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Density functional approximations for spin state energetics in

transition-metal complexes

SUMMARY
Many fascinating features oft htemaot dt hati c

smal | changes in metal i on environment <can
compounds. Momr eero-sietriado m@d #M) wi t h pahdlilad | yad i
mahest different spin mhlagi pdi ¢ egaElee. 5§ pen
identity of the ground spin state and the ¢
di fferent multiplicity is of <crucial i mpor |
origin of the reactivity,nebeomobebaemestryr
catalysis and in spin druacsd dauvwermgcdrheo umnd se.
di fferent spin states aomd tenvee nprdepteartmiersi mdg
occurs natoehat hledtgh nfgrxopne ranment al a-n€fl t heor ¢
View.

Density Functional Theory (DFT) has become the prefetredreticalmethod for
complicateelectronic structuref coordination compounds, mainly because it provides
good compromise between the computational cost and accuracycha@liengein
application of DFT for spin states was first noted in 2001, and it was concluded that early
Generalized Gradient Approximatig@GA) functionalsfavored lowspin states, while
hybrid functionals favored highpin states. In the following years, madgnsity
functional aproximationsOFAs) showed partial success, but mainly failuresthe
attemps to tackle the problem of closeiyg spin states in TM complexes. In 2004, the
combination ofa relatively newexchange functional, OPTX, with the PBE correlation
part gave excellent results for the spin states of iron complexes, and hence a new DFA
was born (OPBE)Since OPBE showed weigood performance of for spin states, and
later as well §2 reaction barriers, it wamixedwith PBE that gives good results for ale
interactions. Affer incorporation oG r i m m gd@ersibn energy, the SSBfunctional
was created. Future refinemewt inake it numerically more stable and inclusion of

Gr i mmedisgersibDn energy, led its successor S12g.



One of the driving ideas of tihe se,wbFAOswa
specifically de®©OP@Bike eDSA@rd sSalidg Josptaastee stsa(i t a b
computational recipes for accurate deter min
properftiTeds compounds
Systematic validation study for the spin state energetics of nineamplexeghatshow
a diversity of experimentally observed spin ground stated represent biomimetic
molecules for P450cam and similar active sites/e been performedhis study ofiron
challenging systems resulted in further insight in the performance of thasprgm
density functional approximations. The next step was a systematic analysis of the effect
of the spin state and the ligand charge on coordination preferences fdr &dire",

Cd', Ni"", Cu' and zr for the 2,6diacetypyridinebis(semioxarazide) ligand and its
mono and dianionic analogues. Complexes of polydentate acylhydrazone ligands with
d-metals are particularly interesting since they have remarkable structural features that
lead to a diversity of potential applications. The analgsiswed some remarkable
features, including significant effect of the spin state on the ligand coordination, and
rationalizdtrends and behavior across the first row transition metal setgbermore,

we analyzel and explaned trends in spin state eneties in polypyrazolylborato
complexes of firstow transition metals. The effects of substitution at the position 3 and

5 of pyrazolyl rings waslsoexplored, as well as the influence of Jarteller distortion

on spin state switching, and altogether, tfe®per insight in the chemistry of these
important enzymatic mimics and SCO molecules was gaklketihesevalidation studies

direct us towardshe bestDFA (S12g)for the study othe mechanism of the catalytic
cycle for catechol dioxygenase mimidsull details of the catalytic cycle, with all
accessible spin states and both possible pathways, intradiol and extradiol, have been
explored.

With proposed methodology, obtaineesults andheir rationalizations we are step
further to achieveexplicit control of spin states of TM compouraisd rational design of

TM compounds with desired properties.

Keywords: MultideterminentalDensity Functional TheorySpin states, Biomimetic
model szstemslahnTeller effect Reaction mechanisams

Area of scienceChemistry
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Aproksimacije funkcionala gustineuprod avanj u energija spinsk
kompleksa prelaznih metala

REZIME
Mnoge fascinantne osobenosti koordinacione
promene wokrugenju cembpgal na@azmatal ¥eli ke prom

jedinjenja. jotatpawilpe,ni heimerta | apopgnjeMhd- sa del
orbitalamamo gma ni f e st o wpinski muttigidtét i bshavnom stanju, tj.

razl i | it a.ldeptiterosn@&vaog spinskoy jstanjaianaliza i bfiskih spinskih

st anj a multiglititetdsiut oogd k|l jul nog znalaja za raz!l
poreklar eakt i vnosti, el ektrohemi jskih osobina,
industrijske katalize spincrossove(SCO)jedinjenja Me L ut i m, razjagnj av
efekta razlilitih spinskiisdmoosdtraenljoancamay eo S 0o b i n
spinskog stanjg komplikovarzadatalsae k s per i ment al ne kao i teor

Teorija funkcionala gustine (DFT) postala kel j utéonjska metoda zanalizu
komplikovaneelektronsle strukturek o or di naci oni h jedinjenja, u
pruga dobar kampogmih agiaz m&«loogtvarengpecaemosta |
Problemi u primeni DFla za spinska stanja prvi put S
zakl jul eno | e daeseszasaivajupaigeneralizokanomagradgentu (eng.
Generalized Gradient Approximati - GGA) favorizujustanja sa niskim spinom, dok

hi bridni funkcionali, koji i mbBokafavarikujuj ul en d
stanja sa visokim spom. U narednim godinama, mnogi aproksimativni funkcionali

gustine DFA) su pokazalu mer eni uspeh, ali wuglavnom neus
problem bliskih spinskih stanjau kompleksima prelaznihn metalalU 2004,
kombinovanjem relativno novog funkcionala koji opisuje interakciju izmene, OPTX, sa

PBE funkcionalon za opi s korelacij e, dobijeni Su
kompl eksa gvogla, | i me .Kako se ORB&okazao wlo v i DF A
dobro za opisivanje spinskih stanja, a kasnije in&r8akcione barijer&kombinovan je

sa PBEkoji se dobo pokazao za opis nekovalentnih interakcija. Nakon dodavanja
Grimmeove D» disperzione energije, napravlijen je SBBfunkctional. Naredna



podegavanja, u cilju poboljgavanj-awe@umeri | Kk
disperzione energije, su dovele njegovog naslednika S18gnkcionala.

Jedna od vodel i hije je deengljpa validaeija DFAjsdmstvers c
dizajniranih za spinska stanfOPBE, SSBD and S12g) rial pnadgkL[l an
protokola za preci zno otdnjaesvih powerapilesvogstevamet r i j

TM jedinjenja.

|l zvedena je sistematilna validaciona studi|j
gvogla koji eksperimentalno pokazuju razl:.
bi omi meti | ka | eahzinmjsasnofgnam aktidnirOneestimgr io w@ahjea v

ovih komplikovanih sistemamogul i | o j e dubBj2gDFANaredni u per f

korak je podrazumevao detaljnu analizu uticaja spinskih stanja i naelektrisanja liganda na
koordinacionu hemiju kompleksdn', F€' / Fé'', Cd', Ni", Cu' i zn" sa 2,6diacetit
piridin-bis(semioksamazie)im ligadnom i njegovim mona di-anjonskim analozima.

Kompleksi polidentatnih acilhidrazonskih liganada saetalima su posebno zanimljivi

jer i maj u nueksimeakiaraktbrstike koje dogoder do izuzetno raznovrsnih
aplikacia. Anal i ze su pokazale izuzetne karakter
spinskih stanja na koordinaciju ligandaiaz| oge koj i stoje iza o

p 0 n a @ a@rwoj seriji prelaznih metala. Nadalje, analizirali smo i objasnili trendove u

energetici spiskih stanjau polipirazolilborato kompleksima prve serije prelaznih metala.
Efektisupsti tucije na pologajteaBol eknoiptcajagobliah:
JahnTeller-ove distorzije na redosled spinskin stagjh 0 sve zajedno daj e
hemijuovihma gni h enzi ms k ijddinjemja 8ve validecaneistudgeGnas
usmerile ka najboljem DFA (S12g) za proul .
mol ekula koji sluomsmgenazekatepbpol ani su de:
sa svim moguliim spinskim stanji ma | oba 1

ekstradiolni

Predstavl jena metodol ogi " O, dolpje@Baviaju rezul t
jog jedan kor ak ka kirdesjizanju &antrole ispingkiln stanjgaa z u me v
jedinjenja prelaznih metalai preciznog dizajnirana@ TM j edi nj enj a S a g

svojstvima.



K1 j ul n e Muftigeferminantna Teorijafunkcionala gugsine, Spinska stanja,
Bi omi met i | ki Janmdale-dv efskiatsReakaeioni mehanizmi

Naul na Hemmijaast:

Uga naul nNeorgarska desntja:

UDK broj: 546



Contents

3 1 o o 13 o o o IR RSSRR 1
2. SPIN StatesS IN ChEMISILY.....coiiiiiiiiiee e 3.
2.1. Spin states in main group CheMISIEY........uuuururiiiiie s e e e 4
2.2. Spin states in transition metal COMpIEXes............vvvvviiiiicccreeevieiiieeeenn 5.
2.2.1.  Crystal field theOry..........ccuvuiiiiiiiiii e 7
2.2.2.  EXperimental treNdS........ccovviiiiiiiiiiiiieee e 9
2.2.3.  Ligand field theory...........uuuueiii e 9
3. Theoretical and Methodological Background..................uuueicrmvieeieiiiiiiinnnnn. 13
31. Schrodi ngeur..eqguat.i.onN. .. ., 14
3.2. Hartred FOCK Method.............c.uuviiiiiiiiiiieeeiiiiiiiieeeeeeeeee e 16
3.3. PostHartre@ Fock methods...........ooovviiiiiiiiiie e 18
3.4. Density FUNCLIONAl TNEOIY......cciiiiiiiiiiii e 23
341, Jacobos..l.add.e e 27
3.4.2. Local Spin Density Approximation (LDA)........cccceeveiiiiieeeeiiceeecceeen. 28
3.4.3. Generalized Gradient Approximation (GGA)..........ccceeeeiieeeeeceeennnnns 30
3.4.4. ThemetaGGA aproXimations.............ccceeeeeeeieseeeerenniiiiieeeeeeeeeeeeeeeees 32
3.4.5. The HyBrd DFAS......oiieeeeeeee e 33
3.4.6. The importance of DFT in modern computational chemistry and physics
34
3 5. BASIS SIS, ittt i i i e e eiie et rree e eenrnnnnas 35
3.6. Spin states and Density Functional Theory..........c.cccceeeeeiiiiieccniiiiieeenn, 38
v/ @ U] x| (o1 F=Y i o] £ PU PP U U PP 40
4.1. P450 mimics and chalanging complexes for spin state calculation.......40
4.1.1.  ShOrt iNtrOUCHION.........euviiieiiiies et e e e e e eneer s e e e e eeeaeas 40
4.1.1.2. Spin state energies for compound3.1..........cccoovviiiiiiiiiennee e 43
4.1.1.3. Structure relaxation of COMPOUNOS4........ccoevviiiiiiiiiiiiieenee e 45
4.1.1.4. Spin state energies of compounds 4................ooevvviiiiieemeiiiiieeinnnn, 46
4.1.1.5. Iron porphyrin chloride and the porphynae analogue.................... 51
4.1.1.6. Implications regarding the catalytic cycle of cytochrome RP450....54
0 0 A @ T [ 1< [ o PP 56
4.1.2. Computational detail..........cccoooiiiiiiiiiicc 57
4.2. Complexes with 2 ®iacetylpyridinebis(semioxamazide)....................... 58
4.2.1.  Short iNtrOUCHION..........uveeiiiiiiiee e st e e e e errer e eeeeeeaes 58
4.2.1.1. Stereochemistry of seven coordinate complexes......................... 59
4.2.1.2. Spin state energies of seven coordinate complexes.................... 68
4.2.1.3. Five coordinate COMPIEXES..........uuiiiieiiiiiiiiieeeiiie e e e e e e e eeaanna 73
4.2.1.4. Spin state energies of five coordinate complexes..................cce.. 74

A.2.2,  CONCIUSION. et ee e et e et e e e e et aa e e e e e e e e e e eeneenaenns 75



4.2.3. Computational details.............c.euviiiiiiiiieeei e 76

4.3. Polypyrazolylborato (scorpionate) complexes.........cccoeeeeevvvveeeeieenneeeee d 1
4.3.1.  ShOrt iINtrOUCHION.........eviiiiiiiiiies et ereer e e e 77
43.1.1. Spinstate energies of scorpionate transtinatal complexes.......... 79
4.3.1.2. The influence of Jahieller diStortions............cccccccvvveeiiiiieeseeeennnn. 83
4.3.1.3. Spinstate energies in morsubstituted.................oooeiiiiiiieeee 36
4.3.1.4. Spinstate energies of disubstitut€éd complexes.............ccceeeeeennnn. 92
4.3.2. CONCIUSION.....oiiiitiiiiee e reer e e e e e e e e e eeeeeeannnes a3
4.3.3. Computational details..............c.euuuiiiiiiiieeeii 94

4.4. Small molecule mimics for catechol dioxygenase class of enzymes....95
4.4.1.  ShOrt iINtrOJUCTIONL. ... ..uuiiiiiiiiiiiiieiee et e e e e e e e e e e e e e e e e e 95
4.4.1.1. General MeChaNISIML......ccuuuuiiiiiiiiiiiieeeiiiririeeeee e e 98
4.4.1.2. Reaction path with the-N2Hz ligand..............ccooveeeeiiiiienniiinenn. 101
4.4.1.3. Reaction path with the-N2Mezligand.............coooiiiiiiiiiaccennee 104
4.4.1.4. The difference in the product selectivity with complexes freidaH2
aNd LENZ2ME2 lIgANG.......ueiiiiiiiiiiii ittt 106
A.4.2. CONSIUSION.....coiiitiiiiiie et rree e e e e e e e e e e eeereeaennnns 107
4.4.3. Computational details............cc.uuvuiiiiiiiieeeiiii e 107

5. General CONCIUSIAN...........uuuiiiiiiiiiiiireeiiiiiiiee e e e e e e e e e s seereeeeeeaaeaeeaee e s s s s s saanns 109

B. RO EIBINCES. ..o e 111



1. Introduction

The beauty and the diversity of thransition metal chemistry ligp in the fact that
small changes in the central metal environment can prodiggeficantly different
properties. The origin of this behavior can be traced back to the electronic structure
Molecular orbitals that originate frormetal d-orbitals have justhe right energy
separation that makes various electron arrangements relatively close in energy and thus it
is relatively easy to affect properties, spectra and reactions of these compounds.
From the various electron arrangements that have been mentaisedthe states with
different spin multiplicity. The understanding of the nature and behavior of these states,
coupled with prediction of their influence on spectroscopy and properties of transition
metal complexes is onef dhe main goals of modermorganic chemistry. Their
significance arises both from the fundamental aspect amolug applications in material
design, biomolecular science and catalysis. It is noteworthy to mention that, despite great
progress in the development of the different expental techniques, the experimental
(mainly magnetic and spectroscopic) characterization of the spin multiplicity of important
intermediates and reactive species is still far from a trivial task. As a consequence, the
theoretical prediction, analysis aimterpretation of close lying spin states represent a
natural complementary approach. Unfortigha the theory hags own inherent problems
and limitations. State of the ab initio methods areery accurate, but are generally too
computationally expgsive for interesting transition metal systems, unless drastic
simplifications and approximatiormse madeDensity functional theor§fDFT) represents
a good compromise between accuracy and computational cost, butDmosity
Functional Approximations (D&s), developedor main group elements show unwanted
tendencies toward some particular spin st&DIN EN.CITE The description of this
phenomena and the rational analysis on the basis of DFT is not a trivial task, and one of
the aims of this work is the thorough validation of diffel@RtAs, specifically designed
for spin states, as well as other modBirAs on the properties of biomimetic model
complexes and potentigpin crossovefSCO) systems.
As a final point, the thorough analysis of different close lying spin states on a catalytic
mechanism of weltlescribed model compound that mimics the catalytic cyulid¢be

important Q activating enzyme class. To do so, the level of theory that has proven to be



the most accurate in the validation studies performed in the first ptrisahesis was
utilized.

Whenever there is a possibility of degenerate spin dtaegnalysis of the Jakreller

effect on the spin state ordering and the overall molecular properties was also examined.
The thesis is divided in an introductory part containing Chapters 2 and 3, followed by the
results and discussion part, contained in Chapter 4, and general conclusion presented in
Chapter 5. Chapter 2 describes the origin, misconceptions, significantteearature of

the concept othe spin states in chemistry, with special emphasis on transition metal
compound. As a methodological introduction, Chapter 3 contains theoretical basics of
guantum chemical description of electronic structure, again, withisdgenphasis on the
tendencies in the description of spin states and their fundamental origin. Challenging
systems antiomimeticsfor the P450 pathway are analyzed and used for methodology
validation (Chapter 4), together with exotic, first row seried biomimetic seven
coordinate complexes with flexible ligand that can bind to metal in various ways and
protonated forms (Chapter?) and entire first row series important SCO candidates and
small molecules enzyme mimetics, scorpionate complekgsChapter 44 constitutes
thecentralpart of the work and examines the effect of different close lying spin states on
a catalytic cycle of catechol dioxygenase biomimetics with different selectivity.



2. Spin States in Chemistry

All but simplest one electron systems have more than one electronic state with different
spin multiplicity (spin state) available. The simple illustration is giireffrigure 2-1,

where, for example, two electrons can be in paired (singlet, a)) state or unpaired (triplet,
b)) state.

by =

_|® =

Figure 2-1 Twoexamples of electron arangements in two eleetvamlevel system

Generally, the arrangement with maximal number of unpaired electrédreshigh spin

(HS) state, the low spin (LS) state have minimal number of unpaired electrons and any
intermediate arrangement is called the intermediate (IS) spin'siateoordination
compounds, molecular orbitals that originate frormatal d-orbitals have just the right
energy separation that makes these arrangements relatively close in energy and very
important for properties, spectra and reactions of thespaonds. This is the reason that
discussion of spin states is most often connected with transition metal chemistrin since

i ever ydoaggnic mblecues all electrons are paired atiter arrangements are
significantly higher in energy. Close lyidS andLS spinelectronic configurationsf

a first row, octahedral transition metal (TM) complexes is depiot€thure2-2.
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Figure 2-2 HS and LS @in electronic configurationghat are relatively close in energy

for a first row TM octahedral complexe
2.1. Spin states in main group chemistry

Although this area of spin state research have drawn much less attention than coordination
chemistry, there are important exceptions of ngawup compounds thahave a close

lying spin state$* Among the diatmic molecules, the triplet ground state of oxygen is
most important example. The relative inertness odi@es from the fact that most of the
everyday compounds are in a singlet ground 'statd the reaction witRO, is spin
forbidden (otherwise, evettying would just burst into flame). It is not surprising that all

the enzymes in the body that utilize oxygen for certain transformations, possess a TM in
their active site, since these have many close lying spin states available and can react with
oxygenin a spinallowed manner. Also, the excité®,is much more reactive oxidant

and as such have found many application in organic synthesis.

Second important example could dg@benesvhich are very important intermediates in
many organic reactiorfsSThe structural parameters, electronic properties an reactivity are
strikingly different for singlet and triplet statd.he simplified schematic representation

of triplet and singlet carbinas given inFigure2-3 a) and b). Bond angle can be up to

" Spin multiplicity is defined as 2S+1, where S is the spin quantum number. First few examples include:

Singlet (2S+1=1), doublet (2S+1=2), triplet (2S+1=3]



18 with triplet carbons and as low as 220ith singlet ground state. Ground state
preference can be qualitatively predicted if we note ‘thinor substuents (halogens,
oxygen and nitrogen) stabilize singlet carbenes by electron donation to a empty orbital,
Figure2-3 c).> As we mentioned, the reactivity and mechanistic preferencies of singlete
and triplete carbenes are complementary: while singlet carbenespatticipatein
concertedreactions triplet analogs follow step by step mechanisams. The exp&&ime
procedures play an important roll in determinating the spin state of carbenes, because,
depending of reaction conditions, the carbe
itds ground state.

a) b) c)

R//llll,
R///ln,
R
H H R

Figure 2-3 Schematic representation: @) carbene that have triplet ground statg

carbene that have a singlet ground state a

donor group with singlet carbine.

2.2.Spin states in transition metalcomplexes

As already mentioned, when it comes to the coordination chemistppwer lies in the

ability to make small changes in a metal ion environment and produce significant changes
when it comes to the properti€%’ Due to its various applications in medicine, catalysis
and photonics, biology, studies on transition metal have achieved considerable results.
Also, some transition metal ions with partially filled d sheli# have the ground state

of different spin multiplicityin different coordination environments, and even under the
influence of external factors, kkpressure and temperatukéetal spin states represent,
without a doubt, enormously significant research area, that have a central role in the
important research fieldssuch as the function of biomolecules and their reactivity,

industrial catalysis andpé crossover compounds. A lot of mentior@dpertiescan



provide excellent possibilities for novel, switchable materials with applications when it
comes to the possibility of computer storage and display devices. Being able to discover,
learn about angdresent to the scientific world the essence of spin states preferences in the
manifold of close lying electron arrangements is one of the most important and
challenging endeavors badfitom theoretical and experimental point of view.

When it comes to theurrent state of knowledge, spin states have very important role in
enzymatic reactions, metako complexes, in spin crossover compounds and we can even
talk about spirstate catalysis where different reactions take place for different spin
states-®° A wide range of hemeontaining proteins perform a lot of different functions
such as @ctron transfer, oxygen transfer and storage, gas sensing, gene regulation and
catalysist When it comes to the matter of catalysis, the active complex often involves a
metatoxo (M=0) species like, for example, in horse radish peroxidase, catalase and
cytochrome P4581°1! The family and subfamilies of cytochrome P450 have two wide
functional roles: inside of catabolic pathways they initiate the constructive cleavage of
various environmental compounds, bfithusage as food or means of detoxificatitH.
Mentioned enzymes are the main cause of the phase | metabolism of nearly 75% of known
pharmaceuticalsDue to its discovery, these P450s have drawn attention of the
considerable research community such as pharmacologists and medicinal chemists,
biophysical chemists, toxicologists, chemists and biochemists. Most studied enzyme
from this family is P450cam vith shows very interesting catalytic cycle that involves a
number of spin flips. One thing in particular must be mentioned: the catalytic mechanism
of these enzymes is mostly poorly understood whenmes to the matter of spatate

and the effect thimay have on the functioning of the enzyns.

Like many others, various reactions such as halogenation, desaturation, cyclization,
epoxidation and decarboxyian can involve oxoiron speciésThe synthesis of well
examined model compounds can provide crucial informations when it comes to the
mechanism of biological and chemical oxidation reactions. Also, wihemmes tahe

spin states in the enzyme active center and in small molecule biomimetic, the enzymatic
species are highpin and others have intermediate spin, computational chemistry has
contributed in a lot of different ways researching the propertiethege reactive
intermediates and their various mechanisms making the way of scientific, theoretical and

experimental success.



As wementioned, one of two possible spin states can occur: high spin (HS) with a highest
number of unpaired electrons or low spin (LS) with less (or none of) unpaired electrons.
In a particular set of circumstances, both states are close enough in enerdgyasach t
external influence like pressure or heat can induce assgia change or spin crossover
(SCO)*3 The compounds with SCO properties can be utilized as singlecule
switches/sensofs.The computational design of new spin crossover and dlighiced
Excited Spin Stat Trapped (LIESST) materials is a new field with excessive interest

when it comes to data storage, molecular electronics and quantum compidtation.

2.2.1. Crystal field theory

The first (and the simplest) theory that managed to explain the electronic structure,
magnetic properties and spectra of simple TM compounds is crystal field theory
(CFT)8®71517 By CFT, only atomic ebrbitals on a TM ceter are considered, and the

effect of ligand environment is introduced asimple electrostatic perturbation, i.e.

ligands are considered as point charges. In the same time, the effect of ettt

interaction (and sphorbit interaction) neexto be taken into account to produce at least

a qualitative model that explathe behavioof coordination compounds.

I f we first introduce just the spherical el
energies of all five abrbitals increaseln octahedral environment, two orbitals have

higher energy, compared tioe barycenter, while three of them will be bellow this level.

The splitting between the t wdFigereRe)r gy | evel s
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Free TM ion TM ion surrounded by TM ion in octahedral
sphere of negative crystal field

point charges
Figure 2-4 The interaction of a free metal ion in the gas phase with a sphere of negative
charge causes the energy of therbitals to increase. Redistribution of the negative
charge in an octahedral CF causes some of the orbitals to be raised with respect to the
barycenter, while others are stabilized. The splitting between the two energy levels is

defi ngodlO®s o

The automatic interpretation suggests thae splitting is large enough (and in CFT it
dependsof the metal and ligand charge and their asapon) the electrons will
accommodate the loweig orbital, and if the splitting is smaller compared pairing

energy, some electrons will go to tleg double degenerate level. The enormous
simplicity, the biggest advantage of CFT
obvious that metal ligand interactions can not be properly approximated with simply
considering only pure-drbitals surrounded i just the point charges.



2.2.2. Experimental trends

It is a well known and universally accepted empirical fact,that octahedral

coordination, Mn?* and Mr?* form almost entirely HS complexes while Tis in a LS

state in all but one complex, [C&E.181° These observation cannot be explained with
simple difference i n . alsoanaiely,theré shaukl be nmeht a | e
more pronounced tendency toward thedrBund state for Fé comparing to F& as a

consequence of metal charge. This is not the ¥43e.

2.2.3. Ligand field theory

Ligand field theory(LFT) can be regarded as extension of CFT which takes the
complexity of metaligand interaction into account, but only implicitly (by using
swichable parametgrgide infrg).?>> LFT suggests the answtr CFT problemsn the
language of simple coordination chemistry, the eleeglestron repulsionpairing
energyd) is different when we move fronf tb d’ electronic configuratiofwhere more
spin states are accessilfié) Pairing energy cambe defined as the energy difference
between the lowest energy states of a given multiplicity (when we take in account only
electronelectron interaction), divided by the number of of pairings destroyed by the low
s pi n ¥pinhtriangition Pairing energy for electronic configurations that can have
close lying spin states, can be expressed using Racah parai@eteme2-1):1°

P(d*) =6B %C

P(d®) =7.5B &C

P(d®) =2.5B 4C

P(d’) =4B 4C

Scheme&-1Fi r st order expressions oBfand€ i n t er ms

If we assume that B is similar in differefit@bnfirgurations andthat h at ,@ecan 4 B
inspect the compare electretectron repulsion for every configuration frétigure 2-2.
As we can see the interelectronic repulsion is almost the sanfeafwat @ but it is much

smaller for d (which is close to §, Scheme2-2.



C°4B Y Rd') 26B ° (@) 275B ¥d )P 18.5 d°) PO
Schem@-2Trends of <changes “tod elagtromdcenfiguratien, go f r

under assumption that C a 48B.

We can account for the origin of this trendan intuitively clear manneby simply
considering the change in exchange and Coulomb contribuBarsit is important to
note that this is just a qualitative consideration, and that eheogglectroncontributions

for multideterminenal electronic statlkave to be obtained lmalculatingthe expectation
value of the two electron operator.

Under the assumption of spherisginmetry (hich is assumed when Racah parameters
are utilized) there are only tw@oulombinteractions the stronger one is when electrons

are in same orbital) and only one exchange contribufigure2-5.

il (. o
R o o

J(g) Jeo O J(: :)_K

J (o) = J(: D)

Figure2-5Schemati c representation for only
Exchange interaction, under the framework of the spherical symmetgg (E

interaction is the same agH2g and Tog-T2g). J¢ s Fgpresent Columb interaction

between electrons in same ddbj J 5 repyesent Columb interaction between

electrons that are not in same orbital, and K represents exchange interaction.

Once again, we need to stress that this is just a simple, qualitative demonstrations, and
that even the assumption frdfigure2-5is far from valid. The adventage of this
approach, beside simplicity, is that 1tds
is very close to chemical intuition.

Now we can easilgdimatethe pairing energy for configurationé-d’. We will obtain

that & and d should indeed have a smaller pairing energy sinceless exchange

10
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contribution is lost than in“dand d. This provides very simple and understandable
explanation to a weknown and documented chemical trend and behaviogure2-6.

The interactions among electrons that donodt
(blue color) are not included since they contribute equally to both spin states and cancel

out whenwe ¢ al c(WFiguaet2-86). Thus, only interaction or red electrons among

themself and wit blue electrons are considerdar (example in & placing the two red

electrons irgg contributes with 9 week Coulomb interactionse redred and 8 red blue,

and 7 exchange interactiorisredred and 6 redblue).

Bellow are two examples of obtaining the expressions for pairing energy by counting the
exchange and Coulomb contributions for HS and LS statkanald configurations.

E"=3), , 3K, EF 3,

28 4

P(d*) =E® £F° 3

giki

J

i ¢ 3Kt

Scheme-3 Derivation of pairing energy expression fréfigure 2-5, for o

configuration.

E®=9J, , 7K, ES 2J, 78, 3K
EL43' EH4$
P(d°) = S By dyy 2K

Scheme-4 Derivation of pairing energy expression fréfigure 2-5, for &

configuration.
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Figure 2-6 Schematic representation and qualitative explanation of different pairing

energies for 8and d vs. ¢ and & configurations.
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3. Theoretical and Methodological Background

Quantum mechanical (QM) modeling has become a widely accepted approach to
obtain the knowledge that is either not easily available through experjretdseduce
the cost associated thi the synthesis, characterization and testing of the potential
candidates for the desired application. But, mafstll, it has become the meaa
understand the origin of the molecular properties, and to derive the connection between
the electronic struare and macroscopic observables. As a consequence, it has grown into
a tool to anticipate how finining in the molecular structure can affect the phenomenon
we are interested in.

The quantum mechanical met hods t hat dor
empirical parameters are often referred tcahsinitio methods. These methods can be
categorized into two main divisioR$:

1) the ones that are wrapped aroundwlaeefundion as a central quantity, and

2) the ones that utilize thedectron density, as a much simpler and intuitively closer

starting point

In theory, both approaches should be able to give the same exact energy and any
observables we are interested in. Unfortunately, since the basic equations of quantum
mechanics are not exactly solvable for anything but a few simple model systems, both
methalologies are essentially trying to find the best approximate approach for QM
description of realvorld problems and observations. Miavefuntion based approaches
have the advantages that they are systematically improvable, and as a consequence, they
areconsidered to be highly accurate and very reliable. Their disadvantage is the fact that
they are very time consuming and limited by system size, thiesithaneed for accurate,
versatile, but less time consuming methiogdyy.

The methodological directiothat utilizes the electron density as a central quantity is
based on Density Functional Theory (DFT), which originated in182€s in the works

of Thomas, Fermi, Dirac and Wigner that stated that the electronic energy can be
expressed solely in term§the density’*28 In the next chapters simplified and very brief

treatment of these milestones of modern moleculantguamechanicwill be given
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31.Schr°dinger equation

The Schr°dinger e gquat i onhefoB8rEltivisticsquantdme basi c
mechanics and completely describes dynamics of apiceor t i cl es. Simil arly
or Maxwell 6s equations, that represent the
be strictly derived (although there are many textboekvdtions, they are more an

intuitive tool to help the understanding, than a general path totwarSE). The most

general form of the SE is time dependent’$E:

S W E
1h— =
i Hy/

Equation3-1

where y represents the wavefunction, that encapsulates all assessable information

concerning the microbjects, andH is the Hamiltonian operator, that can be constructed
by the correspondence with the classicargypexpressiof.

If the wavefunction does not explicitly have the time dependence, the SE can be easily
converted to the time independent version in which the energy is simply the eigenvalue
of the Hamiltonian, with the wavefunction being therresponding eigenfunction
(eigenvectory>3

Hy =By
Equation3-2

Hamiltonian can be constructed for any system configuration, but the complexity of the
obtained differential equation prevents the exact solvability, except in trivially simple
case’ It is instructive to note that the difficulty that arises when we atteongatlte the

SE for the system that has more than one electron is not some exotic quantum mechanical

i For example, in position representation, the Hamiltonian can be constructed from the energy expression

if we make the substitutiop_ - - i»d (and analogous for y and z). If the Hamiltonian contains
' dx

mixed terms (product of momentum and atinate), the correspondence is more complicated.
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complexity but originates from the three body problem that does not have analytical
solutions even in the classical mechanics. This problem is elegandgd®gfor the one
electron systems even with several nucleus by translating the coordinate system to the
center of mass, and assuming the fixed nlicleihus following only the motion of

electron and leading to effectively one particle problem.

To summaize, for every problem, Hamiltonian is easily constructed, but the
difficulty arises in the follow up process of obtaining energy and wavefunction.
Wavefunction can be a function of time, position and momentum of a smstéir,m, p)
can bereal, but is most often complex and has no physical interpretation. Following the
Borns interpretation, we can assign the physical meaning o the y, that is a real
quantity, and can be interpreted as a probability distributionpafrécle, meaning that
the probability of finding a particle in a differential volume eleme¥t is proportional
toy °dV. The space on which Hamiltoni4operate must be specified, or otherwise we
would be deahig with undefined objects. A complete infpgpduct space (Hilbert space)
takes a central position in quantum mechanics by providing the framework for the
operators (that represent measurable quantites) and their corresponding eigenfunctions
(that represdrstates of the systerfdThe fact that the state space is a vector space makes
QM so different from classical physics and naturally brings many fundamental and new
properties, such as the possability for a state to be linear combination of other states.

In quantum mechanics, as distinct from classical picture, different results can be
obtained when order of action of some operators in reversedf, we. use x and y

components of angular momentum as an exarhgley | L L y. These operatordo

not commute (specialy, in our exambl@LZ] =L L, -LL, 0), and their eigenvalues

can not be simultaneously accuratel®®) measu
The operators that commute with the Hamiltonian of the system, (can) have time

independent expectation values dneir eigenvalues agood quantum numbef$.

il j.e. that nuclei move much slower than electrons and that SE can be separated into electronic and
nuclear part. This is a bagiéthe Born Oppenheimer approximation
Vand other Hermitian operators, tlave only real eigenvalues and represent the observables

15



3.2.Hartreei Fock method

The three body problem prevents the solubility of the SE for any system largétsthan

ion. Since almost all atoms and molecules fall into that category, it was natural that there
were many attempts to develop a reliable and accurate way of obtaining approximate
solutions to the SE. One of the most successful is thesedisted fieldSCF) Hartree

Fock (HF) approach, that expands the trial multielectron wavefunction Slatex
determinan{SD) composed of one electron wavefunctiimslecular orbitals§* As an

example, tbB simplest version of SD for the Ne atom (electronic configuration

152829 =158"2s"2p Pp 2§ )is given below:

Is@) Is) 251 2s{) 2p (M 2p ) 20 O 2 @D P D A2 (@
1s(2) 1s(2) 2s(2) 2s2) 2p (2) 2p O 2n @ 2p @A 2 @ A (
Is(B) 15,8 253 25(3) 2p (3 2p B 28 B 22 R P B RO
1s(4) 1s4) 2s(4) 2sf4) 2p (4 2p 4 2n 4 22 D 2 4D 2 (
11505 15,5 255 25f5 2p (5 2p ) 28 B P E P @ A (
J10|1s (6) 1s,(6) 2s(6) 2s(6) 2p (6) 2p (6) 2p (6) 2p (8) 2p(6), 2P, (6)
Is(7) 1sy(7) 2s(7) 2sf7) 2p (7) 2p (1) 2n (1) 2p () 2 (D 22 ({
Is(8) 1s,8) 258 2s(8) 2p (B 2p B8 290 B 2 @ 2 @ AN (
1s (9) 1s,(9) 2s(9) 2sf9) 2p (9 2p (9) 2p (9) 20 (9 2pe(®) 2p.(9)
Is (10) 1s,(10) 25 (10) X,10) 2p (10) P (10) B (10) P (10R p(10) 2 p (10

Expanding the general determinant in the form of permutations of electron positions
easily highlights that only single and two electron permutations contribthe ¢goound
state energy (since different orbitals are orthogonal and these matrix elenmeatdyca
survive if they are coupled by oreand twe electron operatorsPs! Variational
minimization of the energy expression generates a set of intif¢ecential eigenvalue
equations called Hartrgéock equation$!
Rf =€
Equation3-3
Where F, is so called Fock operatof, is oneelectron wavefunction and thes the

corresponding orbital energyhe three body problem is circumvented by calculating the

interaction of one electron with the smeared cloud of electron density originating from all
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other electrons, thus obtaining density distribution of electroerucohsideration. The
entire process is than repeated until-selfisistency.
The operator for the electram orbitali that takes the following form:
F=&h +&4 & K)
i=1 itj E

Equation3-4

With h being the one electron term, incorporating all the contibutions beside electron

electron interactions and, and K are, respectively, Coulumb and Exchange matrix

elements.

K, =B (8K (1) F)aTs = RER 6= €, € Jridt,

r.12

Equation3-5

3 =7 ()3 (n) Ar)dr, = RER. ()=, € J, € ridt

r12
Equation3-6

Coulomb contribution represents the classical Coulomb eleetemtron repulsion term
and the Exchange contribution is a consequentiee@intisymetrized wavefunction and
the inability of two electrons of the same spin to occupy the same region of space (so
called the Exchangaole)." The Exchange contribution stabilizes the configurations with
the maximum numbesame spin electrons. It shdube noted that in the HF framework,
the total energy is not the simple sum of orbital energies, because then the ielectron
electron interactions would be double counted (i.e. the interaction between electrons i and
j would be accounted both in the enerdytree orbital with electron i and orbitald with

electron j).

“when we expand spinorbital and separate spatial and spin contributions, immediately follgw that
only if two considered electrons have the same spin functiog, saists only with same spin electrons
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Before considering interplay of these contribution on the energy of states with different
spin multiplicity and inherent problems of the HartFesck formalism, we are just going

to note that irthe expresion for the Fock operatd; and theK; are not constrained by

i, J and the term describing the interaction of electrons with itself naturally emgrge,

and K.

o » but, luckily, they exactly cancel out sindg = K, .

The main drawback of the Hartr€®ck theory is, of course, in the step where it had to
approximate the exact partigharticle interaction with thateraction one electron with

the smeared cloud of electron density originating from all other electrons. This
incorporated the physically wrong assumption in the heart of HF theory: since the electron
is interacting with the average density distributidnih@ other electron, there is the same
probability for these two electrons to be one next to each other and at very distarif-points.
This is, naturally, not correct. The electrons correlat@ tinetion, thus reducing the
electronelectron repulsion (Coulomhole).3? The exchangdole is captured with the
asymmetry of the starting wawefunction, but there is not enough variational flexibility in
the HF formalism to capture the Coulomble and the HF energy is always higher then

the real energy of the system under consideration. The absence of any kind of correlation
between the electrons of the opposite spin, as opposed to some degree of correlation for
the same spin electrons leads toahtéicial stabilization of the configurations with more

unpaired electrons at HF level of thedry.

3.3.PostHartreei Fock methods

All post HF methods have a goal to capture thegfatectron correlation missing in the

original HF methodology>333* The electron correlation is often categorized into two

divisions: static correlation (originating from inadequate single determinant description

of the ground state) and dynamical correlation (which is a consequence of electrons
correlating their motion décause of electrealectron repulsionj?*® The most popular

post HF methods that are utilized in modern quantum chemical program packages are
based on: various flavours of coniPlesgeur ati on
perturbation theory (MRYoupled cluster (CC) methodolagy their combinationyide

infra. All forms of CI are good in retrieving static correlation but differ by the amount of
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dynamical correlation that is taken into account. MP and CC methods in their most simple
and most often used form only deal with dynamical correlation. In MP approach,
Hamiltonian isexpressed in a perturbatiie@mH =F 4, where F is a Fock operator

and P is a perturbation that represents iffetlence between real electretectron

repulsion and an average one:

average repulsion exact

2<VE“ e> repusion
e e ) e . L. P
F=8h +4 & K)H =B +ad F¥
i=1 i32j F i 1= i 1j=i ii i1 =
Equation3-7
P=H -F w° 2(v*9
Equation3-8

It can be easily deduced that the combination of zeroth order energy and first perturbative
correction are equal the HF energy

E0vEY 28 (NF Oy 28,0 (v g
i=0 i
Equation3-9
The first contributio to the electron correlationtise second order correctioMP2):
2
E(()z) o ‘<YSO)‘Ve-e Yg°)>
% (e0- &)

Equation3-10

MP2 captures considerable amount of dynamical correlation and it is not significantly

more computationally expensive than HF. Since MP is perturbative and not a variational
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approach, we donot kessmfnorder fof carraction)asnosvergy (r e g

higher than the exact one. The most important source of problems are the systems where
electron correlation is too large and perturbative approach is no longer applicable (and
the consequence can be divergent bedranfithe MP expansion).

In thefull configuration interaction (FCI) th&ravefuntion is a linear combination of all

Slater determinants obtained by all possible electron excitations

oce vir. 0cC Vir. oce vir. y y
Yea)=Co R & aq\ ‘F & a aga))F
HF reference | single Pokoi<j koK double
SD excited excited
SDs SDs
occ. Vir. occ vir. occ Vi I-_k a” h|gher
t4 a a a aarn
J IJm - -
i k i<j k kj ml n< inle eXCltatlonS
expcited
SDs

Equation3-11

whereF¥"are the Sl ater determinants with 1,

c“ are found by variationally optimizing the energy

(Y i | HH Year)

E, =min
! c <Y FCI | YFCI >

Equation3-12

The schematic representation of few single and double excitations from refernce HF

configuration is given belowFigure3-1)
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Figure 3-1 The schematic representation of single and double excitations from refernce
HF configuration

The FCI solution is the exasblution of the SE (for a given basis set), but it is too
computationally demanding and can be used only for systems that havdéeanly

electrons. If we limit owself to only one and two electron excitations we arrive at CISD

occ. vir. occ vir. occ vir

— - L] k k - L] -m kI " kI
Yos) =C, R & ac| 'F & a as'ay)
HF reference | K single Pokoi<j koK double
excited excited

SDs SDs

Equation3-13

whereF and F;' areSlater determinants with single and double excitations.

The computational cost of these methods is greatly reduced ifseveonly the most
important SDs in the Cl procedure by selecting the appropriate active space and restricting

the number and typof some additional excitations, completgive spac€CAS) and
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restrictedactive spacgRAS) methodologies. They can be additionally improved by
perturbative treatment in order to include more dynamical correlation (CASPT2 and
NEVPT2).

In coupled cluster, theavefundtion is expressed in a form

|cc>:e\ Yef>

Equation3-14

Where|Y ref> is usuallyHartree Fock referencélE is called the cluster operator and is

a sum of excitation operators with their associated coefficients.

Equation3-15

o occ. vir.

= __a ek A
Thus,ﬁ includes all single excitation-g_— a ataa wheret* are the associated
ik

coefficients and aﬁ and &, denotecreationandannihilation operators-llg includes all

- ocC. vir. ocG Vvir.

_ as nn nn A A
double excitationsE— aada @ﬁz a%} @ and so on. If we only take into
ik <) K K

account the single and double excitations, we get CCSD. It is important to understand that
even in the truncated CCSD approach, contributions from higher excitations are partially
included as the product of a single ardbable excitation yields a triple excitation. Since

it is not a variation method, th@nvergence towards the exact result is not necessarily
from above. CCSD can be perturbationaly corrected for the contribution of triple
excitations, labeled CCSD(T), aadnuch smaller computational cost compared to exact
CCSDT and excellent performance (which is partially a consequence of some favorable
error cancelation) made this method a gold standard for the acelratéio single

reference calculation.
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The coupéd cluster energy is given by

<Y I-Eef‘ Yref> =ECC< Xf‘ eTF r¥> \ECC <= refTYHE‘E ref>\

:< Yref‘l‘ Yef> G O+.- 4 =

ref

Equation3-16

The coefficients of the excitation operators are found by

(F|(F -EcoexpTF Y,) ©

Equation3-17

with configurations(F e| from the appropriate excitation space.

3.4. Density Functional Theory

The wavefundion of an Nelectron system depends on 3N spatahd N spin
coordinates, and in order to obtained physical observables, integrals over all these
coordinates need to be calculated. Deeper analysis reveals the simple conclusion that
since the Hamiltonianontains only oneand twaelectron terms, any observable can be
expressed in terms of integrals involving only three and six spatial coordinates. Following
the beginings of quantum chemistry, in whickavefuntion was considered
indispensable for propeatescription of micro particle dynamics, maturity of the field
bought the recognition that the wawefunction contains much more information than we
actually need. Electron density is not only much simpler thawévefundion, but also

it can be experimenis determined.

Utilizing the wavefunction, the electronic density distribution -t ielectron can be

simply obtained by integrating over all other electrons (with to&éctrons)
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integrate over all

A NARY ., s & 3¢ 14, 18Xep5 1 Ah1gleglon
nn -1y yﬁ fid r2"'d 8 /zcé épztnéo% g?t(g /
integration var iables

Equation3-18

The corner stone of the interest in DFT as a tool for the molecular electronic structure
cal culations and the point that gave the i
language and routines of vast scientific coamity are two theorems by Hohenberg and
Kohn developed in the 1960s:
1. There exi sts a functional E[ ] from w

observables) can be calcul ated using jus

2. The energy computed from any provided derisityighel' than the one obtained
from the correct ground state density of the system under consideration

For itdés si mpl i cofthgabovée theerents taa beridireatmostagmy pr o o f
book/chapter/thesis at least partially concerning wifATB**® These two theorems
provide a conceptual framework for first principleasptum mechanical description of

system dynamics utilizing different central concept as a way of bypasgaweundions.

Unf ortunately, despi tiKohnthéoem dorsaatprovidesany, t he
prescription on how to obtain ground stat e
} 1 f we f i wavefundoa. T te texadioamulatioraof this elationshp is still

unknown, and, although it is often used as an argument that if it would be discovered, and
DFT becomes exact quantum mechanical description, there is no guarantee that it would
be easier to evaluate observables and densities fronant ftom the equally exact
wavefunction approach.

To follow one attempt to express the energy as a functional of electron density we first
need to introduce the concept of external potentighince the electron density is purely

electronic quantity, the electron electron interaction is described separately and

vViOr equal, if provided density is identical to the ground state density of the system
Vi KohnSham aproach
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everything except the interelectronic interaction is labeled as external potential (it is
produced by charges or fields external to the system of electrons).

First step isto note that expectation value of sum of external potential contributions,

V=8u, (V)=(¢|V|]))can be expressed using yensity

If we focus our attention of theth electron,

integrate over all

0 y=fi-fie {1 dfpd.d.dh RS () dy

Equation3-19

We will consider the electron subjectedti@ external potential (attraction with the N

nuclei with chargeZ, and positiorR,) v=§ Zq . The next step is to imagine the

|ri_ Ra|

fictitious KohnSham (KS) system in which there is an external potentjaihat is

completely identical to one that would be produced by the nuclei, and without electron
electron interaction. Since we have the expression for the external potential, and there is
no electron electron interaction, we only have to solvead@etronequation (exactly
solvable) and generate so called KS spinorbitals. In order to formulate some attempt to
calculate the electronic ground state energy we need to describe the kinetic energy of the
electrons, the electron nuclear interaction, the intetreleic repulsion and correct all the
terms so they could describe the real system instead fictitious one (with noninteracting

electrones):

— ~ 3 1 ~fi £ 3 3
E[r]=%[ 4 i ) v 3 frpy oo Bl ]
i
Equation3-20
Correspondingespectively to the electronic kinetic energy of the fictitious KS system,
the correct Columbic interaction of the electron distribution with external potential, the

cl assical Col umbi ¢ i nt-ceararce li edotnisg n 0a nado ntthrea b

correds the former three terms for their neglect of various effects. To get a better
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understanding of the scope and limitations of this expression, we will discuss each term
in some more detaf*®

The first term, representing kinetic energy, is very difficult to accurately calditataly

from the density, and that is one of the main reasons that the mleotiened KS orbitals
are introduced (1 .e. I ns KSoabdalswlichdgetemine n g
}), although that represents the clear deviation in attempttesesqt the energy in terms

of the density only. This approach strongly resembles the one incorporated in HF theory,
and the variationaly obtained occupied KS orbitals resemble molecular orbitals calculated
by the HF method, and they can be utilized inlitatave MO considerations.

Of course, the obtained kinetic energy is by no means exact, since it originates from
fictitious KS system of non interacting electrons, and it requires additional corrections.
The term, describing the interaction of the el@ttdensity distribution with the external
potential (nuclei) is exact. The third term is the classical expression for the electrostatic

interelectronic repulsion energy if the electrons were smeared out into a continuous

distribution of charge witheledrn densi ty |} . It i s essenti

interaction term in HF theory. The final term, or exchaogeelation functional, should,

in principle, contain the correction to all the previous contributions. Although the exact
exchangecorreltion functional should incorporate the effect of electronic interactions
on kinetic energy, in practice, such a term is not explicitly present in Dfo&s. It is

common practice to further separate this XC corrective term to the part corresponding to

al

Aecxhangeoan& ot her corr es p Natwudliynhe purpose 6fc or r e |

Ex term is to correct neglect of exchange in DFT agdtould takento account the
existence of Coulmb hole The different form of the Gdombic and Exchange
expression in DFT, as opposed to HF, prevents the perfect cancelation of the fictitious
selfinteraction contributions, and thus, requiring thatcBntribution take into account

this problem as well.

Since the exact form ofC term is unknown, in the rest of tloéscussion, we will call

the model Hamiltonianthe exchangeorrelation(XC) approximations, reserving the
term exchangeorrelation functional for the unknown, exact, formulation of this
expression. By analogy, various approximations to the Hamiltonian in DFT will be called

density functional approximations (DFAS). Although, sooh¢éhem are developed on a
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basis of constrains emerging from the physical considerations, the more successful ones,
do contain empirical parameters that must be determined by some means. This is usually
done by itting a functional to a fevabinitio or experimental atomic properties, although

it is definitely preferable to include some molecular observables and reactivity patterns.
For example, the low quality performance of many eautycfionals for spin state
energetics of transition metal complexepastially a consequence of the fact that in the
fitting procedure during their development, the spin state energetics was never used in a
data set. The important consequence of the fitted parameters beside the unwanted premise
of semiempirical charactas, that these DFAs cannot be improved in a systematic manner
(which is a major drawback compared with standaasefundion theory). Before we

start discussing the specific DFAs, by using the acronyms under which they are most
familiar, we mention, thatheseapproximations are often labeled by the initials of the

quantum chemists who have proposed them.

341. Jacobdés | adder

Many proposals have been made for the functional form ofxtlamé& k&, and there
is an enormous list of DFAs arranged into a numberadses with varying levels of
complexity. We adopt here an order of presentation of excheogelation DFAs
hierarchy, proposed by Perdew, which is m
increasing accuracy and sophistication in DFAs design and aotigtr. The steps start
at the simplest LDAvide infra) expression and should end up in bypothetical exact
functional. (Figure3-2)
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3.4.2. Local Spin Density Approximation (LDA)

LDA3’ depends solely upon the value of the gt@tdensity at each point in space.
In the framework of this approximation, the energy is obtained from a purely local integral
over only the simple, point value of the electron density, with separate local exchange

e ( £r)) and correlation termg ( {r)).

S () g d (r) ~(e(r))) ()R

Equation3-21

This relatively simple description emerged from the electrically neutral system of
homogeneous electron gas othex uniformly smeared out positive charge in a box. This
model was extensively studied in theoretical physics, has the exact solutions for some
properties and bears very important similarities with problem of electrons in molecules
(where electron densitis smeared around positive nuclear charge). Of course, the
electronic density distribution in a molecule is certainly not homogeneous, but to a good
approximation, locally, we may assume its homogeneity. Within this approximation, the
analyticalexpressias fortheexchange contribution are available, for example the Slater

proposed

Equation3-22

vy
g (1) e (1) (v = 2% § HE)t

Equation3-23
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From which we see that exchange energy will be higher (more negative) in the regions of
higher density. The contribution of tBgis not that simple andnly limiting expressions

for the density dependence are knoswactly In the limits situations (highand low
density that generate infinitelyeak and infinitelystrong correlation), correlation energy

as a functional of density can be writteA*as

1
1,..43 9 a8 345D 34
e=-Ang— B +x ACln —— o Dr
3 g4pr9 acp g 4 @r
Equation3-24
a
e
&
eczéag. gol+gl1 + >
3 o 420

Equation3-25

The most common of these correlation DFAs have been parameterized to
reproduce the highly accurate Monte Carlo results obtdimethe simulations of the
homogeneous electron gas for several intermediate values of the density, while
reproducing the exactly known limiting behavior. So, for this system with constant
density, this functional is exact. The combination of the Slated lexchange DFA with
the correlation contribution obtained by the described manner is often reported to as the
SVWN (SlaterVosko-Wilk-Nusairf’ or just as (simple and a little misleading) LDA
DFA. As is more sophisticated DFAs, the electractron interactions effectively
includes the electrosef-repulsion, because the exchange and correlations contribution
donodt exactly cancel out as i n HF theory.
analyzed with SVWN functional, the Coulomb energy (of one electron with itself) is
0.298 atomic units (guvhile the Slater exchange term@278 au and they almost (but

not completely) cancel out.
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Generally, LDA methodology is remarkably accurate when we consider the relative
simplidty of the energy expressich®® For example, it provides good geometries, with
bond lengths being usually underestimated, which makes it superior to many higher levels
of theory when considering the geometrical parameters obtammdchystal diffraction
methods (where bond lengths are contibigthe compact crystal packinghe simple
properties that crudiy depend oithe quality of the optimized geometry, like vibrational
frequencies, charge densitiasd theJahn Teller(JT)stabilization parameters are also
described accurately with LDA. However, the LDA is not a good approximation for
systems with weak bonds or, generally, the systems with complicated electronic structure,
like transition metal systems with close lying etenic states of different spin
multiplicity. The various variants of LDA methodology have been utilized in a broad
variety of applications for calculations on solid state as well as discrete molecular
properties’®

Since density in molecular systems is #iocal, and a purely local description is

obviously insufficient, the further development inclualso funtions of the gradient
Pr ), GGA DFAs,and Lapla@n (D?r ) of the densitymetaGGA DFAsQualitatively,

the incorporation of the derivatives can be justified by the fact that energy is different in
regions where density varies rapidly (close to nuclei) compared to those where there are

no abrupt changes (far away from the nuclei).
3.4.3. Generalized Gradient Approximation (GGA)

There is a great diversity of GGA exchange and correlation DFAs. They aiffeng
each other by various design considerations such as  number of parameters, the
theoretical and experimental data to which the parameters have been adjusted and the
form of constraints that have been applied to the nature of the softidh$he typical

expression for the GGA exchange can be wr |

contribution Equation3-22, by utilizing the enhancement factdf (s) , that is a function

of reduced density gradierst>®

30



E, con= [ExF ()

Equatian 3-26

Br]

2r:(3 /5)é

S=

Equation3-27

The reduced density gradieatcan be understood as a local inhomogeneity parafieter.

4
Since it is a quotient obr and r 2 it will have large values in the region where ether

4
Dr is large or ther is small(far away from the nuclei). The 2 is used so thewould

be dimensionless quanti#{One of the more important variations in GGA DFAs is PBE.

It represents a atting point in development specializel DFAs, crugal for the subject
of this thesis, so it will be considered in more details. The exact form d%the(s)

can be written as

e 1 7]
I:F’BE,X (S) :1 +KPBEgl l+ LPBEsz g I—PBE ,7¢|:>BE/K PBI

Equation3-28

The expression for the GGA correlation in the same functional can be expressed as

Eree =Y 8€( .7) 2 , 1) ¢r

Equation3-29

: . . o r.- r _ _ I
Where z is relative spin polarizatian =———=, andH is the gradient contribution to
r

total
the correlation part, which is a function of another dimensionless density gradient,

Gradient contribution to the correlation part can be written in the following form
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Equation3-30

And the equations fdrand scaling factor ( Jare

e

af (3 o3P

t=

Equation3-31

f( a: (l+z)2/3 _(1 _32/3

2

Equation3-32
We can see that the exchange part contains gntgrm in the denominator while
correlation contribution contains bathandt?.

3.4.4. ThemetaGGA aproximations

The expression for the z in metaGGA or MGGA DFAs additionaly incorporate the

LaplacianDr and/or the kineti@nergy densiti 43638

EygeA[r]:ﬁf( rb,rb, )d3lr

Equation3-33

Just for the sake of demonstration, total density can be easily separated into contributions

from U and b spin (as with all other DFAs).
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Equation3-34
It hasbeen demonstratetidt these two ingredients carry essentially the same extension
to the GGA approach. Considering the additional complexity of these,[tRas bit
surprising that they do not have significantly improve accuracy compared to GGA level

of theory.
3.4.5. The Hylid DFAs

LDA and many GGA DFAs as an daict of design give the overlding and somewhat

short bond lengths (this is one of the reasons that the results for atomization energies are
poor). 43638 Since HF have completely opposite trends it is natural to assume that some
form of combined treatment might bring improved resdlte hybrid DFASs are obtained

by linear combination of the exact exchange interaction calculated from the HF theory
and Ex and Ec from standard DFAs. The exchange contribution from E4.Have the

following form

]

E = K;= ﬁffj*(rl)Ki (r) f(r %, =aA ﬁ«])i*(er)rllz () € HrtdT,

Equation3-35

One of the most popular flavors of hybrid DFAs is B3L*PRhich is acronim for
for Becke, 3parameter, and Le¥angParr.

Although the computational cost of hybrids is higher compared to GGA DFAs (but
this strongly depends of the way that some functionahtiesmplemented and of general
characteristics of a particular DFT software), hybrid DFAs, apaaaly B3LYP are
widely accepted as a DFigold standar@ f o r ac c ucalauagon. pAs @ perty
consequence, concerning all DFT metodologies, they &ee bye most cited and utilized
among chemi dttd ss hoawruwn ibtey ment igoldeed st aatdaB3dIib®

for systems that contain transition mef&lBlF exchange can be included also in a range
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separated fashion, where lerange interactions are treated with HF while short range
interactions are modeled with GGA DFA.

3.4.6. The importancef DFT in modern computational chemistry and physics

After covering the basics in the previous sections of this chapter, we can
understand why state of the avavefundion based methods are oftenly regarded as
methodology of choise for accurate calcigias of chemical interest, but that they need
to be handled by experts in the field and come at great computational expense. Thus, they
are limited to relatively small systems, if drastic simplifications in basis set or the method
itself are not introducedAs a consequence, from a broad palette of electronic structure
methods, Density Functional Theory (DFT) emerged into the mainstream of quantum
chemical methods, because of its good compromise between the accuracy of the results
and the computational efiency. DFT expirienced an explosive growth since the 1990s
following the development of hardware and seitecapbilities, sed~igure3-3. In the
last decade, DFT kra become not only a important tool for researchers all over the world,
but also a inescapable tool in many undergraduate curiculums, as verry accessible, simple
to use and valuable insight into the electronic, structural, spectroscopic, magnetic and

mechaistic properties of various chemical proceses and phenoffiefBigure3-3)

Vi Eor example, there are 192 papers in the Journal of Chemical Education that are in various ways
utilizing and refering to the Density Functional Theory, but only 10 before 1998 (results are obtained by
searching the exact phrase fAdensity functional 0)
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Figure 3-3 The number of publications where the phrase "density functional theory"
appear in the title or abstract from a Chemical Abstracts search covering the years from
1977 to 2017.

3.5.Basis sets

Since Schrodinger equation can not be solved analyticalgrigthing but trivial
systems, for virtualy all molecules the trial wavefunction have to be constructed as Slater
determinant consistring of oredectron functions, molecular orbitals, MOs. These MOs
are in turn most oftenly expressed as variationaly opéthlinear combination of atomic
orbitals from constituting atoms. This is veryagenable aproach, since atarge
internuclear separation®lOs became pure AOs, but have a serious set back in fact that
we do not know how atomic orbitals look like. Evenree, it was soon discovered that
unless the continuum was incluffethe only starting point, hydrogdike orbitals do not
form a complete set. Among alternatives, the most useful for chemistry are Gaussian type
basis functions (GTO) and Slater typasis functions (STJ). Slater type orbitrals have
the cusp at r=0, i.e. they show correct behaviour, that we expect from atomic orbital. They

also demonstrate correct behaviour at large values Gaugsians don't capture the

_ _ 2
exponential decay€ ' ) naturally, sice they have€ " form). Thus, as a consequence,
Slater basis functions are closer to the actual solution, and therefore fewer of them are
needed for accurate resuls. Linear combination of Gaussian basis risreiio be used

to reproduce correct behaviour by cufiteng to a Slater orbital, but any orbital made

* continuum demonstrated to be prohibitively challenging to utilize in real life calculation
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froom Gaussians have a slope of zero at the offfigure3-4). These discrepancies turn
out to be very significant in molecular calculationslé supra.

The biggest advantage of Gaussian functions is that their integrals can be evaluated
analytically and, even more importantly, that a productSadissians at different centers
can be expressed as a one Gaussian function. This enable us to reduce-edintauéd
integrals to twecentered integrals, which then can be evaluated analytically.
Unforturatly, distinct to the wavefunction based methods, matrix elements that
incorporate exchange correlation potential can not be evaluated analyticaly. As a
consequence, DFT specialized softwarg (ADF)*? that utilizes the fact that numerical
integration can not be avoided have eged. They produced the code that utilizes STO
as basis functions since they ar&imsically the most suitable for electronic structure

calculations. This makes ADF speciatlgnvenientand accurate for the systems where
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complicated electronic effects and significant contributions from electron correlation are
pressent, importaxample being transition metals and their compoupieigure3-4)

STO-3G

...~ Three gaussians with different
7 sexponents used to construct STO-3G

r/ag

1 2 3 4 5

Figure 3-4 A hydrogen atom 1s STO can be fit with the three Gaussian functions (that

is the origin of the ST@AG label). Both the values and the coefficients multiplying the

Gaussian functions are optimized in the best method.
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3.6. Spin states and Density Functional ieory

The problem in application of DFT for spin states was first noted in #a01d it
was concluded that early Generalized Gradient Approximation (GGA) DFAs favored
low-spin states, while hybribFAs including HF exchange favored higlpin states. In
the following years, many DFAs showed partial success, but mainly failures in attempt to
tackle the problem of close lying spin states in TM complé%&$. In 2004, the
combination of relatively new, OPTX exchange functidfalyith the PBE correlation
part gave excellent results for the spin states of iron complexes, and hence a new DFA
was born (OPBE$>4

Sincecorrelation part of OPBE (OPTX)dicated excelent performance of for spin states,

and later as well SN2 reaction barriers, it was combined with PBE that gives good results

for week interactions. After incorporatio of Gr i mmedés D2 di-spersio
D functional was createt!. It should be noted that in the new SBBDFA, beside

exchange term witk?, the simplified correlation term that contains otilwas used

N =S | 7
H =W, B3 U 1o - %
SPBE,C( ) PBEc % c 81 1+ GtZ H

Equation3-36

Future developement led to the S12g D¥ A& which instead of reducing the
correlation term td?, exchange term is extended talirdes’ term in F, expressiort’

The equations look simpler if we introduce the new variable

Equation3-37

In order to achieve a flat profile for low valuesxthe somewhat rearranged expression

is given, with the A, B, C, D and E being parameters:
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Fasox (X )= A 4B &D 1 go——
a20x(%) & 1+Cx¢ 4Dy 3 & EX

Equation3-38

Fleg,X: a CLDAX 6?/3 Fng(Xi)

i=a, b

Equation3-39

To sumarize, initial sucse84548 and some failuréé with OPBE led to the SSB DFA

i n which there is Grimmeb6s D2 dispersion
expressions for O and PBE in order to capture the complementary good sides of both
GGAs. Further refinements to make DEA numerically more stable and inclusion of

Gri mmebés D3 dispersion ene-Dsgusgcessof,512DFA. | e d
Both SSBD and S12g kept good performance for both structural parameters and
electronic structure from OPBE, but also haveaeradventages, most notably with

weak interactions. OPBE is still better choise for geometry optimization thatDSSB
because of some numerich$crepanciesDemand for simple and accurate treatemant of
complicated electronic states of TM systems lethémy validation studies of different

DFAs, on various systems that proved to be chalanging for spin state energetics. The three
above mentioned DFAs that are specifically designed for spin states (e.g. OPBB, SSB

and S12g), show to be excelent startingomt for vast diversity of interesting
coordination compounds. The thorough examination of available theoretical methods
was one of the aims of #WPhD thesis, and, in a final step, it directed us toward the best
theoretical methodology for the studytbe effect of different close lying spin states on

a complicated catalytic mechanism of catechol dioxygenase mimic complexes.

Some systematic influences of the different calculation types on the spin states are well
documented, naming just few: disperst8scalar relativistic effects, zero point energy

and enthropic aatributions?® implicit solvatiorf® and basis séf:>°

39



4. Our calculations
4.1.P450 mimics and chalanging complexes for spin state calculation
4.1.1. Short introduction

Metalloenzymatic reactions are a great challenge for accurate theoretical mettods,
only because of the size of such systems, but also because of the different electronic spin
states that the active center has at the various catalytic steps. lllustrative example is the
well-studied oxidation by cytochrome P2&5¢, that has an iron ithe active siteThe
l ow spin (LS) (doublet) ground state of the
to a high spin (HS) sextet as the substrate expels the stabilizing water cluster from the
active sitee>>* The change from iron sixo five-coordination enables the first electron
reduction, so that molecular oxygen can bind on which the system returns to a LS (singlet)
state3>* A second electron reductiand protonation of the distal oxygen occurs next,

5455 put the following steps are less well establisitéef Most probable mechanisth
presumes that a second protonation leads to loss of a water molecule and formation of the
elusive compound |, whirt abstracts a hydrogen from the substrate, followed by a
rebound reactiot?>® to give the hydroxylated product (sBehemes-1). 5456 One of the
alternative mechanistic pathways would be that, the protonated dioxygen compound leads
directly to product via a cationic pathway. The recent characterization of compound I, a
key intermediate in # oxidation of carboimydrogen bonds by cytochrome P4%0,
together with various other theoretical and experimental rétitsave opened many
doors that will lead to a better insight in mechanism for controlling reactivity, dfyO
metalloproteins An accurate theoretical description of the spin ground states of the
various intermediates afytochrome P450s vital to elucidate the mechanism of the
catalytic cycle>+6465

In this chaper we will presenta detailed DFT study on OPBE optimized
geometries of iron complexes-7), Figure 4-1, with experimentally established spin
ground states, ranging from singlet to sextet, and extended it with two iron porphyrinato
complexes§, 9, Figure4-1, that have been reported to have different electronic ground

state in spite of their similarit§?5¢”.
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pathways, in the catalytic cycle of cytochrome P450 enzymes

The implications of obtained results on the future studies and exploration of spin
states in the catalytic cycle of P450, in orde unambiguously determine the exact
mechanism, are thoroughly discussed. In addition, spin ground states of few iron
complexes, that Yoshizawa and-worker$® have studied with B3LYP using three
different basis sets, were reexaed in order to choose the proper level of theory in
determination of P450 catalytic cycle.

The total set of molecules consists both of Fe(l)3( 8 9) and Fe(ll) 4i7)
complexes Figure 4-1, and show a diversity of experimentally observed spin ground
states. After the thorough examination with versatile s&FAs, on OPBE optimized
geometriesyalidation studyof the new S12g functional is performed. We will start our
discussion focusing on the influence of structure relaxation on the spin states of the
Fe(lll)-complexes 1-3.%° Experimentally, F&PyPepS) (1, PyPepSkEN-2-
mercaptopheny? {yridine-carboxamide) has a LS doublet ground stafe(tsalen)Cl
(2, t s al e-ethylenebidthiodsdlicylideneiminato)) an intermediate spin (IS),
quartet ground state and Fekl(CH2-0-C6H4S)3)(tMe-imidazole) 8) a HS sextet
ground staté? Then we will discuss the Fe(ditomplexes ((Fe(NH)SL, (NH)Sy=bis(2
((2-mercaptophenyl)thio)ethyl)amine, L=C@&)( PMe; (5), NHz (6) and NHa (7)).
Compoundgli 5 have a LS (singlet) state and compou6idéreportedly a HS (quintet)
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ground state.”®”® Futher, we will focus on HMYporphyrinato)Cl, FePCl8) and,
Fée''(porphyrazinato)Cl, FePzCB), which have a sexteind a quartet ground state,
respectively. Finally, we will address the implications of the choice of DFT functional on
the catalytic cycle of cytochrome P450.

N/...\H\
o\ Sy, ‘ WS,
= o) ' CFe """" "
N ==
= S/ | \S
L

Fe
o= "N
b L = CO (4), PMe; (5)
5
,,,,, WSy, /1fnf
s, ¢ @
N
Fe
_ SN
N N

L = NH; (6), N,H, (7)

3 X=CH(8),N(9

Figure4-1 Fe-(PyPepS) 1 (PyPepSH= N-2-mercaptopheny? -@yridine-
carboxamide); Fe(tsalen)@( t s a | e-aethylendhightid-salicylideneiminato));
Fe(N(CH-0-CeH4S)k)(1-Me-imidazole)3; (Fe(NH)S)L 4 (L=CO), 5 (PMe3), 6 (NH3), 7
(N2H4) ((NH)S = bis(2-((2-mercaptophenyl)thio)ethyl)amine); Iron porphyrin chloride
(8, FePCI) and iron porphyrazine chlorid®,(FePzCl)

4.1.1.1. Structure relaxation of Fe(lll) compountis3

The optimization of the three Fe(lll) molecules3) leads in all cases to the
expected structural changes for the different spin states. Comparison of optimized
structures ofi-3 indicates to an expansion of the ligand spheteen we go from low to
high spin stateGoing from the doublet to the quartéats, first the equatorial ligands

move away from iron while the axial ligands stay almost at the same position. In the sextet
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state, the equatorial ligands remain virtually at the same position, but the axial ligands

(have to) move out.

4.1.1.2. Spin state energs for compounds-3

Comparing the spin state energies, calculated on the experimental stftmitmeesults

from optimized geometrie§able4-1, it is evident that the energy gap between different
spin states decreases. In the case of comphuhe doublet ground state has the closer
lying quartet and the sextet state after geoyngbtimization. Molecul& has the quartet
ground state. The relative energies of the doublet and sextet states are also reduced after
structure relaxation. Same trends apply for the sextet ground state of c@niptaxall
complexes, after the spin statlaxation, OPBE continues to give the correct spin ground
state. Its recently developed successor, S12g, also predicts all spin ground states correctly.
Spin contamination is small for these complexes, and therefore shall not be attributed any
further. From theTable4-1, it is clear that after optimizing the structures for each spin
state separately, also a number of theeam containingDFAs(seeEquation3-27 and
discussion from the introductigrthat were successful on experimental geonféfajiled

to reproduce the ground state of molecdlesd?2. The hybridDFAs, BHCTHh, B97,

O3LYP and M06, some of the MGGAJHCTH, OLAP3, VS98), as well as HCTH/407

tend to overestimate the stability of the HS stasile4-1. The hybridDFAs without ¢

term show the same trend, which remarkably holds true for B3LYP, which gave at least
the right trend using the experimental geometries. The only hydFlls that give
reasonable results are TPSSh and B31, ¥Yihere the correct spin ground state for all
three molecules is observelhble4-1. TPSSh predicts for molecudghe LS and IS state

at almost the same energy level as the sextet state, while B3LYP* places the HS state of
1 at almost the same energy as the doublet ground state. The standard GGAs, including
XLYP fuctional, tend to predict LS ground state for the H8auoule3, instead.
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Table4-1 Spin state engies(kcal/mol) for Fe(lll) molecules-B using TZP basis set

Fe(PyPep) 1 Fe(tsalen)CR Fe(N(Ch-o-
XC LS IS HS LS IS HS LS IS HS
DFAsthat containes*term
OPBE 0 17.1 10.2 6.5 0 3.9 6.6 7.9 0
S12g 0 15.8 8.7 7.6 0 3.8 6.8 7.2 0
OPerdew| O 15.7 10.2 7.3 0 3.8 5.6 6.8 0
OLYP 0 11.9 51 8.9 0 1.6 10.1 9.9 0
HCTH/4 0 7.1 15.7 12.9 0 13.4 19.6 15.8 0
VS98 0 115 16.6 14.1 0 12.8 8.4 2.5 0
OLAP3 0 6.6 16.6 13.2 0 14.9 22.2 18.0 0
KCIS 0 19.8 194 3.7 0 8.2 13.9 0.9 0
UHCTH 0 10.4 0.1 10.9 0 10.2 12.8 10.8 0
¥ 0 10.3 70.8 | 15.3 0 1.6 9.4 5.9 0
B97 0 6.6 18.0 19.0 0 115 16.3 9.2 0
TPSSh 0 15.5 9.8 10.4 0 5.8 1.1 0.9 0
O3LYP 0 7.9 16.5 16.6 0 12.3 17.6 12.1 0
MO6-L 0 8.3 -8.7 14.9 0 -7.2 16.2 11.7 0
MO6 0 2.1 -19.3 | 26.1 0 -6.9 25.5 13.5 0
MO06-2X 0 -13.9 -52.2 | 44.2 0 -19.0| 544 25.0 0
DFAs that do not containg term
LDA 0 35.2 449 | i5.6 0 21.8 | 131.1 i155 0
XLYP 0 15.9 15.9 50 0 8.5 13.2 1.2 0
BLYP 0 16.9 17.5 4.5 0 9.2 14.7 0.3 0
PBE 0 21.0 225 2.6 0 11.2 | 188 125 0
Becke00 0 8.1 14.6 13.2 0 13.4 15.8 12.7 0
FT97 0 18.2 21.2 4.5 0 11.2 | 7113.9 135 0
B3LYP 0 6.5 17.3 19.1 0 10.6 15.1 8.3 0
PBEO 0 6.7 110.2 | 21.6 0 11.9 17.6 8.4 0
B1LYP 0 2.7 115.3| 234 0 13.9 21.7 11.2 0
B3LYP* 0 10.5 1.0 14.7 0 2.8 8.1 51 0
X3LYP 0 59 19.1 20.2 0 11.3 16.4 8.7 0
OPBEO 0 2.5 1196 | 25.1 0 17.6 28.9 15.8 0
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Table4-2 Spin state energies (kcal/mol) for Fe(lll) molecule3 dsing TZP
basis set, with OPBE and S12g DFAs, in vacuum and COSMO

GeoX | spi | Fe(PyPepS)1 | Fe(tsalen)CP Fe(N(CHx-0-CsH4S))(1IMImP®) 3
LS IS HS| LS IS HS LS IS HS
OPBE| 0 17.1 10.2| 65 0 3.9 6.6 7.9 0
OPBE |OPBE| 0 194 1301 93 0 6.9 7.9 7.4 0
S12g| 0 158 87| 76 0 3.8 6.8 7.2 0
S12g | 0 18.2 11.6/10.2 0 6.4 8.2 6.8 0
OPBE OPBE| 0O 18.8 13.1| 52 0 29 6.2 7.5 0
OPBE| O 174 10.2| 9.7 0 7.7 8.0 7.2 0
cosmo| S12g | 0 184 133 6.0 O 3.0 6.5 6.8 0
S12g | 0 17.1 10.6/10.2 0 7.4 8.3 6.5 0
OPBE| 0 183 105/ 74 0 6.2 7.6 8.1 0
S12g | OPBE 0 227 147| 10 0 9.2 8.6 7.1 0
S12g| 0 154 87|75 0 6.6 6.5 7.0 0
S12g | 0 199 131/ 99 0 9.3 7.7 6.1 0
s12g OPBE| 0 175 106 70 0 4.7 7.5 8.4 0
OPBE| 0 205 149|112 0 6.7 8.8 7.2 0
cosmo| S12g| 0 157 92| 6.6 0 4.7 6.1 6.8 0
S12g | 0 18.8 13.7/104 0 6.5 7.6 5.9 0

The choice of exchange correlation functional has an obvious influence on geometry, with
tendency of S12g to give somewhat longer bond lengths than OPBE. Unlike the choice
of functional,influence of environment on geometrical parameters during the structural

relaxation was not very significant, and it depends on system under consideration. In most
cases, optimizations with COSMO gave slightly longer bonds, but without consequences

on spinstate orderTable4-2.

4.1.1.3. Structure relaxation of compounds/4

The spin state dependent structure relaxgfidhgeometry optimizationjor the
Fe(1l) compounds results in the similar differences eligf@nd dstances as for the Fe(lll)
compounds. In the case of compouhdhe FeN, FeS and FeC distances are slightly
elongated in comparison to the distances in Fe(lll) complexes due to the additional
electron in Fe(ll) systems. Interestingly, the hydrazine group in mol&asléound at
2.025 i n the singlet, and at 2.338 j

* Geometry optimization with frozen core electrones
X Subsequent single point calculations with full electron basis sets
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the triplet state (in OPBEBEptimizedstructures). This dissociation occuwiso with the
Atranso f or »HL (vdée infi@d FEhérélare) t8plet energies fof are not

discussed in the next section.

4.1.1.4. Spin state energies of compoundsg 4

The spin ground state of the Fe(ll) completesd5 is correctly predicted using
OPBEand S12g levels of theory (s&able4-3), i.e. the singlet is the lowest in energy
for both molecules, in agreement with experimental data. For com@otimeltriplet and
quintet states are significantly higher in energy. The gnélifferences between the
different states are smaller for compoundAs a result, the relative stability of the HS
(quintet) state ob is overestimated by almost all hybrid levels of theory due to the
inclusion of a portion of HF exchange in th&eAs. The HF part leads to an erroneous
overstabilization of the exchange interactions between electrons having the sarme spin.
accordance with the explanat®from the methodology chaptdretarger the amount of
HF exchange, the more the HS state is stabilized. For instance for the series B3LYP*,
B3LYP, X3LYP, B1LYP, the relative energy of the quintet statd isfrespectively0.7,
-11.0,-12.7,-20.8 kcal/mol, which correlates very well tvithe amount of HF exchange
in theseDFAs of respectively 15, 20, 21.8 and 25%. The only hybrid functional that does
not seem to suffer from this is the TPSSh hybrid functional, which includes only 10% HF
exchange. Similar tthecompoundsgl and5, we fourd after spin state structure relaxation
a LS ground state for iron complex@and?, with the IS and HS higher in energy by 3
10 kcal/mol seeTable4-4). Unfortunately, the experimental determination of the spin
states of compound®and?7 is inconclusive, since anomalous higdx values of 1013
€s havebeen measured that indicate impurities, e.g. by metallic iron. For com@gaond
solution, a HS statwas observetf,but a compound similar t6 showed a diamagnetic
LS Fe centef® Moreover, indications of dimer formation of the ligainde [(Fe(NH)9)]-
conplex were observed*’ Since the different forms of the (Fe(NH)S complex in
these studies were obtained, we have checked both forms for comgeunds. with
the fAtrans o0 an Bigure4e Bifterent forms ahcomfpownds-4). For
both forms of each of compounds7 we found a LS ground state, albeit with smaller

spin-state splitting for compoundsand?.
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Figure 4-2 Different forms of compounds7

These findings can be traced back to the strength of thdigaomd bond, which seems to
be much weaker for compoun@& than for compound4/5. The weakly bounded NH
and NH4 ligands are easily exchanged with €HH, solvent (THF) or CO’® These
experimental data corroboratee computed ligandinding energies, which indicate
strong and favorable binding of CO and P(Me)form the singlet ground state, but less
favorable binding of thether ligands or spin staté§ Interestingly, the monomeric
Fe(NH)S complex witlout a ligand is predicted to have a triplet spin ground state in the
trans form, while the other spin states or the meso form lying higher in energy by at least
7 kcal/mol. The ligandree complex may dimerize to give the experimentally observed
HS statehrough ferromagnetic coupling. The latter process has not been studied due to
the complexity involved with ferromagnetic versus datromagnetic coupling of the
many spin states that need to be considered. This is confirmed by a recent study using
high-level ab initio methods that indeed found a singlet grostate for these
molecules®l n a detailed study, Aacc BamIvwa® spin
found with double hybrid B2PLYP functional, and also authors obtained the HS state for
molecule6 with OPBE’® Since the last result is in disagreement with study, we
optimized the structures of moleculésand 7 using OPBE functional. The obtained
results were in accordance with the previous stidyt the structures were highly
distorted representing only the local mimion the potential energy surface.

Comparing the different DFAs for prediction of spin grostates of compound
6 and7 (Table4-4), it gets clear that the only DFAs that give good results are OPBE,
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S12g, OPerdew and TPSSh. Hybrid DFAs were not able to capture correct ground state

and predict the quintet state as theugia state.

Table4-3Spin state energies (kcal/ mol)
trans(Fe(NH)S)CO 4 (Fe(NH)S)PMe: 5
XC singlet triplet quintet | singlet triplet quintet
DFAs thatcontaines*term
OPBE 0 23.4 34.8 0 16.3 20.1
S12g 0 19.1 28.0 0 14.5 17.7
OPerdew 0 22.8 33.7 0 16.7 20.2
OLYP 0 17.7 24.4 0 10.2 8.9
HCTH/407 0 13.1 14.6 0 5.7 2.1
VS98 0 10.5 6.4 0 20.7 9.7
OLAP3 0 15.0 13.4 0 5.0 -6.7
KCIS 0 22.3 36.4 0 19.4 26.2
OHCTH 0 15.7 20.1 0 9.4 4.8
UHCTHh 0 14.3 14.8 0 10.2 2.0
B97 0 11.1 5.9 0 6.6 -8.0
TPSSh 0 17.6 22.7 0 15.0 11.4
O3LYP 0 14.8 13.5 0 8.2 -2.8
MO6-L 0 15.9 11.0 0 16.7 6.8
MO6 0 11.3 -0.9 0 8.2 -8.8
MO06-2X 0 -8.3 -44.6 0 -14.5 -63.2
DFAsthat do not containg*term

LDA 0 36.1 67.8 0 36.4 62.7
XLYP 0 15.5 26.5 0 10.6 13.7
BLYP 0 16.7 28.8 0 11.9 16.4
PBE 0 22.7 39.4 0 19.6 29.5
Becke00 0 10.8 8.7 0 6.5 -4.7
FT97 0 21.7 37.4 0 17.7 28.2
B3LYP 0 9.2 4.1 0 4.7 -11.0
PBEO 0 11.9 5.7 0 8.6 -8.1
BI1LYP 0 6.0 -4.8 0 1.3 -20.8
B3LYP* 0 12.5 13.2 0 8.3 -0.7
X3LYP 0 8.7 0 4.4 -12.7

f
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Table4-4 Spin state energigsk cal / mol ) f or | abil e (fimesood)
TZP basis

(Fe(NH)S)NHsz 6 (Fe(NH)S)N2H4 7
XC singlet  triplet quintet | singlet triplet quintet
| DFAs that containe*term
OPBE 0 10.3 6.6 0 -a 6.6
S12¢g 0 7.7 2.6 0 -a 2.5
OPerdew 0 11.0 7.0 0 -a 8.0
OLYP 0 5.1 -1.4 0 -a -0.7
HCTH/407 0 -1.3 -13.2 0 -a -12.4
VS98 0 11.0 -7.4 0 -2 -3.1
OLAP3 0 -1.0 -14.4 0 -2 -14.3
KCIS 0 13.2 13.2 0 -a 14.8
OHCTH 0 4.3 -6.2 0 -2 -5.2
UHCTHh 0 5.9 7.1 0 -2 -5.6
B97 0 2.1 -15.1 0 -a -13.9
TPSSh 0 11.5 34 0 -2 4.9
O3LYP 0 2.5 -12.0 0 -a -11.2
MO6-L 0 9.1 -3.9 0 -a -3.2
MO6 0 4.5 -18.6 0 -a -16.7
MO06-2X 0 -15.4 -70.7 0 -a -63.0
DFAs that do not containg term
LDA 0 33.9 45.9 0 -a 48.3
XLYP 0 7.3 54 0 -2 6.7
BLYP 0 8.8 7.6 0 -a 9.0
PBE 0 15.3 17.0 0 -a 18.6
Becke00 0 1.5 -12.2 0 -a -11.0
FT97 0 13.6 16.9 0 -a 18.3
B3LYP 0 0.6 -16.8 0 -a -15.5
PBEO 0 3.3 -16.2 0 -a -14.8
B1LYP 0 -3.0 -25.3 0 -2 -24.1
B3LYP* 0 4.5 -7.8 0 -a -6.4
X3LYP 0 0.3 -18.3 0 -a -17.0

a) ligand dissociated (see text)

As in the case of previous investigated molecdlss after optimization with
S12g, somewhat longer bond lengths have been obtained. In contrast to the Fe(ll)
complexes 1-3), the Fe(lll) P450 model system4-7) are prone to the influence of
environmen{COSMO calcuhtions) on spin state orderintable4-5 and
Table4-6. Calculations with COSMO solvation model revealed a tendency to favor the
HS state in almost all complexes. The fact that inclusion of COSMO can affect the energy

separation of states doestmake much difference in complexeand5 where there is
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large LSHS barrier, but can produce considerable effect with mole6uaad7 that have

close laying HELS states. Examination of the results giveiable4-5 and

Table 4-6 shows that, for all systems, S12g gives the values in a good agreement with
OPBE.

Table4-5 Spin state energies (kcal/mol) for labil ( At r an s dandxusingp | e x e s
TZP basis, with OPBE and S1PgAs in vacuum and COSMO

GeoXi | gpii | trans(Fe(NH)S)CO4 | trans(Fe(NH)S)PMes 5
singlet triplet quintet| singlet triplet quintet

OPBE 0 23.4 3438 0 16.3 20.1
OPBE | OPBE 0 245 36.6 0 17.3 18.6
S12g 0 19.1 28.0 0 14.5 17.7

S12g 0 20.2 29.7 0 15.4 16.3

OPBE OPBE 0 235 353 0 164 204
OPBE 0 245 36.5 0 17.3 183
cosmo| S12g 0 19.4 29.1 0 151 191
S12g 0 20.3 30.3 0 159 17.1

OPBE 0 23.4 34.2 0 196 194

S12g OPBE 0 24.3 364 0 20.3 19.2
S12g 0 18.7 293 0 156 16.8

S12g 0 196 314 0 16.3 16.6

s12g OPBE 0 24.6  35.0 0 199 192
OPBE 0 24.8 36.5 0 206 18.2
cosmo| S12g 0 204 30.8 0 158 17.1
S12g 0 205 322 0 16.4 16.2

Xl Geometry optimization with frozen coreeadtrones
Xit Sybsequent single point calculations with full electron basis sets
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Table4-6Spi n

state

energies

TZP basis, with OPBE and S1PgAs in vacuum and COSMO

GeoXV | spv | mese(Fe(NH)S)NH3 6 | mese(Fe(NH)S)N2H4 7
singlet triplet quintet| singlet triplet quintet
OPBE| O 103 6.6 0 -V 6.6
OPBE |OPBE| 0 101 309 0 V4.4
S12g| O 7.7 26 0 v 25
S12g| O 7.4  -0.1 0 v 0.3
OPBE| O 106 7.2 0 v 71
OPBE lopBE| 0 99 35 | o0 v 38
cosmo| S12g| O 7.9 3.5 0 V3.6
S12g| O 7.0 -0 0 Vo 05
OPBE| O 101 75 0 V7.6
S12g | OPBE| 0 10.7 5.7 0 V6.8
S12g| O 84 53 0 v 53
S12g 0 8.7 3.4 0 V46
s12g | OPBE 0 101 6.8 0 -V 6.6
OPBE| O 105 4.4 0 v 52
cosmo| S12g| O 87 49 0 V46
S12g| O 88 24 0 v 32
4.1.1.5. Iron porphyrin chloride and the porphyrazine analogue

The structures of FePC8)and FePzCI9) were optimized withirCs, Symmetry,
separately for each spin state. Similarly as in previous rés6iS,it was found that
porphyrin core size increases when going from the low to the HS state, and that the Fe

(kcal@amgusihg f or

Cl distance increases in going from the LS to IS state, and then slightly decreases in the

HS state.

OPBE predicts the correctispground state for both, FePCl and FePzCl (see
Table4-7). In the case of FePCl a sextet ground state was predicted with the quartet higher
in energy by 4 kcal/mol and for FePzCl a quartet ground state with the sextet 4 kcal/mol

higher. In both cases the LS state is considerably higher in energy. Similas szsult

found with the S12g, OPerdew and OLPIFAs. The hybridDFAs B3LYP, X3LYP, U

XV Geometry optimization with frozen core electrones
* Subsequent single point calculations with full electron basis sets

xiligand dissociated (see text)
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HCTHh and B97 (as well as BAP! that gives results almost indistinguishable from B97
results) predict the correct spin ground states, but place the LS doublet state at
considerable higher energy than the ddFé\s. This might be caused by the inclusion of

HF exchange (known to favor3dstates), and could therefore be an indication of a

cancellation of errors.

Table4-7 Spin state energy differences (kcal/mol, TZP basis) for FePCI (8) and
FePzCl (9)

FePCl FePzCl
doubleb quarteP sextet | doublet quartef  sextet
containing §term or higher
OPBE gga 18.4 3.9 0 12.5 0 3.7
S12g gga 157 1.5 0 12.8 0 4.9
OPerdew gga 17.9 3.5 0 12.7 0 4.1
OLYP gga  18.2 3.3 0 13.6 0 3.4
HCTH/407 gga 25.9 8.1 0 16.6 0 -2.3
VS98 meta 26.4 7.1 0 194 0 -1.8
OLAP3 meta 28.2 9.8 0 17.4 0 -2.8
KCIS meta 6.2 -4.2 0 9.4 0 11.1
t-HCTH meta 23.0 6.4 0 154 0 0.6
t-HCTHh hybr 31.8 3.1 0 28.0 0 4.1
B97 hybr 40.3 5.8 0 33.6 0 1.2
TPSSh hybr 20.9 -1.6 0 21.6 0 8.4
O3LYP hybr 37.2 8.3 0 27.5 0 -1.1
MOG6-L meta 30.3 11.6 0 20.1 0 -4.9
MO6 hybr 545 134 0 41.6 0 -5.6
MO6-2X hybr 101.3 22.3 0 76.7 0 -16.2
containing no $term
LDA lda -14.8 -16.6 0 0.5 0 24.2
XLYP gga 2.2 -7.8 0 9.8 0 13.3
BLYP gga 15 -8.1 0 9.3 0 13.8
PBE gga 1.6 -7.5 0 8.1 0 14.1
Becke0O0 meta 24.0 5.7 0 18.3 0 -0.2
FT97 meta -0.8 -7.9 0 8.8 0 14.0
B3LYP hybr 38.4 3.5 0 34.1 0 3.0
PBEO hybr 48.8 7.5 0 39.8 0 0
B1LYP hybr 48.7 6.9 0 41.0 0 -0.3
B3LYP* hybr 27.9 -0.1 0 27.3 0 6.5
X3LYP hybr 41.4 4.3 0 36.2 0 2.3

& values in parenthesis. a) obtained pe6F using OPBE densities/orbitals; b) relative

to FePCl sextet spin state; c) relative to FePzCl quartet spin state
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In accordance to previous studi&®>458 standard DRs like LDA,3” BLYP4082
and PBE? disfavor the HS state of FePCl (sEable 4-7). From the group oDFAs
containings’, HCTH, VS98, OLAP3, KCIS and O3LYP do not give the expected result
for either FePCIl (TPSSh) or FePzClI.

Hybrid DFAs, O3LYP, B1LYP and PBEO, predict correctly the HS ground state
for FePCl, but place the quartet and sextet state at equal level for FelRe®ise, MO6
predicts the HS state for FePCI correctly, but fails for FePzCl. On the other hand, the
B3LYP* functional predicts the spin state for FePzCl correctly, but fails for FePCI. XLYP
functional also predicted wrong ground state for FEPCI.

Table4-8 Spin state energy differences (kcal/mol, TZP basis) for Fegy@n(d FePzClI
(9), with OPBE and S12DQFAs in vacuum and COSMO

GeoXi | gpwii FePCI FePzCl
doublet quartet sextet| doublet quartet sextet
OPBE | 184 3.9 0 125 0 3.7
OPBE | OPBE| 16.3 -1.0 0 15.6 0 7.6
S12g | 15.7 1.5 0 12.8 0 4.9
S12g | 13.8 -2.9 0 15.8 0 8.6
OPBE | 18.0 4.8 0 11.6 0 2.9
OPBE |opBE| 169 -17 0 | 166 0 82
cosmo| S12g | 15.0 2.3 0 11.8 0 4.2
S12g | 14.1 -3.6 0 16.5 0 9.2
OPBE | 18.6 4.0 0 12.7 0 3.7
s12g | OPBE 16.3 -0.7 0 15.7 0 7.5
S12g | 154 15 0 12.6 0 5.0
Sl2g| 134 -2.8 0 15.4 0 8.6
S12g OPBE | 18.3 4.5 0 12.0 0 3.2
OPBE| 17.1 -1.6 0 16.8 0 8.1
cosmo| S12g | 15.0 2.0 0 11.8 0 4.6
S12g | 14.0 -3.5 0 16.3 0 9.2

COSMO calculations revealed clear and unambiguous effect on electronic
structure Table4-8. Introduction of the solvent favor the LS state, and as such have small
effect on a spin ground state of molec@itbat has quartet ground state and a close sextet
quartet state. As opposed, for moledBl¢hat is in a HS and has low lying quartet state
the quartet state is artificially stabilized to the extent that it becomes the ground state

»il Geometry optimization with frozen core electrones
il Sybsequent single point calculations with full electron basis sets
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within all COSMO calculations. S12g once again shows excellent agreement with spin
state energetics obtainatOPBE level of theory.

4.1.1.6. Implicationsregardingthe catalytic cycle of cytochrome P450

As demonstrated in this chaptdirdughout this study, B3LYP continued to fall
in providing the correct spin ground state of several iron complexes, as reported also by
Reiher and cavorker$® and Ryde and cworkers.®® Nevertheless, almost all studies on
the catalytic cycle of P450 so far have used the B3LYP functibiap*>663878 which
casts doubt on the conclusions drawn from the results obtained in these studies, especially
in view of the significance of thecdpin gr«
or fr ebounnvil®sugrdaTo btwdwrtlye infpact of our results on the outcome of
previous B3LYP studies on the catalytic cycle, we investigated the spin ground states of
few iron complexes (transition states TS1 and TS2 from*tegeeFigure 4-3 ) that
Yoshizawa and cavorkers have studied with B3LYP using three different basis sets. The
results with the smaller basis sets (EERG, LanL2DZ) differed considerably from the
results wih the larger (811+G**) basis set®® Using the TZP basis set, we obtained
B3LYP results that are similar to their large basis set results (see

Table 4-9). Having established the similarity between the Yoshizawa and our B3LYP
results, it is now instructive to look at the differences between B3LYP, OPBE and S12g
functional for these transitiostates,

Table4-9.
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Figure4-3 TS1 and TS2 structures (taken from Kamachi, Yoshizawa, J. Am. Chem. Soc.
2003, 125, 4652)

Table4-9 Doublet/quartet energies (kcal/mol) for Yoshizawa complexes (TS1, TS2)

basis set TS1 TS1 TS2 TS2
doublet guartet doublet guartet

B3LYP

LanL2DZ? 4.8 5.4 0 2.5

CER121G 6.4 5.2 0.8 0

6-311+G**@ 10.1 8.3 1.4 0

TZP° 10.9 8.4 3.5 0

OPBE

TZP° 3.6 5.5 2.4 0

OPBE COSMO

TZP° 0.3 3.8 8. 0

S12g

TZP° 3.Zx 5.4 9.9 0

S12gCOSMO

TZP° -0.7 3.5 11.1° 0

S 1.21 3.79 1.70 3.81

a) Yoshizawa and eworkers, ref®® b) this work; c) corrected for spin contamination
(eq. 2 of ref%)
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OPBE and S12g agree on the quartet state of TS2 having the lowest overall
energy, with the TS1 higher in energy. However, B3LYP predicts a much larger splitting
between TS1 and TS2 than OPBE and S12g. Moreover, fothE®bublet spin ground
state is predicted with OPBE and S12g, which is not in agreement with B3LYP results.
This disfavoring of the LS state is a characteristic failure of B3LYP as we have seen
throughout this study. It should also be noted that unlik&éalbther compounds, the LS
states of TS1 and TS2 are severely spin contaminated. This may result from the inclusion
of a portion of HF exchange, e.g. indicative of the cancellation of errors as discussed
above.

Given the evident failure of B3LYP to givecarrect description of spin ground
states of iron complexes, one should be very cautious when interpreting the outcome of
B3LYP studi es, especially when arguing 1in
pathway (se&schemed-1) in the catalytic cycle of cytochrome P450 enzymes. Also,
recent studies show that it is necessary to include dispersion correction in order to obtain
reliable results for@action barriers in P450 catalytic cyélé? Based on the excellent
performance of S12g for spin states splitting of iron complexes, that contains Grimme D3

dispersion term, previous conclusion seems to be justified.

1.1.1. Conclusion

In this chapter,the extension of our previous validation BDFAs for a correct
description of spin states of Fe(ll) and Fe(lll) complexes was presented. In the present
contribution we allow the structure relaxation of the LS, IS and HS states of the iron
compounds separately at OPBE and S12g levels of theory, thezdbynuing a more
stringent test on the reliability dDFAs for providing spin gound states of iron
complexes. Aditionaly, wéind that standardFAs like LDA, BLYP or PBE, but also
XLYP disfavor HS states. The set of reliablEAsis however drasticallyaduced: only
OPBE, the preferred functional from our previous study, its successor S12g and OPerdew
predict the correct spin ground state for all iron complexes under study.

OtherDFAs show questionable results for one or more iron complex.

56



Hybrid DFAs like B3LYP and X3LYP systematically overestimate the stability of
higher spin states. Only, the TPSSh functional (with 10% exact exchange) gives
reasonable results, e.qg. it fails for only two out of the nine compounds.

Questionableseracity of B3LYP resits is alsoshownon transition state models for
camphor hydroxylation, TS1 and TS2, that Yoshizawa anslarers have studied with
B3LYP.

4.1.2. Computational detail

All DFT calculations were performed with the Amsterdam Density Functional (ADF)
suite ofprogram*?>93%4 MOs were expanded in an uncontractecbé&later type orbitals
(STOs) of triplez quality containing diffuse functions (TZ¥ and one set of polarization
functions. Core elenins (1s for 2 period, 1s2s2p for' 84" period) were not treated
explicitly during the geometry optimizations (frozen core approximation), as it was
shown to have a negligible effect on the obtained geomé&trigs.auxiliary set of s, p,

d, f, and g STOs was used to fit the molecular density and to represent the Coulomb and
exchange potentials accurately for eS&F cycle.

Energies and gradients were calculated using the OPBE and S12g functional, in vacuum
and @SMCO"®® environment. Geometries were optimized with the QUILD progfam
using adapted delocalized coordinatesntil the maximum gradient comportevas less

than 1 a.u. In the first part of the examination, prior to S12g validation, single point
energies, on OPBE/vacuum optimized geometries, witeladitron basis sets, were
calculated with LDAZ837102 OPBE# S12g% OPerdew?31%* XLYP,8 X3LYP 23
BLYP,%08 PBE!%* OLYP 2219 HCTH/407% OHCTH& UHCTHhE VS9810
OLAP3% KCIS,197 Becke00!%® FT971%° B97110 TPSS!!! TPSSH!! O3LYP1O!
MO6,12 MO6-L,'* M06-2X,'12 PBEOI* B3LYP 15116 B1L YP ' and B3LYP*5,
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4.2. Complexes with 2,6Diacetylpyridinebis(semioxamazide)

4.2.1. Short introduction

Compl exes of pol ydentate acyl hydrazone |
i nterestingvei ncnag erkeesy umal features that I
potenti al 1182PpAmacmg i omany 2odbiheapet y-ldi ne
bi s(semi oxdmpzaiode) @Hdi anisc )mMoHwoaapnsiabxn i ¢
(dap)lsokor ms, are conformationallyl alFgeri bl e

number of potentFiigl44onamd ahemcse (dieepl ay ve

i n met al coordination, the exact nature of
mode of coordination is gmeteahedtbwm, thbenat
the | igand, as wel |l as the presence of ot hi

pockKeéttsterestigndagsox hei dadind (n=n0,df 2) hena
pent algiopyr ami dal compwiexess ¢ mM8B8PYd el ement s,
seveeonor dinate complexes abéeomkr emetammoonwi t
3ébl ock meTalcomPBP&xes have been wistbhleat ed ¢
Hddpsox Wittthe!Mnol?and''2and f or akda pagixst ohx
FeleB2f nd'1E¥.’ Ot her geometri eosctarhe dalado emod gio
is found whed #Hapgexww or dil'hdan & Nfites peet i vel vy,
while witNfoamsoxa squar e Fplramar meamg | ¢ he
monraoni oni ¢ f or ms enabl e formatxi commplfexseqsu aa
cut283gnd "PEherefore thesdsl bffantangetnbas dieg
exhibit a stereochemical di versity, partic
and/ or geometries obser veldodk metoaldiinar g .onl
a characteri stsihel t e anradmes i dif oonasp einn gener al
el ectronic conygurations are accessible the
states, where the preferred one is deter mir
(B dapsox hliisganmadgletd thee gbevgerrene oft33t3Fe) pr ot onc
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