethwds for predicting tthrea npshigtsiadcnat o mp lo@ x € 4
The i susdeabgdfdeseeri bctronisarst wmedtiurkemnown. For in
i s usual Sy aga esi Wglter mi nant met hod, meaning it ¢
arrangement . Mor eov é r drmtehcea bmeetidnasdeddwcft fi @rns err or
| eads to sever al artefacts, mo s t notably del oc
coval™haoyresponse to such isasudmgttimomdsi bavfei gar ¢
popularity and wider usec0mpla&cd espgvdedsesbchant suirset.e nSp e
fi €EeCASSCF)-ebadt dNloemeret urthhaodo i wn( NEN®VT & ubceceens sf ul |y
applied to "ar aaaretiadh codApHioevwkeevse.r , despite quant.i
resul ts, the underlying electronic structure 1is
properties. Pab ameotlheds walyone do not easily pr.

into the system.

LF,T as origi,niag | ynuldteif ¢ mrefdi gur ati onal . Il ndee
application of ¢ onfLiFdghuarbaeteino no bisnetrevreadc taiso nf airn b ac Kk
when Van VI eck anoarlbyisdedde nt heex csiptiend %?$ian ees LtblTem hr or
has been successfull y'ta@mmlstiedtdadtnoc camp laenxgees ,o0 fr €3pdr o
explaining their el ectroni!l tspiest nosc apystamd am;

anal ysing tahbe imedtu ot dDxeddopnist.e bei ng a peanpd mdtcerli s

met hod, its continued success and relevaabe is a
i nitthheoor y. Hence, through parameterising the el
predicted physical properties to experimental d

made back to the electronic structure.t®roivvded
and meaningful, mul ticonfigurational space can

such gasalsnor -acodept or properties of |ligands.

I n addition to the muwlRT ¢tommb-odghbhrtaal obpbhi bases
which the t h)eofrfyeriss ththaek epde-a b mbi Iciatl y dli gygthin@Ad d o f
propertlwosspdovide direct feedback to the c¢chemi
chemical envitroamenettiadhm ctompl ex affect the spect
properties of their system. ThroughUt hosadi nge ¢
can tune desired propedthew ohi sheixesyelemtror

toget her.

I't is in this context that t heThworakd vraenptoargteesd
t hlei g-andl d model @uddrichm mindalhei t hat can be made
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and available to the practicingdr(@amnisodttiiadmrsgyasnti ecms.

Not onlaysidnpe € model hol d csaunc hb kpsoat seendtlitad |,a tbeu ta iwi

range of physical properties, probing both the
structulriegbndbdel presented hed etirnancsaint icoomnmpeunteer gd
gf actpaarsamagnetic susceptibilities, and transit.i

1.Zhé gafie!l d

It is well known t hat d¢myedthbaledelthkes edoeyw.ed fo plmfeTh t w ao
el ect roorsytdattalicd t h etorrayc ecda hbaabdtle t th@e wh o, in 1929, p
paper describing the splitting of an atombs spec

given syYimettmhyer devel opment was made by most no
G. Penney, Robert Schlapp, and ot her strangiotninerct
metal ioh>  EThgselheéstrostatic crystal field was wur

magnitudebsphitting that has now come to be rec

series.

|l was wmot i l 1935 that the concept of a #Aligan
crystal field, was introduced when Van VI eck sol
Linus Pauling and Mulli kends mol eculary®t &li dal s
split'$imge then, reviews have sought to compar e,
i mplications of a cryst®@l Thd ell idt evreatswrse ah alsi gfamr
considered these two approaches as wholly dist
di scussing differences of Acrystal o and dligand

t heoretical pictundi o§ olhiegrearhd kirn tyd rnagc tbioons di f f
has bheegrhl i ght,&dF Trsec enatt lhyemat i cal l-pya rsapneeatkeirnigs,e da ff
ofcrydti®ll d2%heavow.l d not bLeF Ticionrcroercpto rtact esa®y aspect
mol ecul ar orbital t heor-gr biatsaln ob aesxitse nsatoni 0f c drt

mol ecul ar orbitals constructed.

1. 2L1Lgafnidglhde arsyomol ecul ar orbital theory: the
i n"Bdans-méi ah i ons.

Whenonal cul ating the "éxaintneettias h actoenspG eefxle3sBal | hauser

t h éneither the valence bond method nor the molecular orbital theory can hope to do as well
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[as ligand field theory] within an order of magnitude. 26T hi s was b edeluescet rtohnes 3
primarily reside in the 3d orbitals on the met a
are handled by the pa+#faoametiartiesetliecrt rofnitche efpue s
literature wbkbBhglpa Hgbceciclydgadteillodn tohfeory and mol e
theord%i gdricel d calculations do not construct or

orbitals are subjected to an effectdwveatedadclhy otsh

ligandshe empirical success of the restricted bas
freen interelectronarcbirtepadtwsploinngnidntsegrnal s 1 mpl
of ligand functions irmPto the 3d orbitals is mini

The pseubdoondiong behaviour of 3d electrons is

t he 3d 28Asbitthael s3.d orbitals are tlheardtiumtnammeni ct |
armpodeeb amddi al ly , c enthrivdhdittggudeg physi cal propertie
Professor Mdet anl Kaupp pr i ntorgeemsmettiadfnf eompli ex 8«
their consequkthngasdf®¥Pomehéemadi ally contracted nat:
results in rellaitgard ybdmdg Imengtiths and poor met
orbital overlap due to greater Paul: repul si ons
this effectcihesd lmsethe primargnseseumdén amopbowéay
do not engage i n photoinduced el ectron transf

countef’part s.

1.2TRe paradtdigdnaifdeory

The evidence of O6uncoupl edd 3dt red marnttti@achs comepmea
requires specthnala tqueat menntmechBHavicayg rcewitewed th
physical properties of this c| asisg-donfd |cdo ntprleeaxt, meant
t ransiettiadn compAletxhdesig han ol wamouwrmetti,| ithe RL980s w
G. Wo pJ .| eht. HaeaM.dn@erplrestent ed a for malFTdewel opm
guant um c!He?fiTih&etirry. wor k established the formal co
guantum chemistry and theg-apdl dmatnardysused Thae b
parameters was also derived withiLF Ttrhoins tfhrea nueswoar
criticisms -eompiortihcear|/t btelad @ mieotf®e rwshr etha flilned and th

underl ying physical interpretations are uncl ear.

LFTecognises the unique situatiospeti.ftiheal3ldy
Wool,Hay d,i naghedr | stcthwed t hat all other functions (I

not be defined explicitly and the effects that
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treated as a perturbation. These perturbations d
interaction with their $onrangdi ags2)b oupned heaanegse d .
Put another way, perturbations from thlei gramd bi t e

field parameters.

It is this explicit neglect of allLB®her met
appropriate model f or t3cé,nsmeatiaaarc otnhpal ne x4eds , o ra s5 dd,i
sectli.oh. IThe successful applicati ont roafn stiditiiagl n mo d ¢

complexes corroborates tthhe wda etelvadinomMgmud ajru Dt

1. 2M8t-ail gand bonding

I FT it is possible to parameltiegane boedimngapdr §
by ol | eechl ieso.-vdahess are Jawhebbed lasd dghe

symmetries aofl- ppalreamet er s aFegudbeownn ipmracti ce, o]
associateval ses at ¢he coordinating atom positio
its bonding with the met al by a num®ér.i claH e qgsuiagns
of the parametercdhemisal rebheepttloé donor/ accept
i gand. A ppaa ainteitvees @ s assslonioat edtwirtalct aon, des
interacting d orbitalsparlanimed ent g dsith B-aaacreqgd atri v e
interaction, stabilising the interacting d orbi

transparency in this parameterisation scheme.

C C C

c X Ty

Figure 1.2. The interaction symmetries of the e; and e interactions
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I f one awesrignt aeg, @ ne g we awgfer eac,h tlhiegamudmber
of freely adjugqtudlrlkd yp sruaampetsentts dppotiah bs f it t o; t
parameterisation wil!/ l'i kely not be wunique. For
assumptions that can be made to reduce the numbe
most obvious is that similkabiggagdntdsesnti kgl pashaame
can be approximated to enghgehknceguirahl empt abohnc
assumptsi oonhe neqlperata ngdftyerset mit g Of kenn t he justif
t hhtgands rarel yiushwmmefuynct é6 oinrst @efaemaivegdmd | nst
eparameters should be readuah bdFeditgoéenor mali sed |

Application of this model, and i tlsi geghsnsddmdpt i o
analysis of experimental / ddmpmwntda tbioonnda | nToa adt sers aurseit |
of comypvialleudese t aken from experi mental and comput
gi vemab®me@lQAppendn xgenernpht amat er is tgpdcakhky a>
magnitude i n Lt hlehpla0ODadnse tcemm s ar e t y pili2daI0l y oi M 0tOH0e
cmand nealf o0 ¢mr mMabhdi ngni ntEhaceéei anse, of cour sce
to this rule of thumb. The types of exceptions,
found i R.c3walptcéar detthael drse stphecad ar @mhet er i sil n @ atntde me
bonding of a fr.anbgees paft el itdhardd B ehtley pvacladds icronf or
chemically intuditiigeedi ¢eadiamignettdadad@ldc ompl exes.

This model of parameterising the |igand fi el
ang uloavrermagpd IAOM) ocel lthnleg+#i rednd d.el Theyatarteheir cor
mat hemati ca.lHbwe ytdleaitri ca$¢ sumpti ons of the par amet
chemiiondler pretation of the parameterisation are
E. Sch2ffeBr ggenmds eCn wWho Jsought to reformul ate the
(vide)i hbrbghiadl d piovedwvi ng explicitly the d ort
order perturdoarthiiotnalo nmatnhie ol d. However, care has
di stinguish theggedebahdmegaki tuation described
ast he Iwatst ebror ne owthl efl WbHdIsrmlealgz®®Thhoed eWa l-f sber g
Hel mhol z mo d el i ssemgpn r egpl i cniotl esamar orbital n
evaluation of the direct overlap of ligand func:!
an assumption that the enerdgyr eocft Ityh ep raonpto rbtoinodni anlg
of the overlap integrals. The model f edaet fuirneedd ot t
Fo.f actor which took an approximate value of 2.00
chemical ' iteratoueesesedtt HHhH boguatntde bbeoentda In g upsaerda me t e |

in this work is not a mol ecul aHelomhba ltza | mordoedle.l | r
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There are extensions to the parameterisation
ea,stabilisati-snapsdlfmreictadsniggf @dd di ' fcfoenrternitbivatli ons f
bidentate |igandeetwwbdbhksamgluTghget epdr i mary downsi de
gener al ingeatnadl bondi nlgFifs atnheewodrekg riene of par amet er.i
ofop@ar ameters can quickly become | arge unless cer
of experiment al dat a t o noda wfiitthtsed nex magndsh.e Howe

over paramet edpiag atmed re,r st lea adsliemgle ypcohwe nti hsat n gtiong t |

bonding of a given ligand at a given geometry
seemingly trivial point is not so easily accompl
It is netrailghtyBoctwande a | igand i n a endoilteicnug ar

t he structiursel doey ohfanad mowhkicauh aaf teedn troequires a ge
before a sophisticated calcul ation of the el ect
model , that pr otbelde;m tihse ciinrsciugnhvteni s achi eved by si
and/ or sign of the par sneataeme.t eTrh ei sc haalnsgoe cilne atrh ea
I't i s not altwaey sr ecalmelifatrd dherftodmot at eval uat e how t he
t he mol ecul e. hMan y hafngtelde i ssues of over par amet
with theabdviemhTiof

1. 2ABIni tliiogdn dlhdkor y

LF,T despi tneolbde imogd ed , continues to enjoy a healt't
literature. An important work, publlPitedsti sat € 0dfl
theabrtmdltdwl ati ons using CASSCF wavefuncitions w
The authors dabine ltloippedredhdeer y ( Al LFT) met hod whi c
unambi guous detleirgriimealtd oparodmet er s from the re
multireference wavefuncti ons. iTnhtee rperloeccetdruornei calrleo
and C, aonrdidpigeiufpl rabgativistic effects are incl
ligand field is extracted5dmeltehcet rfgearnnd | alf ptohe ngy
(V\cemat rne. ad@m ect | yenfaittr itxhedyV generating a corres

esparameters and a molecular geometry. AILFT is r
a minimal active space of n electrons in five d
the quality of the mini mal eaetrigv e ss p dee ewd hefl erscst

extrasmtvad wehsi cleproduced the icmesevalcumds texetnrdasct ed
experimentFTHesacealidat eacbh titlnbeoetyi @aaldi $ hiey woa me

common tool for analysing the results of CASSC
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CASSCF/ NEVPT2 <calcul ations are nwheeaslsl g-dnresht er ¢

field parameters are more chemically transparent

The AILFT has been succeskifgandnbamdilygi hgen
range tafan¥dettiadn c oMo lelxe st ipoanrsa noeft eer s f ound in t|
are reported iampptheljlxabmes ob6f which are. elxtnract
comparison with experB,mesnndal Cypaxdmatcdred tehe Ra
reported dorye A&k Ml y al waysdwever@esniomatceod rectl y
contributions of static an.d Idnytnearnei sctailn g¢ @t r ecl oan

parameteal fm@d$ilotlisi gwintdl d par ameters extracted

experimental data has aproméadewd| abi odataond Dérthe
of multiconfigurational correlated wakMeWwewetj ons
there are stildl I i mi ttaRMNEQ/rPST 2t d etvieil s odp groog a elc td o
correlation is <constrained by not all owing the
correlation. This effect, wh-CAB( Z)anawe&EVBBARTri ed
met hoadst obetter agreement betwabniAnés FidDtespdt eal c
thibéshas emerged as a general tool for wuse in co
chemical <calculations where it converts those r ¢

1. Availlaibd&nedl d progr ams

Constructing dxpgraensdslido nesl efcarr oni ¢ states for ea
i nconvenientLiagnddridellid fé¢@aludawl ati ons are generally
progr am. There are tramagnztitiadmr cgmapme xEer t hat ar e
literature. They have different features and u
CAMMAG, Ll GFI EL D, and the orca_| ft modul e are r €
represent t he mnoisgth nwdil dde Ipyr ogsreadns i n the |l iterat
featiupessenTebdl.ld n

CAMMAG (which stands for ACAMObridge AMAGONEHT
the magneticspngpestaanpdo éstfd a n griettiadn c o.M pTteex e s
program developed as far as CAMMAGSY r wminaegl gfoeeast ur

with their i rreduci blper off egrt @ venrst; a tci aofna wdtreodr is® pfi oo
Kramer s Ssystems and mol ecul ar/ crystal pdar amaagn
intensities of el ectronic absor ptiigeann d lach d waD

parameteri sed ulsiigabgh dtlihde ntoediellul aTrhe program has b

to characterise a range ard swmadrensi dApme g éreti ir g so
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devel oped program BonnMag with simrdsarddsiag etk st

compute the spectofbcsocnoppliélx epsr.operti es

AOMX was developed by Heribert Adamsk¥ and U
The program uses an alternative approach to CAMI
in the basis of Sl ater detedremitmamt .onThHigsurnag a nosn e
of the fisnah Beoekitacted from the eigenfunction
magnetic properties but does feature direct fitt
and anisotropic interel-ecbrbnicoupkpnofsi drheampdo

consistently in the analysis of AILFT results.

LI GFI ELD was developed by Jesper Bénmddandin t
field Hamiltoniaf "dorandl ogrmefsifgBdBt ipphe. aut hor
knowl edglei, g-athrdilsd program i st hdteatonrleys ex agupaghi c
interface. I't shares similarities in its featur
optical spectr-bsebdy sphidt ziemg@ spin Hamiltonian
experiment for &%Pange of systems.

The Aorca_I|l fto program is a module of the | a
recent versdiec@dsié®. @rogram i s a script based c¢comm:
use is tolisgbmdtdthesults of an AILFT analysis o
modul e and ¢t ghthdVvar pamgmeters. Unlike the previ
not usdimethnall bonding parameters but instead use:

uni que el ement s 035 othted esyimopaindi d Batr i X To e

par ameter s, a different program must be used, S |
andThe module canl iag-Boadlge omut at ef essentially an
available basis sets in ORCA.

Each program has their advantages and disadyv

set of wuseful features, which makes them distin
LI GFI ELD, each program is command | inef braselde wl
no-apecial i st user. On the other darndtebkGFIi ElsD
shows that there is a need for a new contemporar
along wi-thiandlsgrinterfddeltdo amaplysries .|l i gand
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Table 1.1. Summary of available features of the major available ligand-field programs.

Features AOMX CAMMAG LIGFIELD orca_lIft (5.0.3)
€. parameters Yes Yes Yes No
Magnetic field Yes No Yes Yes

Anisotropic Yes No No No

interelectronic

repulsion
Anisotropic Yes No No No
spin-orbit
coupling
Calculates Yes Yes Yes Yes
Energies
Calculates No Yes Yes Yes
Magnetism
Calculates No Yes No Yes
Intensities
Configuration Yes No Yes No
Projection
Symmetry Yes Yes No No
Projection
Optimisation Yes No Yes Planned
Mapping No Yes No No
Parameter Yes Yes Yes Yes
variation
Graphical user No No Yes No
interface
p configs No No Yes No
f configs No No Yes No
Crystal frames No Yes No No

1. & his work

Thus far, a brFeahdovesvipéwcef in the conheaesnporar
been ouHilsitnoerdi.cally, LFT was f ocussed hoonwterlvemprr,o d u ¢
mo de |l is often used nowadaly si ataot ¢am &ty soen stals® nr ¢
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this shift in focus -fsrtieensd Ifyr ogano fat waarcek tohfa tu swears
made multiconfigurationaslynlt&@regua&gechaeotsd si. blTehe
perceptiLéistmatt a sophisticated mabel maddalog her e
Howevtehieucceb slshhblgenni ng neamkgyna oeetshgpuld not b

to disregard the model

The increased computational power availabl e
intereBhhasngiven fertile grouhdg-hodl|l & pleheeg rcaom.t €
sof t wawvel oped i,n aalilsed hkedtsr el , is designed to
spectroscopy and el ectronic strwdtturmatfeilrysti.ntTeme
be applied to experiment al data whedetrramasi aibd r
ener gi esf,acEtPORr sy, paramagnetic susceptibilities,
program has been designedapbi tabtuser anni et kegcat
t he wWiotxt6 mi ni mal setup

This thesis presents the devel opmendta sod Kes
studi €hapter 2 descri bes ibmacrkagrraofudtahgashinlid [tdh emotdheel o
angrovides a more thorough description of the ¢

Chaptreaevidews t he f eanslarevse sofa sKieasitigrapelder. o grianmal | vy,

Chapter 4 provides three applications of the pro
program to facilidediegnm adfi oname-cthh@ebminlctag c ) asi mal
to enhance the axiality of their electron-i c stru
heme iron(l V), wbegone camplae¢ x empt to falsify a rea
experiment al verswasnsesfeadhealplregtamsi mul ate t he

Finally, the program is applied to the fully sp

polysaccharide monooxygenase (LPMO) enzyme.

38



2Theory

LFToncerns i tself with the evaluation of an ef
construct ed-ifornom mtoghueb afiracle basi s. There are four v
cont r itbhumbuisdan be ac dmotuenrteelde dtorrgsipdiom b & p u tZseuepnhai nn g

spli;anhdnghe | igand field. The effectiveeHamioht on

2)1is written as
Heﬂ =HIR */LF I-|I-SOC Hz-ee' (21)

Forrrbwtdansmettiadn i ons, the contribution from the

with contributV,omMs Hp>Hhe B @& 30w transition n

the -eaphint coupllarngge céamo ubgeh | onger ber edoaoantsiivded rye ds ne

pertur.bati on

This chapter begins by reviewing the mat hemat

Hamiltonian and discusses its appbkbtiktatmatnh eamat ild
angul ar momentum coupling are reviewed along wit
t he operZl)iomr san nangul ar momentum basis. Next, th

are used to paigmaedédi $mareen arcetviioenwe d -daenpdt ha | nooorke

is takeoditthfeer ent tyypganddfi medradcti ons. -Finall:
di agonali satifomr omelrcudiennising yrtabtjeieacrt i o n magnet.i
spectroscopic intensities are discussed.

2. Effective Hamiltoni ans

I n el ecttrwnticre t heory, Ef § @t)e iavree Hcaomi gl ttrounci taends  t(

regioai goefnst at es of a mor e ¢LnipTl et ceoneégeredp avd
eigenstates that are solutions of an effective
met alr bd t al s. These states are connected primari/l

of"td anagmettiadn i on compl exes.
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EPR

Relative Energy

Full Effective
Hamiltonian Hamiltonian

Figure 2.1 The sampling of eigenstates via an effective Hamiltonian, which represent a

fiwi ndowo of states in the fulll Hamil toni an.

The effegn#Hldi | tonian can be constructed by
eigen spectrum of the moadaodwl*® hientfoortmes 3 b mhaec

space, which -@lnedturders gramtymsp ar e¢-camgubhhrstdat es ar
configurational occupationshi therkptteeenis the
arising from al/| ot her functions in the molecul

space. The partitinangd egcifcsoon®idti mgehe efqqulalk i on

Hq=Eq (2.2)
where it is assumed that the eigenfunctions can be constructed from a linear combination of

a complete and orthonormal set of basis functions, such that

a=acu . (2.3)
I't is converihentortiagimewr iStcehr °di nger egqgasation in
Hc =Ec. (2.4)

The full many-electron Schrodinger equation describes all electronic states. From Lowdin, it
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is possible to partition the Hamiltonian into the two subspaces defined prior.*® In doing so, the

eigenvalue equation of (2.4) then turns into a partitioned eigenvalue problem
BH= H® & _ 6 c?
5 =B 2.5
?_'ba P (_Jct? E_J cb (2.5)
where the outer space coefficients can be solved for explicitly
¢ =(E & HP) H=ce. (2.6)

The outer space coefficien28t a«ayi dled substituted

Ec?® =H®c® H®(E 1¥ H2)'H c? (2.7)
where the original Schrodinger equation can now be rewritten as
H" (E)c® =Ec®. (2.8)
The result is an exact reformulation of the ori
of the model s paclempcraens shigawerioyd,einfbetdi ons have been
der i v atoiwernv.eirt, hi w this effective Hami |l toni an i S
(EA® H®)', which encaipnsfulluaeinecseh e he uonert hsep amedel spa
Providing that ,theseftemtiwve skamill t oni an is a g

providing that the solutions of the outer space
remarnalsatsimaélly Assumi ng -etl heactt rtohne Haumill tnmanniyan c¢c an

a'bbndorder perturbation operator results in

HC[:(H(O) 4H(1)) q EG (2.9)

By also assumi ng t2Bpatr et hgeo osdo,| utthieomn st hoef Hami | t oni

with the outer £PacbkboiengesnwvaliutsiHfapossi ble to r
H' =H= H®(E® 1 EJOH® (2.10)

whose matrix elements can be expanded as

O HO| q© 0) |H @ )
(Heﬁ)ij :Uii 3 -'<q"(0)| Ili|q(0)> 9’b<q |H |(;((0)>_<(E;1 |H | q]> 11)

Where the full form of the effect2lV)é hdoimhidleroni a

perturbation constituteg2lf Wdhepartis, aaspegitwearba

encapsul ates the interactiaosip aocfe .t hTeh-efr wreactoi hodnrsm v

descri bes t he bismpfalcuee nacsep edifén ¢ hzer ot h ordD@E‘” contri

repr esewnnppe rtthaar eoregli e s
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On this basisnetdati st makhei gioowd heaediedatesef dlami
oL FTFrom eq@%thieare is a clear di vilsiig#h dltod tbees mad
(aspa@ae)d ot her electronic states (e.g. charge tr
to the spectroscopic prhlpeaotiebe opritrhogeniscy sn at
orbitals, as dils.cuskmednsntsatcttbae d orbitals ar
from all ot her ftwmeet icoonnsp |l iex eWer tHeernceb sphaheecros

functionéeéiwg-ttindl!l d space functions shoul d be S |

(EA® H®)'t er m.

2. Angul ar momeernvgre&at or s

LFT is concerned with the calculation of matr i
moment um quant ulnh en uenvbaelrusat i on is carried out b
represented as tensor operators. This section di
sphericébwekeatkirs.d4ection does not intend to cover

met hgavhiacle det ai |l ¢lWudeolvsdertveh ee guati ons and mat hem

compute the integrals appearienqu(@intotnhe effecti ve
2. 2Abgul ar momentum coupling
For f itrrsatn smetwadn compl exesbwhece@eupgpimg i s a small

compared to the size o$%aurmcerlsi ganuplfiineg di,s Rused

quantum rnwumlleqdr @j emtwiron t en |jms Ast kte¢e with two qu
numbers uncoupl edi romt eneasanot her

| j1j2m1m2> =| Jlm1>| j2m2> : (2.12)
Upon coupling, the new state is defifphadd wi hé a
resul ting kgejjjn)s Whese¢ enowmpl ed functions are eig

Jand,, representing the total ang-pt aj eenoimemt ude fS

b y*
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)

4
Y,

J?=(J,
J, =], (2.13)

z

where the uncoupled set of angular momentum numbers are eigenfunctions of their respective

J, and J, operators. The eigenvalues of the operators in (2.13) are

P =j(i 4)]i.im)

J, =m|j,j,im) : (2.14)

I n t he -SRwsnsdeelrls coupling scheme, the <coupl:i
momentumnd tot al spin asdwlrar amdmdmttumngul ar m
spanhf’ ng

J={L sL 8 1-.L s} (2.15)

Li kewi soeupt hagprodj € dtei ans of both the orbital a
ManMgrespectively) combineMit=M Myr masa d &Xlicph e ¢ rion e

The redhMfspasnd htate set

M, ={3,J 4.., 3}. (2.16)
Hence, we can write WLSMMU={ldVp)iSMl)@d dba hies casipl ed |

a s|LSIM;).

However, there are often different sets of qu
same resulting ket. For exanf®lk-%) batd0)s,Me uncot
result in t|ﬁ,g,%py2(>.up'ﬂheed ckoeupl ed set of angul ar mo me

are built from a | inear combination of the uncou

the relation between a coupled basis and an uncoc

J2 I
| jljzjm> = a a | j1m1j2m2><j1m1j2m2 | j1j2jm> (2.17)

my=-jpmy
where the unit dyadic has been used |jmj,m,)(jmj,m,|=1. The scalar product

(lym;j,m, |j,j,jm) is the Clebsch-Gordan coefficient (also denoted C)2 ) which is an

expansion coefficient of a coupled basis in terms of its uncoupled basis. Note that equation
(2.17) is simply the transformation from one basis to another. It is equally possible to write the

uncoupled basis in terms of coupled functions

| j1j2m1m2> = a | jlj2jm><j1j2jm| j1j2m1m2>- (2.18)

jm
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I n principlrei,ghttheare wrsonngp choice in choosing a ¢

both are related by a unitary transformati on.
There ar e rtehlaaatni dres ltieopl sded @ hr enti merl etbkSeo hd a n

coef fwiclilent enozter Ex@rmjilfi es outsidejtjhé Boynds of

thenCh:he0. Al sdq2l¥am@my i EZprobegections do not sum

Ched =0, This means t hatz urpmjne cctoiugr s naf, tahhee unnocto u p

m;m;

conserved and instead-caompomemlitaced by a total z

An expression is quoted f oGortchaen ecvaad fufaitciioenn to

given b% Racah

(ladamumy [ M) = U, @2 )

: 421 4)(i, )( m)( A, mp(G m)(E m) g

: ( ) g )i G- m+2) (i om, 2)(j -, m, -2)!

3 z!(jl i, b 2)g (2.19)
where z in (2.19) sums over integer values which lead to non-negative factorials. The q(, j,]

function is given by

J _)e(Jl S0 ke iR( 0 - )
(h+i, 4 B

The Cl-66bsdan coefficient possess.dBxecatursan gpd s

(2.20)

®(,),]

oooRs

t hisit is convenient to work with Wi gnar dcayrmbol s

coef fi cfieeantturbeutconveni ent symmetry properties.
2. 2WRgner symbol s

To evaluate the coefficient WNigheamdg§mbamement u
used. These Wiagrneerr esgyunibroelds f or i lgefi eV alsq@rathiiton o
couplainmlg ,magneti c moment operasymbhbomehirchk ebamkbast:

sets of angtulogretrnsemeentaad ed -Gortdhe €bebh$ e#kinebty

%( 1) s (213 19 " <j1j2m1m2 | Js m'3> (2.21)

where the Clebsch-Gordan coefficient is to be evaluated using equations (2.19) and (2.20).
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The Wigner 6] symbol breetpweebsneenet ss etthse ocfo uapnlgiunl ga
and is written Whehegprkegsbhboacketsyamboplsateinng W

b §°

ga b 0 a+
o2 S E (2" "W (abcdef) (2.22)
id e fy
in which the symbol icsoerfefffactieedntt o t he Racah W

W (abcd;ef)=oabc) ghacf) dbdf) (qule)
s A(9)(a b c+d+l 2glle f a+d -2)
: (2.23)
S (e 4 b c-z)a b e z)l(c-d e ) -
3 (a € £ zZ)(b d+f z)ig-

wheregpfhacti on iipsgudd2iZddme d

2. 2R8tations of angular momenta and tensor o

The rotation of angul ar momenta states is of th
observabl es, represented by operators, requires
under a given coordinate scheme. Two ®b6whivehs,

are related by a umuisttaodys igtrrivaen ssfaomremantaigonn )t ude of
obser viahbelrei enbhtt be physical obser vab)lheo weivlelr ,be
for a dbutemdenptl eJ e basis set.

We define aTEre)ppreesaerotred by an irrEdhddciobhlderspl
kwi 2b+loperators, which share similar properties

example, the operame{kkspankgapdojecfi oes by

-k
T =3 qu . (2.24)
q=k
The physical observable must be invarsaawnmni tuardyer
transfarmati on
E=urTE wTU L (2.25)

Now, the rotation of an dmpwnder ma mre ot alfng aem geme It

be written as a | i (2¢#lstcaotmbs,nation of the

45



o j ) )
i jm)= & Dy, |imi) (2.26)
mi= -
where the expansion coefficients D!  are matrix elements of the Wigner rotation matrix.*®

mim

Likewise, a tensor operator of rank k and projection q also transform under rotation by

o k
k — kA — 2 k Tk
5T =DT,/D _ak DT (2.27)
qi=
This means that under a general rotation, a tens
of ©tkHdel ements of the irreduckbl Eoteaosor poppoasaceé
explicit form of the Wi gner rotation matrices, d

the evaluation of spectr@sdopBiHb wiewtee nsirtoiteas i iom
defined for the real basis lairghmdlsd petqgantrieal frma
onel ectron b&sids.2(section

Thus far, no mention of the definitotoa@atsi @ t
in three ditméssicomyeni ent t(® b Wwos kazg-nc Enud ent iaom, e
as s hofing@fte Note that the Eudelratamddhes spher dicatet
coords niat et he 1 SO convention ywitshucdihitgm@titrd spher |

(A) (O

Figure 2.2. The stepwise rotation of a coordinate scheme X (green), Y (blue), and Z (red)
by Euler angles in the z-y-z convention

The full transformation fi{XWZ)ao Bnfitnal coor

schefeYiz)is given by the product of three separ
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R(fdy) = & ¥, ) d( % (2.28)

where the primes indicate the transformed axes after the primed operation. The transformation

proceeds as thus:

1. Arotationabout Z byanangle «( U) to give the (Xij¥#rndinate s
2. ArotationaboutYiby an angle d (b) to g(XweZjhe coor

3. Arotatonabout Ziby an angle y (92) to g(XueiZt)the coor

Note that a positbxésirdti ataidd a s &rivtsdat haamtmo o ki n g

down t He oaxxitshe origin. Similarly, we define an |

®iay® =& ) 1€ ) o, () @2.29)

where,
RRE=1. (2.30)
The form of the rotation operator is given by
E(x)= &) (2.31)

where n is the axis (x,y,z), ¥ is the angle in radians, i =J 1, and |, is the orbital angular

momentum operator for axis n. Equations for the evaluation of these terms in the complex

and real bases are given by Wigner and Schaffer respectively.5%5!

2. 2Edaluation of the operators of the effect

To evaluate the efdmrecéekpeedsHunindn tbaiarn he matri x
perturbation acting within a basis of angul ar mc
matrix el ement is then multiplied by a radial

representati omaaonfi |ttloe i eafnf. e @EL)jowteheeq ufaitniadn ef fecti v

matri x eguaenobyi s

£'= 8 F*BC)H, +a8c, ¥ & +ABH (2.32)
k=0,2,4 ka U=x.y z
wherFé(BC)i ¢ he CoShdoornt | ey radial integral calcul a
par ameg¢.eirsshe gl obal mul t i poloef eoxkpdaends ipornod ceocetfifoinc i
i s th-erBipt ncouplin@;icsontssheanmagmetdic field stren

diredJti dlote that with exception of the +uletlidpol e

perturbatiom.)83seal Isexttheorn coeff hatainrtec talrye iprap wtm
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Operators belonging to a Hamiltonian must t h

seemect2i.o2ho3w an operator can be represented by

coordinate scheme (which is related to another v
operators in the starting frame. Thils ghsdiud ed

pot enM.i aHowever, both the coulombic operator of
spiombit coupling operator are assumed to be sph

rotation of the coordinate scheme.

The evalwuation of the matrix elements betwee
set for the Il igand fiel dar biintt ededelcitrgp,niand empad
operators are solved and haveGeéerelemc Ftdatpt ®&ldn &k o

expressions are standalone and can be used witho

2.2.%hé& Wigner Eckart theorem

For the | arowstth caasheasafs i ze of 252iamcd ddBp ntlgo 2
ligand2 fiet edrel ect,rlons-gi brietpudasnigninB ngnagnettihce fi e
calculation would require the evaluation of 1,52
to be stored. The operators, represented as eith
angular momentum. This consgdrhwadt iisn iaonfplamcgul awvri tnh
3] arsy mbjalld ows for thé&d2O(yBnmted tr iy otrmf ghreo ufpul 'y exp
and r etdueenumber of tmadé&ed ki red eemeanltisati on and sto

The Wigner Eckart theorem states that a mat
arbitr&iy pamwmlporti on®wordant ceeClfeksemt. SFhe t hec

54

(imfT|jim ) (imical jm ) {i[me] ) 233)
where the gener al matri x el ement is related to

double bar) and the Clebsch-Gordan coefficient. The Clebsch-Gordan coefficient is related to

the Wigner 3j-symbol, given by equation (2.21). Hence, we write

. k| :. - Jmaj
(imfefiim e ( 1) = g ml@|fr i) (2.34)
The eval uati on of t hese reduced mat r isxbeelnement
tabul ated by Nielson & Koster for Xekafkc b ald/fi\dtehe r e

nfraetReesedunders ter ms$'LoefSitnhcee ftchrem number of
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Saunders terms are much smaller thdanM,spbacéyl| | b

these reduced matrix elements only require evalu
symbol can detexramiinneh,@ gjqusatntbuyn number s i nvolved

operator, whether the matrix el ement is zero or

2.2.%he€igdnaeld potenti al

As will be detailed in section 2.3, the ligand-field perturbation is represented by a multipole

expansion. This expansion requires evaluation of the basis function under spherical harmonic

operators, of the form qu . This means that the effective ligand-field potential operator, V. in

the many electron basis is constructed using the expression®
- LR k--
<|_s IM,NE|LiS MJi> =4 &y <|_ SIM, rE|L sdim, >i (2.35)
k g=k

where c,, is the global radial multipole expansion coefficient of rank and order k and g (see

section 2.3 for detail of their construction) and unlike the other radial parameters is not directly
inputted. Application of the Wigner-Eckart theorem and expansion of the reduced matrix

elements gives the final expression®

<|_s IM, YE|LiS I MJ1> .

(_1)J+Ji+_3M3kl+\/v(2J -ﬂ.)(ZJi ]:I)(Zl 1)+ 2k,+1

J ok Jiasl k1 geJd s
20 o m B oooL s e

2.2.BAnBerelectronic repul sion

The interelectronic repulsion invol vegswhtilhceh tiveo €
a function of the inverse of the dilgtiamceaet dreitove
uni*tlg. is possible to expand tlhe narogwl di npanmt cofmt

of Legendre?3®*%olynomi al s:

k
1. =4 M P, (cos¥) (2.37)
B k

where the Legendre polynomial can be expressed as the scalar product of two spherical tensor

operators, C*(1) (C*(2) B, (cos¥), resulting in the coulombic repulsion operator given by
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1. rk o
==8 (c0) o). (2.38)
ij k T>
The angul ar C)B*@)breatiweoefn a bra and ket of angul a

numbers i$% given by:
<LSJM \ck(l)dz:k(z)\LiSJimi =i
.. s s €L S J 0 K .
Ussi Wu (' 1) :’Li S ik § HC Cl-)” I>€ HCQZ)H > (2.39)
The operator can be expkgebkiskd Wwyth tkRasospheoefi
operators of the RigQgadd2fi ¢l dricdt, & ¢, aitaonnd 4) . T h

parameter 28Bvetfg@ar amet er s -Coanrdeo nSlpaatrearme Eker s . Th

parameters are parameterised ®xpressions of the

o o k
F=e?f FrﬁIRz(rl)Rz(rZ)drldrz (2.40)

00 >

where < and > denote the lesser and greater of the distances r, and r, and R? is the radial
part of the electron orbital. These parameters are related to F, which are normalised versions
of the F¥ parameters, given by the relation:
aF, 84 F°
% 25 (2.41)
F S
An al t epraraatnievteer i sati on schemetthRadc ke Phroramet émd
B, and TBe Racah parameterSd a€epdare!l p& menddtee rtsh e

transformation®tan be written as

8A 8 140 -49 & B
B 2o 5 B¥ (2.42)
X 208 35 e
where simple algebra allows us to find the transformations,
F'=A +#C
F?=49B -7C
F¢=8C : (2.43)

By combining At n&BPatt memsfi nal form of the mat
b3

L1
a—

i<j L

<LSJ M,

LiSJi\/IJii> - é_<LSJ M, [F|L s I, >ﬁku¢i G o0, U (244
Kk IV
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2.2.8p#nr bit coupling

The spin of @arsselcaeattrean whads ,ats a@omasgndtei ordipale

the charge.l elchnroanomrsgstem, the interaction of th
the ope@®Gatwheire the radial (287anilehteere fgfievcetni vien me «
parameter is giveéh by the expression
6y SRR &) r (2.45)
0
where

1 &ldu
()=

2 EF ar (2.46)

By using a coulombic potential, U = -Ze?/r and the hydrogenic radial wavefunction, equation

(2.46) becomes:

e’h z*
6. = : 2.47
" 2678 3 T Ay Q) (2.47)
The radial paramet €rand ipmrwerogdliy mjil oHtemrdd ,ontahe
parameter is larger for elements down a group a
case, tohrebistpicnoupl iwmg taegaer atsor i s
o =81 8 (2.48)

which is a compound scalar operator and so can be expressed using equation (2.39). The

final angular matrix element is given by?>3

<LSJ M,

al, Csi‘LiSJﬂvIJii> =

- o Li+S 4 N L S ‘J v 11
i G, (07 E AR g 0 VEs) e

where a factor of \/y_z is subsumed into the reduced matrix element; the factor has to be used

explicitly when computing spin-orbit coupled matrix elements for d* or d® using (2.49).

2.2.2e®&man interaction
The Zeeman interaction involves the wuse of t he
the interaction owi @thhee xbtaesrgnsaeltf iucncftii @eind. The magi
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operator is used to conpdit2manggeeiiccdppopertrass

and CD s»e4)? he (Zeeman interaction is wused to
2.4)3.5
The magnetic moment operator i tself is the

moment um om‘erka_ﬂecgrsgi ve&n by

(Lsa|ULsa=( 9 **f20 (29 L e 1)y

-

<\C:o

(Lsyls|Lsai)=( 4)° "J(20 B(20 ix/s(s 1(es )7 é t

wheme=20023i s t h@gfLamtdoki antthe orbital reduction f

| (2.50)

basis is used throughout so saprroeedsi wvinattwohear

SX:(I/\/E)( g - g),sy:(/\/i)( L€+ ,), amdgto yield:

J—MJé J 1 Ji

(Lsam,fe,| LS 3™ (8 =\, 0w
J J

- O: Ot

_ 1 VN - - N 1 Jio & 1 J
<LSJMJ\3X\L5JJ|>\¢ Ts( gy g -
2 %MJ 1 Mi 2 & 1M
<LSJ|\/|‘ ‘LSJ'>\4: i(l)J-MJé- J 1 Jio a 1 (2.51)
e i : + )
1 R %MJ aMi 8B 1M
One can simply apply the Zeeman splitting by th
cartesian directions:
SSOB=8X§+YSYB+Z £. (2.52)
B

where ¢, is the Bohr magneton in units of cm™ T,

2. 3heigdnel d model

The expressig#anddd tchhatr i b(R3 §doens cirni beeqsu atthieo nan g ul
el ement for a series of spherical har moni c ope|]
mul tipole expansion coefficients. The details an
the proceeding chapgtoerefBhes filoi pampdtfeing i al fiel
which are bound to thegaensfabyséecal |yodi sThect

to the more typical forms of bonding from mol ecu
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I n t he rceapsreescafn-bongd i n witthtyl mokecul a,r foarbi t a
exampl e, we rdesudrriepteixgnsocdfi ttalles ttvhoatp overl ap t
orbital oltemgeé lkegc tbryon s . Hence, t he descrsiapti on ¢
Hamil tonian that ddswvmroirtha d atl lse atmo @ii f & gihteled t ype ¢
description is unhgpessampl paesWewhere only the
t he -ifareed bDebQuared. The d electrons and their
primarily, to-itolme déreiralunimetialdphreo pfearctti etsh arte stuhlet
often pair with electrons on other atomic centr e

To formulate this theory fully in a predictiv
d orbitals, the lIligand orbitals, and the rest of
apriponihe angul ar integr@B8, aase &inwemn bayn de ccuwarpil ce
the parameterisati oheofighadr adebhtd parwvesefto cir
relatively computationally e xpaeinsiinvge taoppexfrcac:H
information from experiment itself.

2.3The multipole expansion

|l R F,T the field generated around the central met a
of potentials, or charges. This type of distribu
thas built from a linear co*hbination of spherica
o k
V(rd §=a a ) {(Y) (2.53)
k g=k

k

where Vis a scalar effective potential and c,

are the local expansion coefficients that

subsume the radial integrals.
Now, Itigeghhdl d potenti al must oraleitt aMist.hi ihias bc
represented by a potential, approximated- by t he

el ectaromi tdal spherical-ohlairmani cse tdlspamgs/em deasi s

space, mef@rle012, the potential can be written a:
4 k
v (e, 9 md A TE@Ic ) | )l m) 259
k=0q =k

Observing that th<hfn|Yq'T(1<ﬁ1[)|rIi>xcomlt<ar'men$t the Wigner

k |
00which i s-zenblifo@pinwh elni s even, means t hat t h
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ovekcan be t rMcrMeatka ch.gh aevte awr i tten the relations:c

expansion coaenfditchengeneral matri x(Impliejtént s of t

2.3The ehecti grinedl d matri X

Having established that the gl obal mul tipol e ex
matrix elemeghedddd poeenti abl bet weendtbebional s,
of how to construct the matrix and its el ements
parameterisabi omleedlt itgien 6l d matsr iwh,atV separ at es t
met hoadgs ydgfi ®ll d theory (with parameters of Dq, Ds
t he AMXMMe e keitnn@malve tabul ated the inver s,whn cdf t he
expresses the expa@didon teemmbi mfenthee afat+ i x el e
el ectirgmndl d3%matiisxthis gener al cWinnv earesbeocent rforno m
basi s, to the poteeatéeatranctbagi ®#n whatangl | ows f
Il i ghndl d pd2a3€2aniadIlp. i n

I't is wuseful t o compewtpd itchhed IryealCofmprumi emfgy V he
withlitgendl d meadchel t hat compari swsottthecasmmee maade
comput eALFTomo ewxdlraest hfeer orme bl timmabh & wltd tTthoen s .
second reason is that the eigenvarnaue i xo If wtrind rssh
energies of thel ddtvreo Mmi & e direl irgteean! vse nat nodh &b hréeiatl a |
b

asi s

The energies are invariant wunderHotvwheeytetret at i o |

(0]

igenvector coefficients change. dadribsi tmelancsh arhaad

S sensitive to the Tohaildeuswifrtad ea ttshisms@aline axxamp | ¢

i magi neorabi d al in the conventional scheme, ali gl
orientation (XYZ). | f Yasexiwerpeyt t4o5sA ppasebhbotub ¢t
new oriePtdtded ¢ri me imati atagddss dthemeneXwdYd Z06) i n
orbitalsiighYndahsec h &meg.@.8lent he | i near cgmkinmdgtdi on of

yin XYZ can reproduce the shaperadnd adr.i edotwetviean
spherical har monic mixing is not easy and hence

chosen to make chemicdli gaenrdd e ofpltite imgsul ting
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0.43 d,...

Figure 2.3 The mixing of the angular Y(I,m) (I=2, m=2, 1, 0) spherical harmonics in one
coordinate frame (XYZ) to reconstruct the spherical harmonics in a rotated coordinate

frame (X6Y6Z0) .

We are now concerned with the parameterisati
t he -@lneectt rglandl d pot éemtiteaelrapmatarfiied elchvae t angi bl e
and physical (chemi calh)eime gmirngaaddedrra cviree diaepsp | i e d

any mol ecul.ar geometry

2. 3ABgubaermadgel

The AOM is one possible metehroad ra fx . p arha@meptaer rainseit n
requires only two paramet fdf, ysehschthse Bngwhafrge

Xxray c¢crystatitagrcaghcwl an;addst hect nmdé vgamal boediah
par ameelefrer each |igand.

The AOM aims to reproduce the energetic pert

on the metal via an electrostwhttchb petenhsaluover
sum of a series of | ocal el ectronic perturbatio
mul tipole gX53an3eohnimally speaking, it is poss
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field into an infinite number of spatial regi on:
decomposition. Hence, assuming some sort of inte
a Acoordinatingo atom exists, al proddindre al i gpas d
occupHxepsl.i cit equations for the extraction of th

overview ofmettHadl gwaardi éeparrdd megt er s ar e gi ven.

2.3.8pherical pol ar coordinates

The mo d e | requyi rreast hamgutl man car tTehseiraen, e xciosotrsd i Rm
expression relating thedasnpdteor itchael cpaorltaersd €ama rcdoionr:

given coordinating atom

Qo ~

d=cos'ae—3°f 8@05152
ge/X2+y2 *ZZQ g?_
f :tan'l% 8 (2.55)
Thealksgai sts a simple relationship betwekEwnl drhe sp

angl es -yyn caocrevazatdescri be2d 2iUB faalbt t.on

Figure 2.4. The angular geometry of a ligand and the definitions of its spherical polar

coordinates.
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Thsescrioftitdire angul arcgmphmeteyfbebhqaaged iigmn
' i nNnemondi ng, orbadamdivrog,d ot i ncomplete for I|igan
bond (e. g., pyridine). I n doing so, we must al i
pl ane. This angl e Eubamgdveehne bdye ftihnei tfiiomali s si mpl y
di hedr al bet ween the mloomaifnarnme & xby tilgn, u(hhte = €
and cchoerdi nating atom (L), and t hieom,l atnhee fcoo onreddi n
at om, and t he tfhdneafli neeosb otdrla hagei on ( O) . I n other
Euler angle is gi-Wdi.Tbhhye tfhien ad & hcgodumalde trzoh t it dire
geometry 4f gandesbalnd usitg@adteed i n

2.3.DBi&2gonal perturbations

Considering the diagonal frame, centred on some

el emé™nt s

y‘d ) §> (2.56)

where the operator v is the local potential in the frame of the angular coordinate. These
perturbative potentials are symmetric about the metal-ligand axis and as a result the pseudo-
symmetry of these interactions can represent the metal-ligand bonding modes of the ligand.

These diagonal perturbations are then rotated by means of a Schaffer rotation matrix R(d,f, y

, transforming the local perturbation matrix elements to the global perturbation frame®!
N
(ILmV [Lm)=aR(d, & YvR' ( ,.d; q) (2.57)
i=1

where the sum is over all ligands. The additivity to the global ligand field of all ligands is a key
assumption of the model.

't must be r emempmivedtl tatpatharso occur onedilt atl we e
and |ligand functionss.onelveré¢ apf baudurn ¢ dhwixlple nlee a1l |

first principles derivaits oqquodtied haes magni tude of
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L, 2

e,=(d Jv|d ) 4% w (2.58)
where the parameter features a first order and second order term. The first order term is
referred to as the electrostatic contribution and the second order term is referred to as the
electrodynamic contribution. These two physical effects have fundamentally different origins.
The el ectrostatic contr i bfuitelodo ilsi kmeo rpee ratkuirnb atto o
electric field generated by all the other electrons in the molecule perturbing the d electrons.
The electrodynamic contribution arises from the correlation energy that occurs when the d
electrons instantaneously approach electrons in a metal-ligand (anti)bonding orbital, illustrated

in Figure 2.5.

Electrodynamic LF Representation

Mn+ L MrH— L

Figure 2.5 The electrodynamic contribution arising from a metal-ligand bonding orbital

with the d orbitals (left) and the corresponding pseudo-symmetry representation within
LFT from the minimal basis set of d orbitals (right).

The chemical notion of bonding arises from tt
i nteraction betomebeint atlhse ammedt atlh ed ereadati pamsl dbomtdsi

(for med from a combinati on of l'igand and Ot he
instantaneously approach in a dynamic electric
same vol umes). The i de neognuj2i 8 that e t mir me s the sign
interaction. I f t he gkeered g9 r lihtaand-otritlbe tamfé a@ner gy,
contribution is negative, anbowsemrer gye.r sthe ncfe ,t hae
and stiaobhé would be expected to be | ower in ener
apositive ce>ntOh)iandbtoinodni n(gh @slbddtarlon density in an
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i s higherandoudmnderrgeysul t i n a s<egl@hi vyei £soinnrli boei

notional donor and acceAmt arl | luesh avaitad wrrs hoaffw nlt ingresn dc
Fi gib.e
&
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Figure 2.6 The formation of metal-ligand bonding and antibonding orbitals between a
l'igand G function and a combination of the met al
on t he d orbitals ( Ad)c;ceph an cedonateod ifrong both
donor/accepting capabilities of a metal-ligand bondingandanti-bondi ng °~ f)uncti on

It is not trivial untangling the electrostat
anotBGerlacWoolhagyve argued that the electrostatic
thepar ameter but npgl bg¥bdewe iSarntglheheadvaerad u enda t
the electrostatic part (which they associate as
el ectrodynamic contributions being satat rmubcunt eldartg
contri butdpanr atmEttere e
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2.3.BiL8directed valence

There is also the notion of a fimisdirectedo bo
symmetrical l yl iagpaoruad aax inmee.t aB x a mp l-beosn doifn g heilse catrreo n «

or geometric constraintshotrhfatn @thiyahnec ahilgya nmi. s dTihre
perturbations are representdepdd,by(divde) £gaald matri

<d22 |v|dyz> =<dyZ |v|dzz> ® g,

®

Mn* L

Figure 2.7 lllustrative representation of a destabilising misdirected bond projected into
the negative XZ quadrant of the local ligand frame resulting in a positive misdirected

parameter value.

Unl i ke with the divagen)gau pspiemptiuer braetliaotnison(s hi p
bet ween the sign of the parameter and its notio
function of both t he addrcer /dad oceepteadr glueahdavaindaurt h a
interaction is placed. The edpactamedenmbadmi deconmedi
equatZbggand is WE¥ritten as
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<dXZ |V|GU>< Gy ch)

Ed'EU

e , (dynamic) = a (2.59)

where the numerator is not necessarily always positive since the d,: and dy; in this case may,
or may not, be in-phase. Imagine a ligand function projected into the positive local x direction
(Figure 2.7) and its perturbation represented by the e- ¢ parameter. Assuming (as would often
be the case) the function is a destabilising interaction, the denominator in (2.59) contribution
is defined as positive. In these instances, the e ¢ parameter would also be positive. However,
If the destabilising interaction is projected into the negative local x direction instead, the

parameter will be negative.

2.3.8s34 mixing

Early eviéddemiwiitolije, Brdb,iiteaflf ecti ve squarew@ps$anar
presented by spinmfH&MRIRI tsorecdmalsyoiphaen allny stihso soef wc
Fermi suggm®mst ed t hdast ntihxeirneg woansb 8t ®he Buohpl i cati ons
this mixing wowldhdhadv aviafdbaytdermonst r &t € d hamgdh
CasswhHhy were able to unaddbigubabkl|l gnasgyyumagthenc
pl acCaGiasdyy;>> xy&¢ x> > d'They showed that the AOM
assignednaneeeach |dhglzoordi,ldde not account for the r
of t;joe bdStiamlc.e t hen, t he sSdrabbiitlals aitn oanx iod lhlayw ew eda k
beewel | doc%WwWietnh ielmi.g-thied i d e rtamtourmeet hods have been

to Idewi th this phenomenon.

The fmertshtwads t @ wsd fceodr di nad i whewvei d gpiost enti a
pl aced at the distant l i gand, or in a region a
equatori®@Thelsamabilisation is acgcparnd reat efrore by
coordinatiTomerveoildave been recent -svuad quees tsihoorusl dt had
be attributed to thEhe poomdipat senevwi th.t his r
al ways str daiog ldtedchoerdtwbaerod r di nas howml|l ¢ obh.el pl aced

The al ter natoifavcec oaupnptrionagc hf or t hi s stabilisatio
matrix el emednst si nmotfertahcet i3odn andPpactaimeallry,set hihg s

pl acisthqareeplar amen ee ac h |Tihgea nidnpteerrtaucrtbiactn @$* i s wr it

m- mj

(LmV,|l,mi) =& FrFrel (2.60)

where the elements of the angular overlap, F are:
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F, =% sin’(d)sin(2 §
F,, =3 cos(d)sin( ¢sin(
F. =}§(30052(d) -1)
F., :\/§cos(d)sin( dcos( ¥
F. . =%sin’(d)cos2 ) . (2.61)
The 4s perturbation is a ¢t ahminldil sli Tmgutsehfieix encatt roi nx t

el ement sV, ofperlaeer subtracted from the maiiri x el e

gl obag-andl d e toepretriaapirven b5 Equatiyorel d:

(1,M|Vig | L mi) = (I,M|V e [LLm Y i L, m|V, [, m) (2.62)

2. 3A4t heor et i ctahipag wmimeked etroof s antditagland bondi ng

The presedtndernsail the theoreti mel-lailggraonudn diwomn & i nf
framewoHkwever, tt he < ly@bec ehoWw many)t oi mtsasli gat it on t
| i ghndl d parameterisation siesctadootnl at wayshebmabnos
interactions for -ai gvane bafm@ar r@altdinobnbaall eo nfeo rmi g h't
chootsce defi ne t he nretdAadlignagn dier atEh a sotnlisy , a short e
gi vvenwhich sHdowsnddwl gparameterisation scheme mig

mol ecul e.

2.3.Bodding interactions of | igands

Common todighaédy d anal ysi s, except t hiosres ,c airs itelde
assignment of bonding interactions to |ligands. |

S
ligands with different bonding nmowdegsyssAlbt kol glyair
e

t h most common |igand classes from inorganic an
here as a wuseful reference and gui de. The aim
parameterisation schemda ftor ad stoy e epsftohldi hgaedrt dommrea
can determine what bonding parameters and | i kel
arise fordidiferleat esr of | i gaJsphgs.ameEhergeasmern @aln e ch
range of | igdabdalei Shgi vamlieni s notscmeamti 6too beo v

used without context.ndieemd nicr tuaedreadc tdiegresn dminggh to n

62



parametric context (reducing thei mutmberl|l atft dr exa

exampl e) .

Table 2.1. General e, parameterisation schemes for classes of ligands. (L.P.) =lone pair

interaction.
Ligand e e € x, ey ei (L.P) €ij
Saturated Donor 0 0 0 0
amines
(NR3)
H.O Donor 0 Donor or 0 Donor or 0 0
OH' Donor 0 Donor Donor or 0 0
F', ClI', Br', Donor Donor 0 0 0
i
CN, CO, Donor Donor or Donor or 0 0
SCN- acceptor acceptor
(linear) (bent
bonding)
Phosphines Donor Acceptor 0 0 0
Thiolates®® Donor 0 Donor Donor 0
(bent)
Oxo (M=0) Donor Donor 0 0 0
Heterocyclic Donor 0 Donor or 0 0
ligands acceptor
Carbenes Donor 0 Donor or 0 0
acceptor
Conjugated Donor 0 Donor or Donor or 0 Donor or
bidentate acceptor acceptor
ligands
d°>-Cp Donor Donor 0 0 Acceptor
d2-Olefin Donor 0 Acceptor 0 0
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A visual summary of the key interackKiigowmrse for
2.8. The following subsections discmesetdet dilf fe
gener al , one can often get a sense for the ty

donor/ acceptor properties by considering the fro

Figure 2.8. The key types of bonding interactions for different classes of molecules.
The subscripts 6x6 refer to-la gdinrde dotoinadrs pairoaMnl ea
refers to the direction perpendicular to that. The * next to an e, assigns that interaction

as an acceptor interaction.

2.3.4.1.1 Saturated donors

Saturated donor st hcaorng aoht dnn gpndisiomed toml|l pel i ga
Examples include ammoni a, primary amines, secon
|l igandéis class of Iigand is the simpillkktstegued
byi gas8@).

There are casearwmmet ganthinse from this class of

relates to the possibilityt ®hel ahe tgalnel ebcotnrdo s tTahtei
of this perturbation i%°Ala gwmatdtl @lr amfal ysrn se mtf d e
data of a Ilinear dialkyl cobalt(ll) complex | at
el ectrostatic cowmttukbut iThire tseecobhd eossibility
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saturated l|ligands-bohdtngdo(engagephdsphiBi@®)s. as sh
The third possibility is in t4hgahdrmandohrom anfg
ef fteckhas been deBCiH i (bMd= imethal ) bonds.

It is also possible for pamasnet ber galmuegs ttoo mh &
val encelbofndtimegy orbital. Therremoienenthhaeaiififd€enuastesr
I'n these instances, the misdirected valence wil

2.3.4.1.2 Cylindrical™ bondi ng

Cylindrnctatacti ohpeatrer keguiadnsl iagpeonud aax3ns@t(ail. e.
illustFiag@gsled)nThi s is common for | igands with a
halides) or for |inear | igand€&N¢coacdtanitngleéen a

examples include 3ls ynmedtsr ywi tsheactho egad atdtee of pho s

Even in |Iigands with a | ower | ocal symmetry it

engaging i nhbowkdindritoal ower the number of free g
Theel adormwvoer or accepsomleicpgpads |iislyewiffd@e® no wn

exampl edomaoes; paoseapchcienpetsor s. sHomve vieirgaddani de,

acetonitri),ethmamtamatidre memaedones/ abeept’drt cdapabi
possible to have a valdantthandisasmal-bobodengar | ¢
or more |likely, that the domach amubhearcictepi 8ri mpa

wi t hlei ggAndl d model to separate out the separate

2.3.4.1.3 sp? hybridised ligands

Ligands whose cooreadseartti fnlagy bayti abiyss ealr engadge i n as
bondi ntghe example bondi nRgi gdiBa¢D)r amhéese gi vgands r
definitions daifr @dteiian Iwltciadh xi s aligned with one
coordinating atom. Examples of this type of |ig

and hydroxides.xphymimedalelry,i stehseetiett 0 s0O of men asso

occupiledbspal s (elngradierdg imi th the | igand framewor
sporbitals i s Uhbootn dé mga gaendd iitmnst ead houses a | one
l igands such as thiolates, or phenol at elsi,gawhcr e
bond. That |l one pair wi laln -pilmaee alscma@ingitagad i t

parameterisation witklzpaahmetaesr ai |mFussdtiziBadcetd i n
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Typically, these |igandnoarse @faremcludamdyt ofl
opossessupiogdital s. However, some | iggmietmyght
which are unoccupied orwiarhed rdaenp Inegt egdd owipas , e Iseuccthr ¢
some <carbenes. Again, -jymartamoester s ynmsetassmusr etsha he n

acceptor properties of2.thed3.ld2 gand as discussed i

2.3.4.1.4 Phase-coupled ligators

The cl|l asscodplpehd aleieg & thaougemtg a g e i mb odni df i hegr heonut g ha |
there have been attempts to explaiceomphexspeaskia
mi sdirectedt®habepaeametreati salilieont avhspeotunoséopic
properotfiCef agacwher e acac =% pAoet ghdlciegilima| d
parameterisation wa® khenddedncdsiddieggantdise phase cou
del ocdlbiosnedd ng nbat wopkas eiTrceofuepririendgiitOo gas ‘*ehéect o
has been succewistfhilldi yy-Bigep Iditeodb ¢ énler oducti on t he p
propeafti @segdcac)

x-type y-type

Figure 2.9. The out-of-p h a s #ypecand in-p h a s daypeinteractions with the dy, and
dx; orbitals for the Orgel effect of phase-coupled ligation. The red and blue arrow

represent the molecular Z and Y axes respectively.
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An il |l ust rCrtgieodn egffesckdiemesd 2B8.e Thlerondi ndieof
conjugaeewoepnrlduwe seistefacti-ofmsasani oséypeti on
Fi gwk®Oé ef,t andphaans ei ni ntyeryaeet,g®@®e ( phtThese two pha:
di fferentiall yx.amd, odrddtt awistshy fimmee cd| and gi ven th
phase aodpghasget wor ks woul d bieetolie diifdieviedualenpe gt
wi || be of di fafcecroerndti nnga d¢f2nbi §t euqdueast i o n

Figure 2.10. The parameterisation scheme of a phase-coupled ligator ligand from the

i Or gel effecto.

A guestion arises: how do we parlaingeanrd ibscen dihre
parameterisation scheme? The parameterisation s
acaics preséEnged®i nn total, three bondings par ame
parameter tolUemdsiumge dsthemeagthmetaen €éwhere the | oc
is directed (plhomadpRedgnwehdo chhear ameyt-teyrpiep biars ¢ h e
i nteractaineshyparmametelraced at a coordimnviXet wihadh
(where X = the coordinating atom and (Mo=ndihneg cen
framewor k, rept gpeofpibhmmg dtnhtee r aScotmeo naut hor s have
specicdndype@r ameters, introduced’ d@beamehbmdi deper i

above is equivalent and does not require the def

I f one places a simple potenti al at the coor
it wabhty,ebut does notl oicmegleedea rtohme mnoan, ( near ) dege
deét ykp ai r rHeoswelvtebre, -eolneect r on sepnedfietnlggordbi t Ahspair
beedet er mi nappt ox idmebatt Oe'licgom cobal t (1 1) Sc'ROtfferbase
worckarried out on ,whhiec hs admee ss ymsadtenr ecogni se t he O

par ameter i-mslesne hel ecnt wo tamlseemal, m@anages to provid
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alternative fit of0Ondeskapldi mehe awbdkewbat prov
alternative fit ofr etploe t s x heersit mefnittalp adraatneet er s wi
negative Racah Bemaoeametparmr)amehemiesalt d obe interp
cauti Adusmoyr.e detaillkbdt wldesncusbéespa ctawmo bmeetfhouwrsd b
Bri dgam&er |.°0ch

2.3.4.1.5 Cyclopentadienyl ligands.

A common class of organometallic |ligand is the ¢
is aware, these |igands have never been par amet ¢
terms of parameterisation, it dmepsthdsommornr hlkeo rci
mode iddbdme&i ng mode. I f the avarkablaedi boantdisgdi

simple frost cycle, we can see tthhhaoulhe mgerct wmpken
d orbitals,Fiag2B&hbwnt hns case, it is convenient
centre offhttheyrci ngptemdhrmadi emel donor 0-$s Wmmetarcy i amd o
two degenerate dondnerymmeteyactTihensl igfand al so ha

acceptor i nltseyrmancettiroyons of

Ani ssue arises with the posandiintietryacotfi otnhsr. e el
been establcasbedr ehat mel i.safl esdvehueecrhe tthtag per i mes i
the unnor mal i z@idv ipreorfiasnerend gan isr. e me apttodc @ as @t sience it
mi ght &Zerwvwor % 0O tcmmi ght enhance the gsamd of t he
parameters. However, in a mixed | igdnd hsey LCtpe th,i gia
to O'bemause it might tokneo aa edatilsoesttieenlseconi t he o
' igands i n ,whiec mod ree wlfiekae | syi miol Miore ev arleuseear ch i s r

thi sbafeae a conclusion can be reached

2.3.4.1.6 Olefin ligands

Ol efin ligands typically c¢bdomdi natse i Fila@Bhatedn
(G. Tpbeond acddckomemsr arel ative to thtanbendraly omebat
acts paascceptor interactor with respatrametehei s
orientated along the C=C vecthr Land!liesiass«ingwad
magnitudes of these parameters andtfawsmettaadpses

compl exes lwigdihaodd efin
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2.3.€8hR@gosing | igands

The firodtl agthermhind !l iy si gef imiimigmalhenumber of Il i gan
mol eculea geneasalsi mphlies ass | ooking at the chemiceé
grouwddg hin the Infioltehceurlee are mul tiple phosphines,
l ength then it is an obvious simieapdeCgnsugdget he
as way of an -eapmptefict-eexe@i nate vaniami gunr &€ o mp |
217 There are three distincBuMOMadctei maxdlalgrteupgsd:arty
t he equani dreiddel woul d define theselnhdeien@assc.epwae
assuming thatamihdesgqusatmodiaal and engade el rc esnitmiall a

met al i on.

Bu
INI
c CeF
FsCe N 605 F
AN K\ 65
N——V- /
‘ N

Figure 2.11. The x-ray crystal structure of (CsFs)strenVCN'Bu (left, CSD: WAFGOD) and
the representative molecular drawing with the three functional groups coloured in blue,
red, and pink (right).””

Having defined our three uniqguecdnsgadieds i n
bonding modes of t®Ba&NKCigands wo Thleb oanxdg allgge ainnd wou
|l i kely engage in apfproondi mayt e@alsy i¢ylciomddii aalt es | i n

woul d be pr esumehbdontdi regr goaargley .i nFi ami dagrse tphree seugmueadt

Gddonors and | i kedloyn oa4sy mohé higit d eiNiCo fpl.a ndentl h a't
|l eaves us withi ghiteltd| p arfi@ndN@eefBau:N)Cei(Ne) , a(Ne)
ey( Ny, whaeanedefdNr e | abel s for the axmiad esmiece i ared y
Where possibl e, It is desirable to fuytaked tbduc

crystal stBrulN&nuasobortdienatarneg aaptpornosxi mately trans
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forming ah7bRegweenf.t Ae tawo éboahtdingheirl dbe corr
tchol ohedral symmetry) #@BuWN)C tgNigs. plons stiobtlael ,t owes eatr
four fr eellyi gabdnjdulsdt apbareamet er s .

2. Posdti agonali sation met hods

The preceding sections have detailed the constru
fromgandld parameters, whi ch when solved produ
solutions produce a set of energy levels (eigeny
moment um coowefl fiifcd iegreémsvect or s) . These eigenfuncH

compute magnetic and spectroscopic properties.
and equations required to compute these quantitd.i
such as swpirati cemalf imgi xing, and irreducible repre

2.4PLojection methods
2.4.%piln projection

The eigenvectors obtained from the diagonalisat
characterised by their spinophiofecouphingn the =
numbergoogduantum number and can balloevé dioo adiids this
forbiddenod transitions. Forortbriansciotuipdni nnget alhse, s
number is typically wellowbehanasdt i @pencidabisy who n

coupling consit.tantHso we WBeB), cpameent i fy the degree of
an electronic state F';(s)azvhaelsmrsojtehcetisopni no pgeuraanttourm n

projection operator acting on a ket with a defin

BYSi)|LSIM, ) = Uiy (2.63)
Applying the projection operator to an eigenvec:
Sspipmojection,

Q°=(q|Es ). (2.64)

WherQei s the eigenvector. Since the eigenvector i

be between 0 aAdt ho(ghqtuhbet sm)number i sStwoew l beh
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transition met al s, t wo el ectroni c stanegdstlted ose

assignment as a spin singlet, or triplet, etc, i

2.4.CoR@figuration projection

Il mplicit in the calculation -iodn tdheamauadmi xumbdemse
mi xing of electronic confAing wdeaddoi intsai 8. t Hewé Vv & e,
of these mixing quantnivt ibees Aibsa crko tc atl rciud iad le dadon d uc a

easily. Those calculations would proceed via the
|L,S,J,MJ>basis to a linear combi|m|§,.t.,im,qhhatesba'tlet et
t he -iformmedbi t al s, not the f i nlalg-annidxledd ddi aogrobniatl ailssa tf
task is not easy, especially with the uwoinsgruct
recurwhiomh beaonecmesasingly cdempltemamevéh@flenrs tdead, 3

di fferent approach was used to.construct the con

The devel opeod cadpprgreca edif geomv ¢ hteordi agbeamaswati o
el ectron effective Hamil toni ag-Aiceblnds t p o tweheetr ieauls i

contributions from interolrddttr ocndwp !l i en@ i leasrieco ni gar
eigenfunctions W{UHBedcea u sakebiegHhligedd dasspl i-¢lte atgr ars a
calculation, thetrene hmapmi rbge aetoweeen t GE.Frel at i\
and a |linear combination of the relative energi e

For examppen shnndlsgstemsmpbesebise configurat,|

dor bital 1 i s dodwbrlbyi tcadc w2piiesd vaancdant . Li kewi se,

electronic configuration where both d orbitals a

ofq(LFassociated with the former electronic confi
the |lowest energy spin singlet eigdfwhniccthi ohnas Li

a correspondi ng E(erital ) E(erbitald)er ggpokeseneiergtrbea o

transition from orbital 1 to orbiAtdli sa2, oifs tahses ipg
spatial orbital "eoadpagtuiran ifoor i€a@ovéeadi axampleas
of this mamgomlgi falomsplitting (loFatrhee geivgeenn fi inn csteic
4. 1 .an.d2 2. 4ANo3t.el t hat in the event eefl eccd geme roadchiid:

their separate occupati.ons cannot be distingui sh
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It is recognisedei gehnaftu fitabéeed i sgffaljacsbt ai ned by

di agonalisation under the effects of thoer bliitgand

coupling are just a ((LFeiage cbmbdstuicohn sirhadf t he

q(f l):%ci () (2.65)
where i spans the size of the number of unique spatial electronic configurations (appendix
6.2) and c, is the coefficient. Therefore, one can solve for the linear combination of coefficients
using linear algebra:
Q(LF)c=q(f 91 1
c=q(LF) q(f ¢ (2.66)
WherGLF) ar e ctohleu mns q¢LfFetihgeenvectcoirss tahned col umn of

coefficients.

2.4Magnetism
2. 4. EPR-fqactor s

Calcul ati o-haoforEPRcagn be carried out -ory@trhe con

tensor over the cartesian baéd s, an element of w

a alfeg| JC [ e 2
956= s (2.67)
S we

Ms= S

where U, B= ,x, vand i and j are the indices of the eigenfunctions. The summation in the

denominator extends over the effective spin degeneracy of the level. An effective Ms projection
ofS=Y,i s used for calculations over a Hctasaer 6s dol
i ef f e cfaciors. Otherwgse, the sum over S adopts the value of the spin quantum number
of the level and the summation over eigenfunctions is extended to the full non-relativistic
degeneracy. Solving the tensor gives the three principal g values and their orientations. The
principal g-factors extracted from experimental simulations are simply the square roots of the

eigenvalues.

72



2. 4. RaRamagnetic susceptibilities

Paramagnetic saseept shbieki i esase otfhara gmeelt s wcr es u s
respoonfsean toobjtelcea applicatiohnobt hegmagamdgnonefi el
susceptibil wheebemeasumae eri al i fanr exdnalrgendeltoirc at
field. Paramagnetic materi al s, whi ch nr exuierren ad n
magnetie Fi@).d (

The paramagnetic susceptibilities can be <col
second rawkitbnsoclardkeesr aanfod rssdeceomaariine tensor
is compotedi agbdboaddctiseendper.ANnured ement of the ten:

computed using the’®Van VIeck equation

A lsol Il Aol Bk da+al L0 E I8
Gob:ai_ Zg T ; ETE (2.68)
¢

where U, b= ,x, % the i and j indices map over eigenfunctions that are thermally populated;

the k indices extend to all other higher lying eigenfunctions, though one can truncate the

summation for computational reasons; k; is the Boltzmann constant; E, is the i™ eigenvalue

in the absence of any Zeeman perturbation; and Z, =exp( € /k,T) / & exp( E,/ksT)-
k

2.4. MaBping eigenvectors on to the magnetic mo

Equations (2.67) and (2.68) in this section use matrix elements of the magnetic moment
operators acting between two eigenfunctions. No mention has been made thus far of how
these quantities are computed. Recall that the matrix elements defined in equation (2.51) are
acting between the basis set functions not eigenvectors. For our purposes, one may evaluate

the required matrix elements using the relationship:

(ileg| ):é ba 16 (o (o] Lo p+,(alg] q) (2.69)
where i a n d are the usual eigenfunctions of the effective Hamiltonian; a and b are indices
over the basis set; ¢, and c; are the eigenvector coefficients; u are the basis functions

definedbythe L, S, J,and M; quantum numbers; Lya n 8; a r e otbitaleand spin angular

momentum operators defined by equations (2.50); and U= x ,y.
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2. 4SBpectroscopic intensities

Transmdtialn i ons give rise to a range of interest
of optical activity is concerned with the inter
and magnetEiaa dHfoafeltdlse radi ating mghindwimtzel neh e c e

di pmbments of the molecule. Since the wavelength
are typically much | arger than the molecule (or
are modelling) then we can assume a eaeni ddirant imag
' ight. From Schell mands perturbative approach, t
tot al interaction Hamiltonian betWeen the radiat
I-J2 I-J2
(V') =E.2 (m3 ) H,2 & 2 ) %EOHO(m" leg?) (2.70)

where the three components refer to the electric dipole moment strength, the magnetic dipole
moment strength, and the rotary strength; V represents the interaction Hamiltonian between

the molecule and the radiation; and E, term and H, terms are the amplitudes of the radiating

electric field. These interactions are for a transition between two levels | and J, where the

former is lower in energy, comprised of the set of states i and j . The magnetic dipole moment

is readily evaluated, and its expression is found in section 2.2.4.5. However, the main
contribution to spectroscopic intensity is the electric dipole moment, the matrix element of
which are formally forbidden between pure angular d states due to the Laporte selection rule.
The computation of spectroscopic intensities is concerned with the evaluation of non-zero
values of the electric dipole moment operator acting between formally same parity ligand-field
states.

Computing electric dipole moments (and spec
transition metals has not receibldthusermualtd att en
Brownalkeavireevi ewed the developments in the field
met hodol ogy for parameterising spect rwaslcwes cin n-
theéeighndl d 2'mdfcheely have applied both the static
contributions of their model to several syst ems
Whittakerbaededlon Gehetamabrki ldifnvol ves extending ¢t
include the angul ar states of d-drhkei tnaelt@h&*hpe f(od ndd
expl ipaindfmdat ri x el ements are computed and sol ved
I n principle, t hitsr @llayt g-beir d I nde t rheotdh oids, ngoitven t he
mi ni mal basi s -ssteatt efsr..onHojwessrter d t his met hod has

computation of absorption and mdgunptic systcemar

74



Thissubse@ptriocreeds with an expression for t he
magnetic dipole moment transition tensor. Then
operator, acting within a same parity basis, i s
eval ufatomnt he eigenfunctions ofs.atnlds Be fafnedcthiertvse Ha
are used to compute electric dipole moment oper
properties and physical meani ngr ptFibhaenldMgD expr e
intensities are given. Only a Astaticdbhabideé¢ of

from bending and vigpmateodnal modes are

2.4.8Bl actric dipole moment operator

The strength of a transition between electronic
transition dipole moment operadtoibe g Weneen ed leecdtrri
states of t hed samal Ipyarafcocyobridditdiegn tLt@aporte sel ecti
Recalling that the electric dipol e nloneennts oorp, e rtaht
transition dipole moment &manelbecterviad udiiefealee ntprd a
t wo Russel]l Saunders E£rc&tddeseouzBiling Theademavi gner el e
cont ains tCoer dCd ne bcsod@KOfiO) =(2020n20) ©. ItthWisgner 3j sy mb.

thahforces the Laporte selection rule.

The evaluation of the el e x,y)dbieptoweee nmomaennyt

el ectron stated®can be written as

(@m,Jay=a & a acipR pag, (gl o) (2.71)

n k qgiij Ui
where nis the ligand index, c,, is the local multipole expansion coefficient (vide infra), Dqk,q
is the Wigner rotation matrix for the angles U, b , a is the complex eigenvectors from the
diagonalisation of the effective Hamiltonian, and the matrix element (a |, | a,) refers to the

spherical harmonic matrix elements that are used for the construction of the ligand-field

contribution to the effective Hamiltonian. The G are the free-ion basis functions. The rotation

matrix R relates the local x, y, and z frames of the ligand to the global cartesian frame,
given by3
dcCfL 5SS ,SCE €S  §C
R”(Ub)yz-ocug-soas €y pS*T S, C (2.72)
E s, S§ o c

where ¢ and s here are cosine and sine functions and the subscript refers to the Euler angle
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argument. The rotation matrix is equivalent to the direction cosines of the local ligand x, y, and
z frames with their vectors belonging to the first, second, and third rows respectively.

The,,refer to the multipole expansion repres

moment operator induced within the region of 't he
l igands and represent the electric dipoeltealmomen
l igand axi s. I n the nehtatehaptedar ,t ot keev ap airad rae tt enre:

expansion of the electric dipole moment are defi

2.4.8Bhe transition dipole moment parameters

The multipole expansion coefficient irdegringant at i
P.and.plar ameeéesreédt itro t he ,LF{Prafiihelse parameter

represepnal atrh estah@ornbiofal basis -fiogamd gbored. meitrmad
Laporte selectiog=rpl eln-ih @ tw3icraens ctohnattrdi bturtaen stiot idor

intensity.

The P and F contributions to thelitgandi bbod
desnnot ipmylsmicail ng of expl iicntto Pt mendb d&siog.biRatlser
that the electric dliippdrd moboredti 0fa aconmapglailcat ed
and charge distribution of thea (panitdéinibtomaeli ssgme r\
t hat t he symmetry/ anguladrgarheéateinnree g etoifc apemdtualk
represented bzy2 sapnh earnigcuallarhar moni c basis, so too

expansion be r=lpnelsangd! &y moment um

It is possibl ehtadg grepli sgdentbut heonl agangobamndt
via a |linear combination of functionBhonhe form
for exampéenscawmdinggd a | i near coanbtirnead idanngdtfv enmed a
b §?!

Q. =cY’ €Y, SFYY ey (2.73)

wherceare the expansioMarceefhecisemtesi aaltdl har moni ¢

functions are ignored.

Following the ratiBnawhskRitd@ihd puustoatkesbyhe
that the pol arliisqgan d nb orf d-altdne t @i'Omblatshies .| eft hand

the cangoilciat ald i s shown. It i's céngrRdgynmetri c
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i Il ustr altiigvaen dneltiagdanslpctham @atcit em , wi sh spownt abov@ht
antiboprorbgt dl i asswapyo loanr it shded gnendal bond viap the ir
pol ari sat i.gonr bii@rnadt.lt ¢ er idg htFihga2zlidt & e d enecobdail gand

bond i swisthiwadvéad pol ari sati on, -lpaglaaardi shiomgd tmoa emd toam
|l igdmds induces f polarisatbbnhalntehtheiagtthend

further away -lIfirgoanmm dt hbeo nnde.t a |

d,. P,

Figure 2.12 The reconstruction of ametal-l i gand @ bondigugingfalineat i on (Q
combination of metal-centred spherical harmonics of s, p, and f character and the result

polarisation effect on the d orbital.

It is easy to see how variation in the expan
both the shape amed-lapgbhadi bpnadf niybtei gener al, and
all other things being equal, a dipole polarised
have a smaller P/F ratio. 1t is also customary t

those of e®?parameters.

Unl ess concerned with absolute intensities,
to one another. 1t is often useful to set one of
100) and vary all others. The epaameeéessal aot dE
di ametrically opposed P (or F) parameterd cancel

or bi,t el sand f orbitals are not centrosymmetric.
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symmetric (and homol eptic) systems (a pure oct e

would generate | ittle to no electric dipole mon
shown that electric dipole intensitgy mosdeggi ned
parametric system which is not considered here.

2.4.Bb8orption spectroscopy

The absofrodamcesystem betwdamdaagr exmld t levéhvi elbv alr e

comprised of efijantfijoespestavesy, is givden by Pie

f Y 2. 2
£=oa a0 i @74
i j
along a given direction, where E is the incident photon energy, 2 is a collection of constants,
and m., is the electric transition dipole moment operator in the spherical basis.
For a solution spectrum, which is a collecti

principal absorbances can be compuaek bifghshre co
whose el ement® are given by
fp’ (m)=0 & &([i M d)- (2.75)
iiAjiB
where U and b belong to the cartesian directions x, y, and z. The subsequent diagonalisation

yields the three principal absorbances (oscillator strengths) which are averaged

f,+f,
I-J — 1 2 3
(f )avg_E—3 . (2.76)
Al though @fdan@dhsse the electric transition diog
expressions can easily be substituted?2f @r 4t Be ma

2.4. Q8L dcul ar di chroi sm

CDis the differential absorptionamdrd ednl yanab g4 rgv
in chiral mol ecul es. Computing CD spectra requi
R"’whiicéi ven by the scalar product of the electri

over the carft;lésian basis
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R"7=9o %1 Im(me¢g)

R =0 @y am(( [iom( J))- @77)

i,j O
Again, the term is multtriamlsiigad olny. tBhee negn ear gpys eaufd ots

changes sign under inversion of the molecular fr

2.4 . Bagnetic circular dichroism

The MCD signal is defined as the differential a
i ght in then peesmangekbtoifc Wdrel dransition metal
mechanism for-t entnenstteeprsm siynd eChnsi ty dominates at
due to the differential ocewhpiacthi ocanr eo fe ntehreg egtriocuanl c

magnetic field (Zeeman splitting).

For a transition bet weelnanad tahne remxadjltye kloecl delgmbil e c

intensity®®i s given by

Foa(w- N i ] el )R] 279)
where i labels the initial occupied state and | labels the excited state index. The Boltzmann
populations of states i and j are given by N; and N, respectively. The operators m ., and
Mg, are the transition dipole moment operators of the left and right circularly polarised light,
respectively. E is the transition energy, 9 is a collection of constants, and U is the molar
absorption coefficient where qiJ= U - .

The perturbative e(RPDp&rnesvieoanl so ft hergeuea tcioonnt r i but i

in the linear resp®nse of a magnetic field
q__ e B3 5C g
—=0 K- B+ ) 2.79
E %111E EEO kng (2.79)

Theiy AB anmd e€ms describe threethadgdelrtentr cmndr i
physical phenomeéege®#d&RATohventAemm results from the r
energetic Zeeman splilt,whinghotaubdeseaciitedomphele
MCD intensity resshapbeadn di. noTah edeBri isv adtuievd o t he mi X
a third el ekcwirtomiei tshert et, he ground or excited st

of eéhteemagheti c fotelrdn. cOmpoBnds the Aoffsietd of
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Figure 2.13 The Ai, Bo, and Co origins of MCD intensity as given by the perturbative

expansion.
Since the transition 8i paBelmnompntt eadpéamatt dires ¢
X, y, and z frames, i(2t78i 8 tenmenoféntatbeskpneespe
conver mMi0mg =m, im, andn,=m, m, i, thei MCBnsity
expressted as
@—o"( Nim(( | ) 2.80
= =oa( N - C L T @ T (2.80)
1]

where Im is the imaginary part, the real parts of the scalar products are lost upon negation.
Equation (2.80) expresses the MCD intensity within the defined cartesian frame. Hence, to get
an average spectrum for a series of a randomly orientated molecules the cartesian coordinates
of the atoms are rotated about the fixed coordinate frame and the effective Hamiltonian is
solved for each iteration over the angular grid. The averaged spectrum is then given by the

double integral®*

>

it
frﬁld&%

qu

®e

Qo
-O: O

IGELOI

(2.81)

O
2
S
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3The Kestrel program

A core aspect of this work islithgndledepopogmeam a:i
at both the spegedaailallditkséha mMds preen al i st o refers to
trained/ puarcttihmmngal resear ch;era edfrpesap eac ti rsa sOc omoius

a researcher who dogauamiohmemipeali amesbodan of s p

anal.yygFifisas al ready pr ovedq utaon {duem nuisceaflu |l ¢ othnomutnh & vy,

pot
of f
che

pro

ensiatill yeétwedt dybethheemiga aolreu.iAi Tty mput ert hpartogr an
ers amoksbBcbhtigurational LEpechbbusati owoaul d
mi sts to quickly see how cvwhoaunlagtietse ri nt hgee opnteyt

perties of their mohemelr®mmulTheyoroudgdi pllry o1

real time feedback to changes they hakethe s$heck

t he

program orfifelr sPyat femtmadcul e, wht¢ oc&tPoyatrh obne us

scriTphtes computer program devéubpethethi shinsg cwor k

and

mu s

Det
be
or
pr o

i 60

When designing a tohoeapoteroprdgramlink bet wee
t whot gt atpipetathen g peci aisipsitct uashalrls intioletbe si g n

t adhere to some core principles

1. The program must have a graphical user interface (GUI) and the interface must be
intuitive and easy-to-use.
2. The program, where possi bl mtheflgdbu sitn preersfpoornng ec
a change in its parameters; in doing so, physical properties can be correlated with
the electronic structure in real time.
3. The program must be flexible for advanced users who wish to analyse their
systems further than the inherent limitations imposed by having a GUI.
ails of the underlying code, algorithms, and
hiddeoannot be assumed that the user knows ho
make API call s. The role of the GUI Tihsee t o me
gram that has been designed in accoKédsanhcel wit

rmed of two component s:

1. KestrelPy. The object-orientated module which allows the user to build molecules
and run calculations. The module i ®yawyritter

and accesses Fortran functions and subroutines by fortran-2-python (F2PY).%% %4
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This module allows users to write their own scripts for running ligand-field
calculations in a Python environment.
2. The graphical-user-interface. The GUI is a stand-alone application that does not

require installation and can run out of the box. It is built using the PyQt5 library.®®

This allows the non-specialist to run a range of common calculations and

visualise/report their results quickly and easily.
The t wo components ar e uncoupl ed, residing i n
standal one Ptyhtehbonn blei bcraalrlyed i nto any Python scri
number of popul ar Teshei e@Uli fr Eé¢ sldhélanyi, Kestrel Py
indepemfdetnh.e GUI

This chapter is devoted to reviewing the cons
gui dd i gandl d analysi s. The aim expldectiagot o dle
programdés construction. Doing so is not possi bl
KestreltPlye aGWdHowever, a gener al overview is prov
i mportance are discussed. Where necessary snippe

the Python module Kestrel®yg tilse ammad grsleydi ntgo cuonm

i mpl ementati on.

3. Kestrel Py

Kes Py eils ame@sgudheevnel oped i n Py%tome amalc Fogd riasn.des
to be the comput at i omaand ltdhoeged dodhee Keect me | t hg quart
mechani cal calcul ationbe amddulaet a hasnahy smisni mal
dependenci es. The package requi r espaPryttyn o Ry t3h o8B+
packages ( NumPy and Sci Py) and the compil ed F
computational and |9 %e®he aF gretbmr an rloiulhrn mreys . can ei
| ocalplrfeudbt shandd from a ari ohiil taee snarcehlinyeng a Pyt h
modul e (which requires karoiwd retdgtee d fp Pydrmhammiisn @) j
at t hepeoinal i st . However, it i s designed to be s
al | programmatic objebesrefultthe ombl eabtel anidons
altered,Keosrt rueslePdlye st suited for the advawmeoed user

Python scri dtisy-athad | pde rcfadrcrm | at i ons.

82



Themodubuvendl es as dedaogthsh dd fd tchad cRuyitantcdmases nt dhe

i nput to ever yMclaé cwlhalsiiom stsotde all the inform
being studied including the || igandorfbietl d¢ oupltien
parameters etc. The moéakculwrtagpephesr pwehsi scehd ctaon ap e r f
calculations on the electronic structure, ma g n e

calculations are returwmleidc h nalal ocw nfveerni eansy oadg ceced

of those results.

3. 1FLtamewor kp aadk & ghee

KestredrmPyi snug topl e submodul es. Each of these su

housing cl asses amndd tfoumc tsipeercs fd ed itcasstke or t he me.

1 data. Contains the classes that store external data that the program can fit to. The program
can fit to 5x5 ligand-field matrices, many-electron transition energies, g2 tensors, and
paramagnetic susceptibilities.

1 energy_barrier. Contains the functions and routines to compute the rate of Quantum-
Tunnelling of Magnetisation and the effective barrier of the reversal of magnetisation for
single-i on mol ecul ar magnets with Krameros i ons.

9 fitting. Contains the functions and algorithms for carrying out optimisations and
parameter-space searches.

9 fortran. Contains the Fortran90 source code, compiled libraries, and Pythonic interface to
the Fortran code.

1 intensities. Contains the routines to compute spectroscopic intensities of UV-Vis, CD, and
MCD.

1 molecules. Contains all the classes and routines for constructing and interacting with a
molecule and its parameters.

9 orca. Contains the routines for reading ORCA output files. The results extracted from the
ORCA output files are then converted to KestrelPy class objects, such as a 5x5 one-
electron ligand-field object, which can be used in optimisation calculations.
printing. This submodule handles the input/output of the program.
results. Contains the result objects, which act as a convenient means to interact with the

output of the program, rather than interfacing with the Fortran objects directly.
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3.1TBe Mol ecule ¢l ass.

The molecule Msl stcdfaessds .i M htehenol ecul e cl ass has
methodhaan be calligéhindEdclparameter associated wi
the Iigands and their coordinating atoms are stoc
Mol eacdlassmsd i ts c¢ WMelt,di glaataasesu laantGie@meits ypr esent ed
i Fi gBL.e TMicel eclud®es provides a sooveni detoptatbgaeet et

mol ecul e.

Molecule ] Geometry
file_name
> file_text
metal_index
v assignment
Metal Ligands <arr> bonds <arr>
dconfig Ligand
racah_b label
racah_c esig Atoms <arr>
zeta ) ) Atom
. epix, epiy
kiso label
eds
> theta
epsx, epsy
phi
edxy, edx2y?2
0 fs psi
psig, fsi
.g g bond_length
PPIX, pply
fpix, fpiy

Figure 3.1. Schematic representation of the molecule class object orientated hierarchy
and the important class attributes.

3.1RBnning calcul ations
KestrcednmPtyai ns the code that <carriésgéondl dheodetu

When the user submits their PyntoH crc dSlecarti rpeal iPdylees vi a

the parameter extractions|amdédnddhlmmicadican adfi otnlse &
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t hr ee:l1s)t ecposnst i ghth dil Ki&)asag®nal i se the effective

contri butdimes!| i gand field, i nt-er el ectooamihe ng ep d
extemaghetic JF)i edar;r yandut further analysis on th
Hamil toni an. The third step involves, i f desir e
configurational projections, and calcul ating spe

Efficient computation is required ttoi meake t

Pyt hon alone is not quickimaoogmpubamibé&er fTuiee Dh:

the relevant integrals and diagonalisation of t
t hkkest rnreoldPuyl e is the use of a custom Fortran 90 |
using NumPy®BRsytfhormnmt r(amM2 PYF2pPy¥clpagei des an interf
Python code and Fortran objects. Fortréanmés su
computati on and i s -esutpgpolritetdedbyl idbr wey |l of Il i ne

(LAPA@K)Y ch are usedpedrnf opma miasl eoutl tdethieon s .

ey B, C, ¢
Molecular geometry

d config
ran before?

Calculation Construct i i
( ) 1Stru Dlagpnal!se
multipole expansion Hamiltonian Hamiltonian

|

Calculate matrix
elements

run

Construct basis ———»

Figure 3.2. The KestrelPy workflow of calculating the eigenfunctions of the effective

Hamiltonian

Thal gor wohwif¢t ow pFegaBekedws nt he steps taken
and diagonalise the eWhfeencttilvee WHzem Ipansasn t heir
rel evant praa laameud lea rs ngeetdantegtarnyd; ;b oan ckirred ect r;oni ¢ r ¢
Spdombit coupldaxtger naanld ntadhget eot utDhued ¢ teil @n , the soft
checks "cbnfhg Hdas ahrlkaefdgr &.e eldfcrotnifd gc thrarse mtot be
before, the program constructs the basis set and
the operators enuieR2at“Widt hi nt heeh abpat seirs s et speci f

el ements computed, the program then calcul ates t
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The program proceeds to construct the f (2881 eff e
and then diagonalises the Hermitian matrix to ¢

system.

3.1.8o0Astruction of the basi s set

The start of any calculation involves construct
been froarngi Yeon fdi gudrhat ibars,i s and macaompuesse da,rtehiasl r e
step can be skipped/ PHowmd\v gru,r aitfi om newsgpecified
mu st be constructed. For the e.a2 udAheobasef st mas

definéadby agguantum numbers. The Sampldetres $etr me

are stored as ,c hwhrearcet ee|l eamernatyss ar e of. t hlee ffowIml
RussS®dudnders nsrmsven by &Niellsidatb&®Riost er ,

Table 3.1. The list of free-ion Russell-Saunders 25*L terms used to specify the basis
set. The subscript value is not the conventional J value, but a separate index used to

distinguish between sets of terms.

dn
1 %

2 s D G P °F

3 2P 2D; 2D, 2F 2G 2H ‘P 4F

418 'S, Dy D Y G Gz M %P1 %P, DGR Ry 3G GH °D
5 2 P M 2 s P P2 *G1 Gz H A P D *F ‘G °S

From each term one can extJdt ap,ol ata& dtah @ esompl

using the rules for coupling 2an2g.ull ae aoodne nit eaa det
Russ®dudnders term as a string, saves a reference
and orbital angular momentum. The size of the fu

can be calcul ated ftrhoem gttveemk ndgwtr abgenhbéLeatumber

el ectrons occupying the five d oaebétttsenstbec unpy

10 sites (spin up and spin down per orbital) 1is
C(10,n) =10/n!(10 -n)! (3.1)
which is the familiar equati oobfecrplsénmnomiser of
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3.1.Bva@&luating matamidx sell ememgt $ he effective Harm

With the basis speciévaldyuaiitngstpessnbégr absstar
appearing in the effective Hamiltonian. The cal c
the reduced matrix el ements for spheri carbihtar mo
couplingreo®pefTlese reduced matrix el eimemtRBuasel Ica
Saunders terms as tabui*Blherde biys Nii leé somp &r Kosi ey .
saving here as the reduced matriXaehedmest s eoml y
the JjgwanMum number s. Hence, these values need
possphie ofSaRwsdHexlsdm These values are sRMHéEd in &
ShapeNgTATERSTATIESwhere the fspesci finidrex tilse froeduc
el ement @hHeHUaEDQR anXantd NSTATES is theSaumbersof
terms appearbsngetnasihaedicase.ighi  f N6E6TATES=5.

The final effective Hamiltonian matrix to be
d®>, equ(@l)i oinnvol ving 63,504 ebeameamltesmantonear §d hesel
combination dfgnd3 i ngu it difespsdpr haettoirc &l woul d resul t

1,460s&b®&r ate matrix el ements before summating.

inefficient, as not alzlerbbaert® thempaoawer woflthbhe
theorem, it is possible by the application of si
states to know whether a matrix el enment. 2its izser
therefore efficiaertrotovasueseobnltyhendrmmnadlbaHamil:t
storing expluest AXAmrarray, cal lzeed oK @QMAT,i xs teolreense I
each operator that appears in the final Hamilto
column indices. These values are then nmwlrtiopl:i
examplmultthiepol e expansion coefficients, before b
final Hamiltonian matrix. The final unitary (col

c

sing the ZHEEV fufAction from LAPACK.
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3.1C41 cul atU¥wins ,ofCD, and MCD

3.1.@Qallcul ation of electric transition dipole

Fast si mulliag-imddd dgectr a efefqgueivrednitahé on of el ect
mo me nt integrals betAseean reegwintfuncheomrmode whi cl

integwal stFent.i an

When a method requires the =electric transit
get _electmethddposleisal | palsses all the required i
rout Tmesprogram computes the | ocal mul tipole re|
moments perwhiglanar e t hWingnreat artoetdatu soinngmatri ces
sect2i.ogn. 3 o construct the gl obal electric transit
t her e, the program cycles through the wvalid com
harmonic matrix el ementlsi ghsradd dt cotmdnbbetuEdd ebhe
Hami | t(osneeans2.ca )i o.n2

3.1.8p@2&ctrum object

Before discussihgompahdd ncpgeotnrsa, a quick over vi
t h@pectaluyjmect which holds the Ta&Splecsalmjiedthaese ¢
convenient interface to theThree sobljtescto fc ainn tbeen ss a
|l oaded to a fsilte,)j swhinaolkcmaseasmry t o c arvrey yo udti ntehe
the wuser wi shespeacot Thiueamp b bd lestidhe upébul spamrcdr um

pl ot _mendods which allow for quickly generating

val uesFWHHKN al.ue

3.1.€aBcul at i-Wwins ocafndUVMCD spectr a
The calcul-¥t s$oanadrfeCEVMarri ed out usianbgs ok easntdroenl Py

circul ar .Sgedtrrod sant di fferent temperatures can b

an array of Ttheempreersautlutrse sa.r e 3 ppd utrobgrecas a | i st o
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3.1.Qalcul ations of MCD spectra

MCD cal cul ations are permagmetddi asdinrgc @ lheec tKdeosa brrec
MCD, as given by the name, relies bantbet hppl maos

be speci fiodd Tfeisn auni t s

magnetic_circular dichroism

Calculate electronic

structure with
magnetic field

A

) X
Calculate MCD
intensity

A

Rotate the molecule

|

A \\\
_~"Rotated ™.
< over —
% >
“.sphere? ~
S
Yes

v

Return spectrum
results object

Figure 3.3. The computational workflow for computing the orientationally averaged
MCD intensities (left) and an example of a molecular rotation with the full angular grid
with a grid size of 15x15 (right) .

Orientationally averaged spectra (in instanc:¢
computed numkhiixcamhetyhod is the only wWaeysttrel Pyl ct
This method constructs a & pOaairdi da®o&regulaardedriinde

number of iancegreot astteepst he mol ecule with respect
The angul ar grid aamod exrul@axampltato®ng@B&dhel | ust
rotations of the individual coordomat ¢ mgt amse ms a
of the molecule class. The spectroscopic intens

the grid and numericall ySpeceolpmedt beTbeecalktulai
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use of a compumeathioadw alhves adgoiubbgl e | nite ge @U2BtYir @s e n t
, wlhciacnhalpe r ox iumdtnegd t he 8% el ati onshi p

,
il f@. gsin ddadedgd (., )sind. (3.2
00 d, d
The calculations are accurate f oAgrliadr gseirz ei toefr altOi
st epsdaornwdkerach) i st ey pmicgarlnhdyinei get a good approxinm
MCD spectrum

Despite best attempts, it was not possible fo
enough f{ftoemaprpddalcati ons. This is becauveethanmol
angul ar grid and t hfecedlaichhamd i feine lad i ®nal Hotwed er , t
is still floircgermrapalghuse
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3. Lraphusainterface

Th&UI mpl eme ntKeetsitaomed Plyonstructed using the PyQt5
functional standal one appl i°eTahtei opnr ofgorra mWii nsd ofivfsr olz!

Pyl ns,twahlilcehr al | ows for the application to run w

8 H H .
machfP® bBi s makes it portable for sharing and host
B Kestrel - CoTp2.kes = [u] X
File Molecule Results
Parameters & X View Searches Transition Energies 8 x
Property Value A Export | &
e c:éun)a - Level (deg) Energy (2S+1) Quartet Doublet *
Meahc:  gessd 102 0.0 (4) 1.0 0.0
? 4400 2(2) 1957 (4) 1.0 0.0
kiso 0.91 3(2) 415.9 (4) 1.0 0.0
LIGANDS 4(2) 674.5(4) 1.0 0.0
v Tp 5(2) 2087.4 (4) 099 001
eo 3900.0 6(2) 2161.3 (4) 1.0 0.0
enx 0.0 7(2) 74465 (2) 001 099
eny 410.0 8(2) 7507.1 (2) 001 099
Po 0.0 9(2) 101989 (4) 1.0 0.0
Px 0.0 10(2) 102493(4) 099  0.01
Pry 0.0 11(2) 103539(4) 099 001
Fo 0.0 12(2) 10421.3 (4) 0.99 0.01
P 0.0 13(2) 108586(4) 099  0.01
Fry 0.0 14(2) 10911.7(4) 1.0 0.0
— GEOMETRY 15(2) 15750.4(2) 001 099
< 1) 16(2) 160385(2) 00 10
o —— 17(2) 164316(2) 001 099
4 62 18(2)  168925(2) 001 099 v
[} -1.62 Electron Paramagnetic Resonance 8 x
R 212 Calculations
v N(39)
8 51.94 Export | &
) 180.0 g1 g2 g3
y 162 o
~ - g 1.0214 1.0278 85422
Display Options g x
T X 0.518 -0.855 -0.023
Hxaxs [2.00 g | Y 0.854 0.518 -0.039
By axs [2.00 B | Z 0.045 0.0 0.999
B zaxs [2.00 B | a 744 430 90.0
Ligand;Atome, - b 431 744 89.9
Oxaxs [1.00 8 |
L = c 899 900 36
Ovyaxs [1.00 B | =
O Labels [13 2 MPotAis 240 &

Figure 3.4 An example of the Kestrel window with its molecular visualiser and some of

the available dock widgets.

An example of the m&igBwkendowei segtvenofnthe
tab widget with two tabs. The fai meotl etcab arl abheslul
constructed from PyQt GPAmlmdd efcaud tarGivM iseuvd i visi pdbgaeyt
mol ecul ar agelomdt rryelgesersd eyd: frames of eacthhecoor di
ori endoatthgbmcampgr i nci pal par amayg nfertad nneessaupece pandi |
orientat doassbhgonfdatthhgeh nehbdt i pol e Tehrep srecioomd. t ab, | &
iSear cho, i s a host for sub windows which cont a
3.2)4amBadr amegpace searcBeg.)l.28ebti on

The main windowwahsowlWlbistbdodcakeekdbet o t he | eft
of the maiThewendow. four doEkg@d@lhget swevh daohkvisn
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on t hranefdgide of the window (Il abelled APar amet €
the wuser can alter thei g-hpdtdpaabhmaet atsomd &imae
information in the mol echdmad wideabfsdrhe Omi nh
exampl es ofwitnwloocvodnotcaki ni ng some of t hieg-&rmesslud t s
calcul Bhe ohsrst of these is the ATransition Ene
relative enaelrbowedofhodthGsmplidoands of the molecul e

dock window cont ai#fmttores odl dlthleatgedbughd st ate KD

3.2S4a4ving, |l oading, and starting new files

Kestrel can save and | oad dedi clae® de sasnvde nefaiclhe s .
file hosts a sias@ltéiogrbhdbtd!| pamatheters. The save
GUIl specifi.c litnfiog malts o.nmodl §ekl e whochoade tthlee s

Mol eobljecom Kestrel Py as 3melntd oned in section

3.2S2tting up a molecule in Kestrel

This section covers the process of importing a
for |lilg&@andl d. mBbdel consi stency with the theoretic
i n a mdgsleecctilogn)tdh € s ame (MBshstercan™®CNwi |l be used het

examp’l e.
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3.2.Rmagort an xyz file

B Import Coordinates X
B Kestrel - New File*
File Molecule Results
View Import Geometry % —
Display Options tri+M
Parameters Ctrl+Q
tmport [ ]| conee

Figure 3.5. The procedure for importing the coordinates of an xyz file.

Every analysis must start with the input of a mo
may i mport a molecul ar geometry by selecting the
down menu, aFsi gsBbcewmhi & wi | | open a new-hwinmddo w,

si dd&igfl3b.e
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8 Import Coordinates

7 Import Coordinates X
71 A
VC29NSH21IF 15
V. 0.000000000 0.000000000 0.000000000
F -2.739831987 0.919519164  1.689795791
F 0.637830894 -2.684815962 1.617778772
F 3.743335093 2.593277950  3.375471756
F -3.633604568 -2.830173775 -0.467403920
F 1854558939 2.155444900  1.526333606
F -0.153504290 -4.568991655 3.317067718
F -2726711826 5.110775186  3.793545203
F -4.288870537 -4.894552309  1.088826819
F  -3.583915182 2.5457373%0 3.636530053
F 6156430871 -1.143155132 1.832966728
F 0.904848206 6.025094505  1.937990421
F -2.619736997 -5.736186537 3.068612084
F 5941121357 0.985734384  3.517890552
F 0.004042760 4.429076103 0.037913339
F 4.,177735535 -1.721277536  0.116041392

[N 1.936091978  0.000000000 _-0.208742780 v

o ][ cona

I

Figure 3.6. The process of importing a molecular geometry stored in an xyz file (CSD:
WAFGOD)

| efand

into Kédstrel ds GUI
The user can proceed to import an
Gorarsers ko gm.6.ienThi s wi | | prompt

browsing

The

user

t o

can

t he

conf

rm

Xy z
t he Adderr
x yt zh ef icloentt deredivfissl dold ebcet idn ¢ pil ta,y e d

t h adb yt hper exsyszi nfgi |fieO K 0s.
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B Setup Geometry *
Molecule Metal
Atom Mumber:  None.
Element: None,
Ligands
Add Ligand
Ligand Atom X-Atom
Cancel ok

Figure 3.7. The ligand-field parameterisation setup window.

By confirming the meywz wiinldeo wt @ plpe afriesga@.faesa s how
The window rfeenadteafién®gg anol ecul e i habledskyatbm &dyan
el ement ahat @ ntdheaxt. i f o me | eaiur ®it,s sleiek ¢theelideclh e s e

in xyhze filecastedootreafi nt he coordinate scheme
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3.2.8eRecting the central met al i on

Element: None.

B Select Atoms

1V A
2F
3F
4F
5F

6F /

78 ¢
8F

9F

10F
1MF
[12F Vi

o[ oo

A\

Figure 3.8. Selecting a central metal ion as part of setting up the molecule using
Kestrel 6s GUI

The first step is to define the central met al i

~

iSel ectd button under t hki giged dhoé ssewctlil oompeasash

which allows the user to select the central me t
Selecting an atom wi |l hvi agrhd da guonnt iii dn3.8.&a S eil € c2 h ovwgr
AOKO will assign the central metal ion to the se

Once the central met al ion is sel elhteedh,extt he
step is to define the different |ligand functiona

3.2.ReBinihregligands

The finaldedtivehdtii gaerxdbsst i n the molecule and what
to be assigned. tohe hosesil dgrmatdisons ahdgmeadgdhdds f
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parameterisation sche2me3aaddewgl Venot nbelwepeer edt h
is pertinent to rlengihnndd | an epsaerlafmedferti sa@ati on t hat

exampl e vaommp(isusre s2.c)io.nZhree |l igands weéeeetident
butyl i s(BaW&nhe eaxi adndanti mee eagmniadtkosr itaHe case of
equatamiidd sve wi | | have -0 anteemd dairt ipe ctthieo no.u t
B Setup Geometry X
Molecule Metal
Atom Number: 1
Element: v
Ligands
Add Ligand
Ligand Atom X-Atom

Cancel Ok

Figure 3.9. The ligand-field parameterisation setup window after successfully selecting

a central met al ion in Kestrelo6s GUI

Having successfully assigned a central met al
sectd3.oh)2tBhe ALIigandsod box Fwigl@le.gedhrea mlex,t a4 eph o wn
the three lIigands which weirce i)deeprta fied in this
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# ' Ligand label ? X
Ligands

Label:
Add Ligand

T [tsunc
Ligand Atom X-Atom

A\

Figure 3.10. The process of adding a ligand by assigning the ligand a label.

To add a ligand, the wuser TBleil®ecwisl It hpr dginrAgtd tLH
select a | igand Fli hBdl®, Oms es hcven uisrer has chosen

they can confirm their choice by selecting AOKO.

B Select Atoms

41cC A

£2h Ligands

— i Add Ligand

— Ligand Atom X-Atom

tBuNC
C44

Figure 3.11. The process of assigning a coordinating atom to a ligand.

Once the |l igabditlaéhdel uvuiser i s prompted to se
atoms 1Iwél ochntghatto | i gand. I'n this instance, t her e
wish to tatkeB@G&Cltipgawhd ch i s carbon atom number 4
from the | i sRi,g®isg sahnodwns eilnecti ng A OKO tBRuNEL add t
' i gand. I f one wishes to removehé cke loenc ttehde aattoon
select ARemoveo. Li kewi se, adne gtesg rhramlbibak irregnoorre  tt

' igand | abel andL galhd®bonmngr 8ReEmMpvehere i s al so a
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atoms to this |Ibfganmddi Mgi a prgeeds!| abel damd assi

repeated to include themialegandmine and the thre

Ligands

Add Ligand

Ligand Atom X-Atom

tBuNC a
C44

Axial Amine 30C
N18 31C

Amide

Assign x-atom % —

N17
N19 Remove Atom |35¢€
N20 I 36H

Figure 3.12. Orientating the amide ligand x directionviaKe st r el 6 s GUI

Often, ‘Thgmadhdasymmetrically.amidétghambexd mpl e,
perpendi cubandi agt heamewor K.bohal owmei ecratna tdee fti mee t
directi @ami d@eomshe The process of orientating the
atom number 1Fi g8Li8&8hBwnright <clicking the atom

atomod0 we can choose an atom to orientate the | oc
Xx direction is chosen to align with caafmiodhe at om
at om.
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57 Setup Geometry X

Molecule Metal

Select

Atom Number: 1
Element: v

Ligands
Add Ligand
Ligand Atom X-Atom
tBuNC
C44
Axial Amine
N18
Amide
N17 G35
N19 C53
N20 Cs57

Cancel Ok t

Figure 3.13. The final ligand-field parameterisation setup for the example molecule
(Can)gtrenVCN‘Bu.

Once ltipAndl d parameteri sat iFdm Bil® o erteupu,s eas csa
select AOKO inhdme dotrnem tro ghoad t hlei grloh elcdil ar
parameterisation into the progr am.
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3.2M8l ecul ar visualiser and display options.

B Kestrel - New File” - u] X
File Molecule Results
View  Searches

& Kestrel - New File* ‘-.

File Molecule Results
View Import Geometry ' —

Display Options %CIIHM

t+Q Display Options

Molecule Axes n
Oxais 200 ]
Oy ads [2.00
Ozaxs [2.00

Ligand Atoms
[ x Axis |1.00 B
Oy Ads [1.00 E
[ Labels [13

Parameters

ar| 4

Figure 3.14. The process of opening the display options for the molecular rendering in
Kestrel s GUI

Once the geometry has been imported and the choi
been made, the user is returned to the main wind
as shown on t he Friigg3htté hBayn dc |siicdkei negf cauinrdd dtr haeg gmmonlge ¢
using the |l eft mouse, the user can rotate freely

zoom in and out by scrolling the mouse wheel

The program al so hostsasgexsfragdidpTagseptaand.
opened by selecting AnbMepledpwbPpdowmsnehuwiml t he p
anewocwki ndowhewdodkownt ains the options to show/h
and change the colours of the molecular coordin
di r ecihieonuss.er can show/ hide and change the font

at oms.
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3.2P4r ameter s

Parameters n

Property Value 2
v(1mI), d2
Racah B 1000.0
Racah C 4000.0

¢ 0.0
kiso 1.0
LIGANDS
Vv tBuNC
eo 0.0
enx 0.0
¥ Kestrel - New File* eny 0.0
File Molecule Results Po 0.0
a Pnx 0.0
View Import Geometry N Pry 0.0
Display Options ~ Ctrl+M Fo 0.0
Parameters % Ctrl+Q 2:; g'g
Axial Amine
Amide
GEOMETRY
v tBuNC
v C(43)
0 0.0
3 0.0
Y 0.0
R 2.16
v Axial Amine
v N(17)
) 177.02 v

Figure3.15. The process of opening the parameter docl

Theéeighndl d parameters can be viewed and changed
AMol ecul ed drop dowmi me8d®, Tds ssiwownh open the p:
wi ndowi t hi nwit imeiosd oac kt r eediwv idgged iwnttdhl g p&ehEBbds,

parameters anldoweireiirg vlaMeuresa parameter in this w

abotuhat parameter.

The first of, Hing 8.6 Beserctt d lmmsmet al pheamebdes,
of whicht e seopllamesnt of the central "etndli giuom,t iiotn
| i gBdA& the headely,2qeas st tie/ (pirliompa@amt i ng t he mol
geometry with a AV(IIl), widiBoh eil € c.n oDheslhebatarnd i igau r
configur ad i @Int ecraend bby right cl i cki ngSean dtchoen fhH egad
opt.i Tome section benecaotnht ai he laé & detrhe p atrhaeme t er s

interelectronioa briegpuwlostipdn,ngspiamd angul ar moment
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Theecond s é&ctgilBadecont ai ns -Itihgeanndetbadndi ng and
parameters for each |ligand. By riaghtowlitdbli ugeo
popul ate the ligand withpaoommetidelmuasbalnedtorn e disgd al

alternative bonding modes (misdirected valence,

ThdimelctiimngwWBrléhol ds t he dgeolimeng i bond | engt
parameters for eachapgt eksalal et BBey gcehaamatirnygg of t h
are upidmttehde molecular visualiseonthlet hiesmdipassi b
selecting fResttoorree ss<ptlo @irehtea 10 pol ar ofoathemeat e ar

their ori.ginal wvalues

Ri ght clickingiaoempadaymmiutamed etr”Oameoptfi omese opt
i s thetoahbliilniktk ypar ameters together by a |linear re
a step value so that when you select a paramet el

the mousé#t wheeglossi ble to also perform a scan on

final wvalue over a number of steps.
3.2.Bniltialising starting figuesso parameters
B Select ligand type ? X

Select a comparable ligand type:

v tBuNC
B eo ETOX, ETIOY
enx eds ) |-
eny ed Br-
i Initialise parameters gPh3
Pnx t .
% Cylindrical n-acceptor (CO, PPh3, etc)
Cylindrical n-donor (CN-, etc)
heterocylic n-donor (pyridine, imine, etc)
Oxo (02-)
Figure3.16. The process of generating illustrative st
Kestr el features the ability to assign illustraf
pr esentFady udrles By right clicking on a J|ligand n é
par ametemws adwliolw wogedinr elpwwi dget . From this widget
choose a |ligagpewbrchi bastd represents their i g

popul ateepat Ame edri scavdigtadr amet eof val ugpgi cal magnit ud
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Future work could improve this feature by gener

l ength, averaging across values in |literature, o

3.2.8i2king parameters together

B Link parameter eo (Axial Amine) ? X LIGANDS
: v tBuNC
EIOND-S 2 eo 5000.0
Vv tBuNC enx 0.0
eg
v Axial Amine enx ;ny gg
ﬂ e Link G Pnx 0.0
> o >
eny Set Ste;% Prix FF:ny gg
o X
Po
Scan Pny Fnx 0.0
Pnx o Fo v
J - Fry 0.0
Factor [1.00000 3] v Axial Amine
Constant [0.00000 =] s & 5000.0
L 1 enx 0.0, = = 8 e T
Cancel eny 0.0l esig(Axial Amine) = esig(tBuNC) * 1.0 + 0.0

W

Figure 3.17. The process of linking two ligandea.par amet er s together via K

The GUI is designed to allow the user to easily
The workfl ow Fisg@r&sByntreidghtn clicking a paramet e
option, the user is presented with a window of a
are parameters wifdéhenBamepaypme(er which woul d

i f l inked t o, are not i ncluded. The usfefractamr & el
ané&consd amwthdiectchh ne t he | i. nkKlihreg elgaitad v ioonurus ed, whi c
parameters together is given by:

p,=mp, € (3.3)

where p, is the parameter being linked; p, is the parameter which p, is linked to; m is the

gradient; and c is the constant.

Al i gandl d parameter can only be |l inkegdpeto ot
To clarify, the paramet gPsSamdg)sFaci ané g Wwichohsienik @ an
par ametigrhser betlhoen gsiannge tloi gand or other | igands.
t he met al (Rz@aald g& caannd oo, y be Il inked together.

apply ptao atnmeet er s camgulodad i gg@ommédter y about the cent
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3.2.8c&nning parameters

B Set parameter range ? X
v tBuNC
B e Sooc oo StartValue:  [0.00 B
nx =
:ny Final Value:  |20000.00 4]
Po Number of steps: |100 ;3Z|
s [ ok n]| concel
A
\

Figure3.18. The process of scanning a parameter vVvia

The user can easily perform a parameter fAscano,
a starting value to a final val ue. The process
FigBd8 By right clicking a paadanenoegrdwanh i o @lact
where the user can submit the starting value and

of steps taken between the two values.

7 Kestrel - vanadium_qubit kes - O X
File Molecule Results
View Searches

Scan eo(tBUNC) &)

Ligand field  Transition Energies

100000 | Scan eo(tBuNC)
Ligand field  Transition Energies
80000 40000
.%E; 60000
& 30000
£ 40000
2 -
20000 i - ;; 20000
L.En:
0F
0 10000 10000
ec(tBuNC)
“:l =1l
0-
0 10000 20000
eo(tBuNC)
Figure 3.19. The output of aligand expar amet er scan in Kestrel s

corresponding plot of the d-orbital energies (right).
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Once the parametlkirgBiémss dteem ismbmitted, t he
begsi PA ogrewisl baappear shobwi pgofy htelse scan, whi ch
can abomhten the parameterhescraonasiulst < oampédt dtkie stpelna yr e
wi ndow of she warl Ilg,8.0e8s The Wwiemdowwestabs | abell ed
Fieldod and A Tradan swhte toacheBacedri gniskeos wi t h t he corresp
variation of eithed ttrhaeen oi toirdorns ad serogi asher edspect

3.2TBéeigdnaeld splitting

Ligand Field Trace = 23900.0 cm-1 Export
One Electron Ligand Field Matrix -
Xy yz 22 xz x2y2
xy 902.5 111.5 -117.9 -212.1 462.4
%5 [i
yz 111.5 581.8 -1216.3 -124.8 -2031.3 5 5 Ilgand
B Kestrel - New File* 5 1 1
2 -117.9 -1216.3 3357.6 -758.2 -335.7 fleld matrlx
File Molecule Results VLFT
View Searct|  Ligand Field ctisL | x 2121  -1248  -7582 24515  1733.7
Transition Energ% Ctrl+T X2y2 462.4 -2031.3  -335.7  1733.7  16606.7
Paramagnetism Ctri+P — -
EPR Ctri+E Ligand Field Eigenfunctions -
Recount Energies
Simulation »
/i -
Optimisation Elem:t L e Z % X252
Parameter Space » 0.0 -0.099 0.925  0.342  0.059  0.116
959.1 0.96 0.045 0.131 0.237 -0.046 L. Energles and
2200.2 -0.258 -0.181 0.299 0.893 -0.117 mIXIng
4225.5 -0.016 -0.308 0.881 -0.358 0.024
172244 0.026 -0.12 -0.02 0.118 0.985
-
O Piot w1 & ]- Plotting

Figure 3.20. The process of opening the ligand-field dock window.

FrommMReswdlt ep down menu at the top of the main w
new dock widget apFiegad.tse Tahlsi ss hbovank iwmi dget cont ai
t he -@lnechtrgdmndl d cal cul ati ons. Th:ghewifdigresitc ciosn ttah

onel ecltirgtondl d matriixsihet féneecsb c@gmddl d ei genfuncti

The -ehecltirgtandl d eigenfunctions |ist the ener
d orbitals for each final orbiThe .r dmeai fiimg tc alo
show the | inear combination for the given d orbi
of a given d orbital to a given final orbital [
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100 %. As warn2d3.ia2thestionear combination i s a

t hmol ecxuylzarf rame, as the functions are construct e
frame. However, the energies are independent o f
combination is only informative i f the frame is

At the topwihdiosh ea dvoaclkuieg-bonfd ltdha r ace which i s
sum of the diagonal matri x el ements. Bphabhy, at
render the fi ndandminxueldt idp odjloeb ie xappasnosfi adtrrh @ emallee d wlig
Checki mpwt hil s r endesrp etchieniothdj-eecwnopombo box.

The final rendered object wildl appear on top
mol ecul ar vi3s.Wa.l3i Blee dljeeec QO ,| a&d2tol, ad ¢ ghédl d
eigenfunctions in ordbat@bissa ftcleen dli mwe £theemgegr gy o
so ©one AMultipolie Ehparersieaoanhoon charg€Ehdefhismaly oHe
and orientati botng-bhdledteegenfhencti ons or the mul

depend on the orientation of the molecul ar fr ame

3. 2R61I1 ative energliect rodn matnagyt e s

The energies -edfect hen mangt es t hat arise from t
occupadfi otnhe final d orbitaltsheundera midheer iepederdtf u roln
repulsndnepbnt coupling can be inspected in the
To open the dock widget, click tiResiodnadpswn i on E
menu at the top ,0fad heFoaB.hémwi ndow
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% Kestrel - New File*

File Molecule Results

View  Searck Ligand Field Ctri+L
Transition Energies N Ctri+T
Paramagnetism tri+P
EPR Ctrl+E
Simulation »
Optimisation
Parameter Space 4

Transition Energies

Export | &
Level (deg) Energy (2S+1) Quartet Doublet Config A
1(2) 0.0 (4) 1.0 0.0 4:21211 (0.997)
2(2) 4848 (4) 1.0 0.0 4:21211 (0.981)
3(2) 7526 (4) 1.0 0.0 4: 11221 (0.572)
4(2) 916.7 (4) 1.0 0.0 4: 11221 (0.569)
5(2) 971.9 (4) 1.0 0.0 4:21211 (0.966)
6(2) 1483.9 (4) 1.0 0.0 4:21211 (0.960)
7(2) 1697.0 (4) 1.0 0.0 4:21211 (0.715)
8(2) 21224 (4) 1.0 0.0 4: 21211 (0.546)
9(2) 2181.9 (4) 1.0 0.0 4:21211 (0.698)
v 10(2) 2606.2 (4) 1.0 0.0 4:21211 (0.579)
4:12121
4: 12211
4:21121
4: 11212 (0.200)
4:11122
4: 11221 (0.157)
4: 22111 (0.050)
4:21112 (0.011)
4:12112
1(2) 3452.1 (4) 1.0 0.0 4:21112 (0.979)
12(2) 3917.5 (4) 1.0 0.0 4:21112(0.931)
13(2) 4268.4 (4) 1.0 0.0 4:21112 (0.928)
14 (2) 4527 4 (4) 1.0 0.0 4: 21112 (0.959)
15 (2) 11906.0 (4) 0.98 0.02 4:22111 (0.736)
16 (2) 11943 4 (4) 0.99 0.01 4: 22111 (0.745)
17 (2) 12078.6 (2) 0.01 0.99 2: 21220 (0.809) v

Figure 3.21. The process of opening the transition energies dock widget.
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(A) (B)

Spin S
multiplicity 99.7%

Y, o

4:[22111)(0.997)|

Energy
I
I

Electronic \
Occupation ‘

Figure 3.22. The definition of the elements of the configuration projection output (A)
and the corresponding 22111 electronic occupation in terms of the five d orbitals in
ascending order of energy (B).

The configuration projection shows thaeel ectr
definition of thieg®R® AThei §igbveparh defines the
the electronic occupahte oenl.e cTthreo nsiecc poncdchuppaaltti iosns tstot

readc ascending order such that the first occupe

numbef the | owest energy d orbital; t he seconc
occupation of the second | owlelsits emceawpya tdi ooral i tsa
showrhiigiB2 8 BJhe third component, contained in br:
of that electronic configuration to that | evel

Each row i sOmreldamsd éd @t.Hiag 32teseh configurati
mi xed |l evel of five configurations (whose ratio

via the spanhiegwBbd ODberr vati on of the expanded

>

onfigurations which do reporthel eattn @oniia domafcikeg
is degenerate with the elé&antdroecanoaotobekd glmkiad ingn
e

sul tdso rfbriaml degeneraci es.

The exampl e duftipgue gish ofwdlri naeadr compl ex that i
sectdi.dn i t-dir Bipti nc@et plt ior.§ 1T5h ec nt 0o mp | eAxu fhbaasu da girnoounn c
state (sdelsf&c®Rinonr e detail), where the ground s

expected byofbitahgenhbegies according to’the Au
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complex, the Aufbau gr qurnrdtsttehtee Kesulrelbeo uz i1l
staKitDes 99. 7% 21211

3. 2EPRf@ctors

Calculations

Kramers Level: |1 :] Export |/~

# ° Kestrel - New File*

g1 92 g3
File Molecule Results g 2.0557 2.0744 2.2766
View  Search Ligand Field Ctri+L | X 0.99 0.08 0.114
Transition Energies  Ctrl+T
Paramagnetism Ctri+P — Y 0.066 099 0.121
EPR Ctri+E Z 0.122 -0.112 -0.986
Simulation% 4 a 11.3 89.6 89.3
Optimisation b 89.8 11.2 89.2
Parameter Space 4
¢ 89.1 89.3 13.5

[ Plot Axis [2.00

ar

Figure 3.23. The process of opening the EPR results dock window.

Kestrel provides caflxatlants ofnsr or amer &EPRi gns. To
click the AEPRO buttohowm omerntheati Rtelsaul tt s afr ofph
docwi ndawpear s containing a chEicgu3dBe® whi cahs s h
enabl es/ dicsad Iclud sa-ftaloef @66 ag ground st ate Kramer 6s

By enabling the calsplays onmnébsgegf aacatoatsl. atTehde tt
col umns gBR2& rigdghsplay thdaptigonsg maald The fir st r
cont dihre§ agct or § ol [Tdivhirrege rows displaydhlee gpobjaéc
coordinate frame. The final three rows are the ¢
Y, and & izkesng the spanner button in the top ri

options for dispilsaying the value of g

To aid in visuali si nfgactthoer tohreiaemmsteart icoann- oofv etrhl es
fact or smodneactunee nd eArti ntghe bot twdo mdiosv 4 hehaewolc kbox t
t hef agct or s . By checking thisg slgoxgartah e emrdienrceidp aoln
of the mol ecuwlnad. | emeg tdhcl aafm tbhee vaarrrioewds.
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3.2P8ramagaescepti bilities

Paramagnetic Susceptibilities [ x |
Calculations
Units: ¢m3 K mol-1 v Export y
. T(K) Xiso &
" Kestrel - New File* 1.0 2.354
File Molecule Results 7.0 2.398
View  Searck Ligand Field Ctrl+L { 13.0 2442
Transition Energies Ctri+T 18.9 2.485
Paramagnetism Ctrl+P —) 24 2.529
EPR % Ctri+E 30.9 2.573
Simulation ’ 36.9 2.616
Optimisation 429 2.658
Parameter Space ’ 48.8 2.698
54.8 2.736
60.8 2772 v|

O Plot Axis  [2.00 g

Temperature: 10.0 v

Figure 3.24. The process of opening the paramagnetic susceptibility results window.

To enabl e the calculation of pamoawiangdnoewt ibcy sculsiccek
t hPafiamagaebusmon from dbeanfiResul aso0tdereopop of t

as showmng@izne A dock wi whomwdhampeahseck box to enabl

the calculation of paramagnetic susceptibilities
By enabling the calculationel,vad ueablferdidddlf
temperatur es. The units of thecphamgmagrgt isel wcd
di fferent set doampuwnoxs hier o imptintle tdfr ntelrevi dha © kv
More options are available by <clicking the spant
sucht mes choice of displaying the principal wvalue
tensor. Within-dowat meamel dtypmeoabbnfigure the

susceptibil ibtwyhamdgoal ahneogst fortdemifdandé?t Beefan
contribution and the temperatur edNott lee t duasdecrd thtei b

may not request more.than 100 temperatures

To aid in visualising the orientation of the
it is possible to plot the principal vvailmnudesw on t
i s a checeknabhaxhogRypy &x, the pri gtarpealr evrad eureesd odn t
t he mol ecul e for the tenpreaipawino.e Blyi sphagyegidng nt
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temperatudeampwnt, beixt I svi sashyoiws ¢ he magrcetpitd bi | i1
orientation vamnides$ enfh é s coodfro tahleshaa nbgep av s

3.2PBotting the ipritma@ipgalr vemnd

8" Kestrel - New File*

File Molecule Results

View  Searck Ligand Field Ctri+L
Transition Energies  Ctrl+T
Paramagnetism Ctri+P
EPR Ctri+E
Simulation 4 UV, CD, MCD simulation
Optimisation Plot Parmagnetic Susceptibility %

Parameter Space (| \

Plot Paramagnetic Susceptibility n
31
30
%29
28t
"
0 100 200 300
[ Plot Data

Figure 3.25. The process of opening the principal paramagnetic susceptibilities

variation with temperature graph in Kestrel.

It is often easier to interpret
structure by visualising how
the plotting window, click
ASusceptibility Kug&kdb alsi ckiomn

of the main window.

The new ,swvhowlwwg B2 B eat agreasphe

changes in the m

val ues and t hei

onofiResdalSt mal at ongot |

timis opens a fl o

gr apsd dtids pt ag

paramagnetic susceptriebiabilisgecalc@gl &tMihoensgr aphs

plotted ich @aomdtk)whbi cwhat i

|l iteratur e.

typi cdlnl yt hen ccahuemti ecr
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Plot Paramagnetic Susceptibility n

32

31

)
T

T (cm3 K mnl'])
o

0 100 200 300
Temperature (K)

Plot Data

Figure 3.26. The calculated isotropic paramagnetic susceptibility variation with
temperature (black) overlaid with comparison data (red).

The grcaapnh sa exd gtr nal data which can be plotte!
val yueas sthowmlién al |l owvingudlor cobeptaa iissonadded by ¢
on the spanner button in the bottom right corner
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3.2SLbeul at U¥Miss ofCD, and MCD spectra

B Kestrel - New File”

File Molecule Results

View  Search Ligand Field Ctri+L
Transition Energies  Ctrl+T
Paramagnetism Ctri+P
EPR Ctri+E
Simulation 4 UV, CD, MCD simulation
Optimisation Plot Parmagnetic Susceptibl
Parameter Space » [ \
Ligand field spectra ﬂ
Plotting
uv
& Uv-vis
w4 gco
12
1 E MCD
o8 Data
0.6
0.4 B UV-Vis | Import Clear
O’é Mco Import Clear
L
10000 12000 14000 16000 18000 20000 22000 24000 EMCD Import Clear
Wavenumber (cm %)
Settings
D )
[ CD invert?
12
h & MCD invert?
0.8 MCD Settings |&
06 FWHM (cm-1): [1900.0
0.4
0.2 Interpolate
0
0.2
10000 12000 14000 16000 18000 ZGEIIUD 22000 24000
A] Wavenumber (an9)
MCD
0.2
0
0.2
0.4
0.6
0.8
4 )
10000 12000 14000 16000 18000 20000 22000 24000
Wavenumber (cm) Simulate MCD

Figure 3.27. The steps to open theligand-f i el d spectra via Kestrel s

A unigue feature of Kest rdls iasndt hCeD aslhpielcittrya tim i
spectra can be (depending on computational fact
calculations cannotime. c8cel atckldtniggd odhreadath ed diviRre sr
hovering over ASimulationd and sel ecRiigg@2 @ UV, CLC

t hlei gandl d spectra window is opened.

Theighhdld spectra whHing®Bvé i Bhe hwiwmdadwm f eat ur e
boxes foVYi,€£MDe abMd MCD swheccthr awidil s abhlae Ilcal cul at i o
these spwhtta enabl ed,i gehhhadn gde sp airna neentyer s wi | | re

VierCDspectr aMCD ragectra must be simulated by sel
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button in the botiTodm bughtoonhamd!| cbenemabl ed i f t
i n Itihehhdl d par amet esrismusliantcieont he | ast

There are added options to chdmder hblwet fi8e tspie
headithg, usiemveratn t he CD/ MC® sB8pheciME@Dchlmtottshemmgs o b

magnetic

fieltemperanagt ke, or

resolsetds omulodt € hteh ea

MM;change the FWHM of eac;anldard oioset hdhespeaeadter pm
for generating.the spectral trace
3.20pLi mi sati on
B Kestrel - [Fe(0)(TMC)(NCCH3)]2+ kes — ] X
File Molecule Results
Parameters & X View Searches
Property Value
Fe(1v), d4
Racah B 700.0
Racah C 2500.0
4 310.0
kiso 0.6
LIGANDS
Vv oxo
eo 10600
enx 6300
eny & 6300.0
Po -90.0
Pnx 80.0
Py & 80.0
Fo 100
Fnx 0.0
Fny 0.0
v CN
eo & 10600.0
enx & 6300.0
eny & 6300.0
Po 0.0
Pnx 0.0
Pny 0.0
Fo 0.0
Fnx 0.0
Fny 0.0
v amine
eo 5900
enx 0.0 v

Figure 3.28. The molecular rendering of [Fe(O)(TMC)(NCCH3)]**i n Kestr el 6s GUI

Kestrel can opltiigrh iseel da psaertameft er s tdatreprbdutéi
wi‘i Fobhél Vi ngot bemd!| eM]'thRa( O)s( TsMQ)d(i |
sedc.t2oon | | ust r altnef oorhmast ilf cerg-tiourd letdh @@ ar aime t girvemt i
the met hods4l 2gl® (melcad wlnaof remaEd®) CHPMCN( NCCH

i Bi gbBWUs iing [ Fe( O)YTMC)s( N@CH i on s h

section, we
i n
i n

Kestrel wi | |
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user canafcubifahedleectirogandl d matrix from the r
Al LFT cat oubkajtpraaroatmeet er s
3.2.6G4ttling started
8 Kestrel - New File*
File Molecule Results
View  Search Ligand Field Ctri+L |
Transition Energies  Ctrl+T
Paramagnetism Ctrl+P
EPR Ctri+E
Simulation 4
Optimisation
Parameter Spac& L
B’ Optimisation ? X
Parameters Data Solver
Parameter Value Lower Bound Upper Bound
Fe(lV), d4
Racah B 700.0
Racah C 2500.0
{ 310.0
kiso 0.6
LIGAND
v oxo
eo 10600
emx 6300
eny & 63000
¥ CN
eo & 10600.0
eTx & 63000
ey & 63000
¥ amine
eo 5900
[ 0.0
emy 0.0
Run
Figure 3.29. The stepstoopentheopt i mi sati on dialag via Kestrel
Toconf iagouroet i mi sati on, dsapevait memar faRaswcllti €& t he
option, afigBed®n Ai wi ndow wi | | then appear. I n
configuidegdamid¢l parameters are to beanvdahrei edy,pewh a
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ofal gorithmic solver that.Awi lolptpeni S@at mohhe eqpirm
things to run: a minimum of one parametedfto be
these criteri aKesteriehlbt wamnhi sheedser that the cal

correctly when they try to run the optimisation.

3.2.¥4rYing the parameters

Thel55 omleectrgandl d matrix is a f,unwhtiicohn iosf dehfei n
t heaparameters. The matarfifxelbgleadmd retrse | arcdonmyomitinc r e p
or bit choeunpclei,ngwe only pepaeadamet earag.y Weérehave three
vary:lanliéondi ng ofgO) han@o®)e, asO)e Ok, where the ¢
acet ofiCtNr iilne Kesfit ehkedo t o t hleboonxdoi nlgi gsatnrde n ga rhd

equatori akNami nes, e
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#° Optimisation ? X
Parameters  Data Solver
Parameter Value Lower Bound Upper Bound
Fe(IV), d4
Racah B 700.0
Racah C 2500.0
{ 310.0
kiso 0.6
LIGAND
Vv oxo
eo 1NENN AN ‘_
eTIX Link
emny Set Step
v CN Set Bounds
eo :
emx & 6300.0
eny & 6300.0
¥ amine ' Input Optimisation Bounds ? X
€o 5900
e o0 Starting Value |10000 \
eny 0.0 ng Value |1

Lower Bound |5000 ]

Upper Bound |20000 |

[oc ] conce

Figure 3.30. Setting the bounds for the e of the oxo ligand in [Fe(O)(TMC)(NCCHz)]?*
using Kestrelds GUI

To vary a parameter, right click on the para
will display a small window, which requests the
initial wvalue of the paramdthemrni mumLpwesi Boendal
the parameter can have; and hmaxiithpmepoBesubde, vah

the parametssi glaheed bset art i ng OVawee mo@indd anpgper

bound.
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B Optimisation 7 =
Parameters Data Solver
Parameter Value Lower Bound Upper Bound
Fe(IV), d4
Racah B 700.0
Racah C 2500.0
4 3100
kiso 0.6
LIGAND
Dmeo 10000.0 5000.0 20000.0
eTx 6300
emy & 63000
v CN
ea & 10600.0
e & 63000
emy & 63000
3"”':; 5900
ETx 0.0
ey 0.0
Run
Figure3.31l. The format of setting the oppaiamétesiati on b
[Fe(O)(TMC)(NCCH3)]*usi ng Kestrel s GUI
Selecting AOKO wifldrhleiegth ntdh ods ep,abhoaucnddtsé s di s pl a
i n t heast asbhlodwing 3BnédThe wuser can specify new bound:s
parameter and selecting fASet Boundsodo. The user ¢
right clicking the par amehe rusaenrd isse|setcitliln ga bilSee tt «
of the fixed parameters in this window.
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3.2.CHo8sing todiBOidnel d matri x

# ' Optimisation ? X

Parameters Data Solver

Fitting Function = |Root-mean-square ed
5x5 Ligand Field Matrix [_] EPR ] Magnetism  [[] Transition Energies
5x5 Ligand Field Matrix

Absolute Values? False

Property Value Weight
(ey]Vixy) 0.0 1.0
(xy[V]yz) 0.0 1.0
(xy|V]z2) 0.0 1.0
(xylVIxz) 0.0 1.0
(xy[VIx2y2) 0.0 1.0
(yz|Vlyz) 0.0 1.0
(yz|V]z2) 0.0 1.0
(yz|Vixz) 0.0 1.0
(yz|Vix2y2) 0.0 1.0
(22|V]z2) 0.0 1.0
(22|V[xz) 0.0 1.0
(22|VIx2-y2) 0.0 1.0
(xz|V]xz) 0.0 1.0
(xz|V]x2y2) 0.0 1.0
(x2y2|V|x2y2) 0.0 1.0

Configure Read ORCA

Figure 3.32. Enabling the calculation of a 5x5 ligand-field matrix for use in an

optimisation calculation via Kestrelds GUI

Opti mi slat g-aimdlodd parameters require leaxttérimale xchantpd
we are going to plérfomlemchr aibdltad mater i5x extract
Al LFT analysis of a mini mal active space CASSCF
CASSCF(4, 5) was perfhbr2neadkEbrc otnlsail danaslexcgsiioonof th
sectd.o2n.Bly 1lnavigating to the fADatad tab and chec
option, t he utsaebolfei s heha®wnuai que prrad gdinkf eeduernee nt s
332
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Figure 3.33. Selecting an ORCA output file to extract the 5x5 ligand-field matrix in
Kestrel 6s GUI

One can manual lly ghhin@pldy mat5li%x by selecting t

However, it i s cloimgmmdIf dr noarthrgii a8 htbee f r oammatbhe r es
i nictailcul ati on. To read in an ORCA output file, i
select the ARead ORCAO button alhidg ®BBa@&Segaetcet ithag t
t hatwiflill eaut omatically extract the matrix and th
lunique matrix el ement s. Note that the current

defined for ORCA version 4 .whUend ¢fi inmged obelawdi o umr o

f oort her ver si ons.
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