MOLECULAR ORBITAL CALCULATIONS
ON
SOME METALLOPORPHYRINS AND RELATED SYSTEMS

KAUSHIK KUMAR BHATTACHARJEE

(7

DEPARTMENT OF CHEMISTRY
SCHOOL OF PHYSICAL SCIENCES

A THESIS
SUBMITTED IN FULFILMENT OF THE REQUIREMENT FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

To

Q“‘ iy

e

)
.\

A

NORTH-EASTERN HILL UNIVERSITY
SHILLONG-793 001
INDIA

FEBRUARY, 1985



MYNT L
/'Y "N HOJ O L—')' - CD}O
Ase, by......» (\
@lass by.............h
Sud. Headlag b7
@ata. by... e - ol
Cranscribed by <

®

g(“(? &C@

[y el A

3



nt
%y At



Phone :
Grams ¢ NEHU

North-Eastern Hill University

Bijni Complex
Bhagyakul, Shillong-793003 ( Meghalaya )

o :
ATD uﬂ\‘ P
Wi ;,4&@:)1%&%!3?"1'-’@%"

ML h il W i |
= R
B R

Lo
TN )
St

br. J. bSubramanian
Department of. Lhenishryo .-

I certify that the thesis entitled " MOLECULAR
ORBITAL CALCULATIONS ON SOME METALLOPORPHYRINS AND
RELATED SYSTEMS ¥ submitted by Mr, Kaushik Kumar
Bhattacharjee for the degree of Doctor of Philosophy
of the North - Bastern Hill University , Shillong ,
enmbodies the record of original imvestigation carried
out by him under my supervision. He has been duly
registered and the thesis presemted is worthy of being
considered for the award ef the Ph,D. Degree . This
work has not been submitted for any Degree of any other

University.

Date : 20-2.55 ¢
wwwm
Place : Shillong Signature of the Supervisor




Department of Chemistry phone : 6593

School of Physical Sciences Grams : NEHU
North-Eastern Hill University
Laitumkhrah, Shillong-793003.i
Pre— Ph.D Course Work evaluation Report Le5.79
1
Name
KAUSHIK KUMAR BHATTACHARJEE
No. Course Description Grade’ GPA
1. Chem-~401 Inorganic Chemistry I B 4.10
2,
Chen-443 Physical Chemistry IL A 4.90

3. Chem-541 Chemical Binding B 4,40
.. Chem-641. Quantum Chemistry A 4.90

Final Grade point average :

4.58 A

-

The following additional Course (s)have been cleared satisfacborily
Ly the caendidate : .

'* Chem 542 Physical methods

2. Chem 403 Inorganic Chemistry.
3.

4.

e A

izead
[Department of Chemistry
North Lactern 11U University,
Stallona-795003



LCKNOWLEDGEMENT

I wish to place on record my deep sense of gratitude
to Dr. J. Subramanian for his stimulating guidance and kind
encouragement throughout this work and also for consistent

support and congenielity which he had shown to me over the years.

I must thank the Vice-Chancellor of our University,
the Dean of School of Physical Sciences, and Head of the
Department of Chemistry for allowing me to use all the
research facilities aveilable in the University. I also
eapress my gratitude to «ll the faculty members of the

Department of Chemistry,.

My thanks are due to Profcssor D.P. Santry, McMaster
University, Untario, Canada and Irofesscr J.-H. Fuhrhop,
Freie Universitat Berlin, Federal Republic of Germeny for
their kind interest in this work. I owe gratitude to
Dr. M.S. Gopinathan of Indian Institute of Technology,

Madras for his encouragement 1n this worke.

I am greatly indebted to my fellow colleagues in
the School of raysical Sciences Mr. Akae Lemtur, Mr. Basab
Chakraborty, Mr. R.H. Duncan, Mr. S. Nandy Mazumder,
Mr. R. Bhattachasrjee, Dr. S.K. Ghosh, Dr. M.N. Bhattucharjee,
Dr. K.P. Sharma, Dr. V.P. Shedbalkar, and Miss M, Sarkar,
and «lso to my friends Mr. D. Paul Choudhury, Mr. S.P. Biswads,

Mr. S.K. Deb, Mr. R. Dhar.



I am grateful to Frofessor i.L. Verma of Department

of Fhysics for his valucble assistance and helpful discussions.

My thanks are also due to the staff of the Regional
Computer Centrc, Jadavpur, Calcutta, for their ungrudging

assistance.

I em grateful to the authorities of Government of
Meghelaya for granting me leave which enabled to undertake

the research work.

I must appreciate Mrs B. Subramenian for her generous

hospitability and encouragement throughout my research periocd.

I wish to express my sincere appreciation to my
teacher, Professor B. Das Purkaydstha, St. Edmund's College,

Shillong for his kind encouregement in my endeavours.

It will be o feilure on my part if I do not thank
my parents, brother and sisters for their encouragement
and cooperation ia this endeavour and also wish to thank my
wife Sumita for the encouragement and help extended in

completing the research work,

I sinc.rly appreciate the intercst with which

Mr. R. Sadhu hss prepared the typed scripts of the thesis.

Date o0-2. &5 /{/{MWP -

Shillong (Kaushik Kumar Bhattacharjee)



PREFACE

The sccpe ¢f this thesis is to present the results
of semi empirical molecular orbital calculation on porphyrins
and related systems. Emphasis is laid on the chemical
reactivities of the systems that have been studied. CND(/2
method has been used in all the cases and where necessary,
the results are compared with those obtained from Pariser

Porr Pople ~ i{ electron approach.

In the first chapter a brief review is presented on
the present status of moleculur orbital calculations on
porphyrins. Since earlief reviews are available up to 1977,
the papers that heve appeared after this periocd hsve been
dealt with in detail., Some of the shortcomings of the
calculations that have appezred so far have been mentioned.
bume problems which descrve the attention of thecretical

chemists are also menticned.

It has been observed thuat the redox potentials of
metallcperphyrins are very sensitive to the nature of the
metal ion whereas the visible absorpticn spectrum is
relatively unsensitive to the metal ion. This problem
igs handled in the framework of SCF perturbutiovn approuch.
The metal ion is considered to¢ perturb the perphyrins
through a Cculombic effect and the influence c¢f the

perturbatiocn cn the m.o energy levels, icnisation



end redox potentials is estimated. The results are presented

in Chapter ITI.

Many of the reduced porphyrins have not drawn the
attenticn of theoretical chemists and some of these systems
have been investigated by CNIC/2 method. In Chapter ITI,
CNI./2 calculations are presented for phlorin trianicn
which serves as a model for bilatriene type of bile pigments.
The rhemical feactivity purameters (Frontier electron
densities and.superdelccalisabilities) have also been
calculated. The results of CNDC/2 calculaticns on corrole
and tetracdehydroccorrin are discussed in Chupter IV.

The overall reactivity patterns of porphyrin, phlorins

corrole and tetradehydrczscorrin are compared.

Listings of the computer programs developed for the
purpuse of doing SCF perturbation calculations are presented

in the Appendixe.
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CHAPTER I

A BRIEF REVIEW OF THE THECRETICAL CaLCUILnTIONS

CN PORPHYRINS aND METALLCFORPHYRINS



T. 1. Introduction

Porphyrins and related tetrapyrrole systems have
attracted considerable attention of chemists, physicists
and biclogists in recent yearsoq°2 In view of the biological
importance of these systems, a large volume of spectroscopic
and chemical data have accumulated in the past twenty
years or s¢. Quantum mechanical calculations on these systems
have also been cuite substantial, and have helped to
rationalise the experimental results. In the present
chepter, some important aspects of the theoretical calculations
on porphyrins will be reviewed. Cut of the reviewsa"#"5
that heve appeared in the past, two are quite extensive.
Chantrell et al5 have reviewed the status of molecular
orbital calcul-bions on porphyrine and their metal complexes.
The emphasis in this review is on the various = :2thods of
calculations. It covers the different aspecis of calculations
performed using free electron model, Hickel, Pariser~Parr-
Pople (PPP) and the extended Huckel (EHET) methods. A few
calculations that had been done using the semi empirical
all valence electron SCF methods (CRDL/2) have also
been mentioned in this work. The later review by
Gouterman5 deals mostly with spectroscopic properties
and includes the semi empirical (- electron and all valence

electron methods of calculations. During the last seven

vears, a large number of calculstions have apwnesred using



the semi empirical all valence electron approach as well as
ab initio methods. The aim of the review here will be to
cover the theoretical calculations that hsve appeared

after 1977. Unly a brief mention will be made of the

work that has appeared earlier, for the sake of continuity.
The msterial in this chapter is classified broadly under
three categories, namely, 77 —-electron calculations,

semi empirical all valence electron calculetions and

ab initio calculations.

The basic skeletons for porphyrins and related
compounds are shown in figure 1.71. The term porphyrin is user.
where there are substituents on the pyrrole rings or on
the methine bridges. The unsubstituted mecrocyclic system
is termed as porphine. The free base porphine hes D2h
symmetry and its metal complexes possess D#h or qu symmetry.
In a metalloporphyrin with four fold symmetry, the two
highest occupied 7 -molecular orbitals [HOMC) are nearly
degenerate and belong to the Aﬂu and A2u representationsn5
The lowest unoccupied molecular orbitals (LUMO) are
degenerate and belong to the Eg representation under D4h
symmetry. When the symmetry is reduced to D2h or 02VJ the
energy gap between the HOMO levels increases and the
degeneracy of the LUMO levels is lifted. Porphyrins,
reduced porphyrins and their metal derivatives give
characteristic electronic sbsorption spectra which are

used as finger prints to identify the nature of the

macrocycle.
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The reactivity of a porphyrin can be extensively

varied by either changing the central metal ion or by reducing
the macrocycle. Thus the Fe(IIT) & Fe(II) porphyrins which
form the chromophores of heme proteins, are involved in the
activation of oxygen, oxidation and hydroxylation of substratec.
electron transfer reactions, decomposition of hydrogen
peroxide, etc. In these reactions, the iron undergoes
changes in its oxidation state with the porphyrin playing

a secondary role. Gn the other hand, reduced porphyrins like
chlorins and tetrahydroporphyrins, in the form of thair
magnesium complexes are involved in the primary electron
transfer processes in photosynthesis. In this case, the
main reacting center is the porphyrin 7¢ -system which forms
the radical caticn. The metal ion (i.e., Mg) plays only a
secondéry role by lowerimg the oxidation potential of the

7 -system. The large number of theoretical calculations
that have been aé%empted s¢ far have been aimed at uader-
standing the electronic structure of porvhyrinsg, theiw
electronic spectrd, nature of ecrcited states, chemical
reactivity and the nature of bornding of metal ions to the
porphyrins ligand. Two of the ecarlier reviews4’5 deai
exclusively with the optical spectra of porphyrins. Hcuce,
emphasis in this review will be laid on those thecretical
calculations which deal with the ground state propexrties

and the chemical reactivity of metalloporphyrins.
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I.2 BSummary of the precvious revicws:

Frcem the rosults of the theorcticel cacleulations

i

thav have appeared so for, a fairly clear picture of the
electronic structurc ¢f porphyring and thcir spectroescopic
proporties has emerged. The e~rlicst tlcorics thet providced
a simple and convincing model of the electronic staotes of
vorphyrins wcre proposed by Simpson6, Kuhn7 end Plattaa

The porphyrins with D4h symmetry is trceted as a 16 meambercd
cyclic polyene (4n mcmbered) with 18 9{ -~electrons. In the
simple huckel framework, the corbital energics are obtaincd.

Eq = oo + 20 cos (2m% )
™ f ""’;1”69“

wvhere « and.f% are Huckel paramcters. The orbitals with
m=0, 1, £2, %3 and ¥y gre filled with clcetrons in
the ground statc. The lowest energy transitions earec frou the
m =44 tom = = 5 orbitals. “he transitions vith the change
in ongulcr mouentum A;LZ = = 1 zre Julloved and thosc with
AL, = £ 9 arc forbidden. By including configuration
interaction, one obtains a lower encrgy trensition with

A, =%9 crcund 580 nm ~nd higher cnergy transition with
AL = 1 1 around 390 nm (Sorct band). A free base porphyrin
with D2h syumetry can be considered os n 18 membcrcd

(4r + 2 membered) cyclic polyenc with 16 4F¢ ~ electrons.

It has been shown by Moffit btrat vhile going from a 4n

membered ring system to a 4u + 2 membered ring system, the



degencracy of the lower-energy singlet tronsition QhLZ =% 9)
is lifted whilec the higher-energy transition (Soret band) is
unaffectedgo These predictions based on this simple model
explain the observed optical spectra of metallcporphyrins
(th) and frcee basc poruvhyrins (DZh)a Though this model is
very crude, it gives a fairly reasonable physical insight

of the energy levels and opticel transitions of the porphyrin
syster. Very extensive and pioneering calculations have been
made by Mertin CGouterman and his group5 on the grcund and
excited states of porphyrin using Prr' end extended Hickel
mcthods. On the besis of thesc ceslculations, Coubterman hes

10,11 for mectallozporphyrins.

proposed a four-orbital model
He obtained that the two highest occupied molccular orbitals

with the =a and 2oy symmetries are nearly depgenerate and

Ta
the two lowest veacant molcculer orbitals are truly degencrate
having eg symmetry. aAll the other levels arc well-seperated
from these four orbitals. Most of the ¢lectronic spcectral

data can be interpreted on the basis of the four-orbital

model though ccrtain finer aspects like rcletive intensitics

do require inclusion of extensive configurstion interaction(CI).
The properties of porphyrins studicd ir detail by

Goutcrman's group include5 singlct-singlet trersitions by
including c¥tensive CI, triplet-triplet transitious, magnctic
circular dichroism, angular momenta in the ground and

excited states end metol-porphyrin binding. Very cextensive

culculations heve been donce in the EHT framcwork5 (itcrative
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and
EHT-mcthod) for metalloporphyrins with alkali/alkaline earth

metals, first and second row transition mctals s well as some
non-mctals like i, us e¢tce. These calculations provide reason-
able insight into the nature of the Metal-porphyrin binding
but the FEHT method is inadequate in rationslising thce observed
physicozclicmical properfies of meballoporphyring. In the light
of the cbove comments, we shall discuss thc results of the

theoretical calculetions that have appcearced in recent years.

I.% Pi elcctron calculations &—e0

In recent ycars cfforts arc being dirccted towards
calculating the wavefunctions for porplyrins using CNDO/2
and INDO methods or ab initio approach. Lnly a few meening-
ful calculations have appeared using PrP-pi celectron appreach.
The interaction energy of two porphyrins molecules in a dimer
in the ground state has been calculsted using standard
perturbation approach?q The PPI' wave function have been used
for the monomer in the ground state. The calculations indicate
that a tilted dimer is more stable than a face-to--face
dimer. A similar type of calculation has been reported for
the excited states of the dimer with reference to the mixing

. 22
of exciton resonance and charge transfer states. The

calculations predict the apnearance of a charge transfer
transition on the long wavelcngth side of the Soret band.
The revorted calculations on the dimers, sc¢ far have partly

been in agreement with the cxperimental data. Detailed



calculations have been done on the ground and excited states
of the Fe(II) porphins-with imidazole as the fifth ligand
in the framework of extended PPP formalism (Peel method)j8
A1l the 3¢ -orbitals of the porphine and the imidazole,
one Sp2 hybridised sigma orbital pointing to the Fe atom
from each of The four nitrogen atoms of the porphine and
from the nitrogen atom of the imidazole were included in
the calculation along with the five d-orbitals of the Fe
atom. Some moleculsr integrals were adjusted using spectrogs
copic data. Cverall redsonable agreement was obtained with
the%magnetic properties, optical spectra and MCD spectras
The main drawback of this method, apcrt from the adjustmcni
of gome important integrals, is the non-inclusion of the

%s and 3p orbitals of the Fe atom.

The spin densities and zecro field splitting (ZFS)
encrgies of the lowest triplet state of a light mctal
porphyrir T"ave becn determined by PPF method using the ope
shell SCF approach with configuraticn intcraction°16
The metal ion has not becen included in the calculation.
Satisfactory agrecement has becn obtained with the
expcrimentally obscrved ZFS parameters and hyperfinc couplings
obtained for the zinc and magncsium porphins. The chemical
shifts of protons, 150 and 45N werc calculated for porphyrins
in the PPP framcwork including thc contributions from

pil clcetron ring currents,17 The results are in good

agrecement .with the expcrimental nmr data. On the basis of



the strength of pl clecctron ring currents an aromaticity

ccele has been proposed for porphyrins and rclated symtems.

Considering the overall impact of the 37 -electren
calculations in the understending of the physical and
chemical aspects of porphyrins the following comments may
be made,
1e The pi electron calculations lead to a reasonable
understanding of the spectroscopic prepertices cf metallo-
porphyrins, whecre the metal ion does not scrivusly influence
the spectrel behaviour. These calculations are less useful
for thc reduced porphyrins like chlorin, tetrahydro:zporphin
corrinsg corrolces etc.

2 Inclusion of the effoet of metal in the 77 -clectron
calculations hes a limited scope. It also invelves extensive
peromctrisation schemes for coch metel icon and thus limiting

the uscfulness ~f this approache.

I.4. All velence electron methods:

T.4.1. Extended Hlckel approach (EHT):

Very extensive calculations have been done on
metalloporphyring involving light and heavy metals, in the
framework of iterative extended Hickel approachg5 These
calculations have been rcviewed in detaill earlioré These
caelculations have thrown scome light on the nature of
metal-~lip ind bonding, but suffer from the inherent defects

f the BEHT method. The rclative ordering of the jf -e¢lectron
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energy levels and the d-electron energy levels in transition
metal porphyrins has not been correctly predicted by this
method in many situations. Some recent calculstions reported
using this method include the electronic states of Co, Ni,

25, iron(II) porphin-pyridine complexgq,

25

nitric exide and carbon monoxide adducts of iron porphyrins -,

Rh and Pd porphyrins

phosphorous complexcs of porphin26, an isostructural macro-
cycle B834627,/%%%phyrins containing heteroatoms other than

nitrogena28

I.4.2. CNDO/2 and related methods:

The first calculations using CNDO/2 method on porphyrins

29

were done by Maggioral on free base porphine, porphine
dianioh,Mg(II) Porphine and aquo Mg(II) Porphine. The orbital
energies were in good agreement with the ionisation potential
data. For the first time the HCMO lcvel was correctly
pradicted for Mg(II) Porphine as a4, This is supported by
the esr hyperfine couplings for the radical cation of the
Mg(II) Porphyrins. The electronic spectra of the porphine
dianion, free base porphine ond reduced porphines have been
‘studied by the modified CNDO/S method. 2031 an improved
version called as CNIX/3S methong’55 leads to very good
agreement of theoretical results with the optical absorption
spectra of porphyrins as well as with the UV photo-emission
gspectra. The tautomerism im free basc poerphine has also been
investigated by a CNDO/2 method as well as by the INDO
formalismoaq’55 The calculations done in the CNDO/INDO

framework have yielded better results in terms of the correct
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ordering of encrgy lcvels and spectroscopic transition
energies than those obteined from the extcnded Hickel
mcthod. But a systematic set of calculations over a large
numbcer of metalloporphyrins is lacking in the literature.
This is perhaps due to two main recasons (i) The large
amount of computer time involved for the CNDO calculation
compared to the EHFT approach and (ii) existence of at
least half-a-dozen modifications in the formalisms, like
CNDO/2, INDO, MINDO/%, CNDO/3S etc. Each of thege mcthcds
applied to limitcd number of systems has becn claimed to
give better results than others,36“58 The calculations
reported using the CNDC, INDO and related methods include
those on thce Ii and Na porphyrinsa9, Cu porphyrin (csr

B, 42

paramctors)Lm9 Fe(II) porphine Fe(II) porphine adducts

. I
of dioxygen and carbon monoxido‘q, ferryl porphineqq, nuc.lcar

spin couplings in porphine dianion and free base porphine45,

31 55

chlorins, bacteriochlorins” 'y sirohydrochlorin
44,45

and
azaporphyrins

To5. Slater's SCF X —o& method ©

Two types of calculations have been made in the
framework of the SCF X -o¢ modcl. One involves all GShe elcc-
trons in ‘the molecule using muffin-tin approximation. The
other approach involves only the valcence clectrons, without
employing muffin-tin or overlapping sphcres approximation.
Sambe and Felton47 used the latter approach to calculate

the cnergy lcvels and wave functions for free base pbrphincﬂ
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A11 the other reported calculations have been done using the
former approach, i.e. all the elecctrons are included using

48 have

the muffin-tin spproximation. Case and Karplus
reported detailed celculations on Cu(II) porphyrin on the
basis of spin-restricted and spin-unrestricted models.

The correct ordering of energy levels has been obtained

in this approach. The ligand pi levcls lie above the level
of the unpeired d-electron. This is the correct order
obtained on the basis of redox potentiels and esr spectra.
The carlier calculaticons based on the EHT and extcended
PYP- ;7 clectron approaches predict that the unpaircd
d-clectron is in the highest occupied level, which is
contrary to the coxperimental findings. The SCF X—oC
calculetions also lead an cxcellent agrcement with the

csr deta (g-valucs, anisotropic hyperfinc coupling constents
cte.) for the Cu(II) porphinc. Similar crlculetions have
becen reported for the Mg(rfI) and Fe(II) porphinesQ?

In general the formal atomic chorges obboined by the

SCF - ¥X~o¢ method are =t varisnce vith trose ~bteincd from
othcr semi empiricel models as well ¢s from ab initio
calculations. No systemetic calculations have bcen reported
for a large number of nctalloporphyrins and hcnce it is
Jdifficult toc assess the relative superiocrity of this
approach covcer the other semi-cmpiric-l models sc far as
porphyrins ore concernced. Particular ncntion hes Tc be

nade on the SCF-X-o« calculations moade on the Fe(IT)
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PorphineBO and Fe(II) porphine~dioxygen adduct with imidazole
as the axial ligand, by Case et aqu. The results of these
calculations will be discussed along vith similar calculations
done in the ab initio formalism. Other SCF X-o«& calculations
include those on Cu, Ag and Fe porphine using the discrete

52,53

variational X-octechnique”s

T1.6. b Initio calculations

I.6.1. Free base porphyrins

The first ab initio m.o calculation on porphine has
been reported by Almldf using the linear combination of
Gaussian orbi‘cals¢.5br Symmetry-adapted basis functions
were used to simplify the computations. ITonisation potentials
were obtained by INSCF method. The energy level pattern is
similar to that obtained by the CNDC/3S method.>” Tn another
set of calculations, Christofferson and coworkers have
employed the ab initio molecular fragment technigque using

floating spherical Gaussian orbitals (FSG0).””2 80

In the case of freec base porphin@54 the ordering of
the two highest occupied m.o's is reverse compared to that
reported by Alml’éfﬁZ1L The cnergy vaelues obtained using the
molecular fragment technique cannot be directly compared
with those computed by using the extended basis. A linear
fit has been made between these two values for a small
molecule like pyrrole. The same linear relationship has

been used for;porphyrins° In this way certain amount of
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arbitrariness is introduced in the m.0 energy values obtained
from molccular fragment technique. This methcd has been used
to calculate the ground states of frce base porphine,56
chlorin,56 ethyl phoophorbid956 end the corresponding Mg(II)
complexeso57 The m.¢ cnergies, cherge densitiss, bond orders
and the electrostatic isopotential maps heve been computed
for These systems,58 The calculetions indicatc that there

is no pi-intcraction between Mg-orbitals and the ligand

pi orbitals and the role of Mg is sssentially toc provide a
coulombic effect on the jr-levels. The same authors have used
limited configuration interaction to calculate the excitation
energics of the freec-base porphine, and chlorin as well as
their Mgucomplexcso5996o Since the ground state orbital
energies werc obtained by the melecular fragment method,

The cxcitation energies calculated for these systems cannot
be directly compared with the experimental date. A lincar

fit is used to obtain the estimated trrnsition encrgies from
the calculated energies. The estimeted transition energics
together with the calculated oscillator strengths yicld good

58

agrecement with the spectroscopic data on these systems,

Ab initio cslculations have been repcrtzd by two

1,62

6 . . "
groups using contracted Geussian type orbitals (CGTO)

for transition metels containing porphyrins. Differcnt
basis sets have been employed: minimal, minimel + diffuse,
partial double zeta and double zeta. The calculstions on
61,62

frce base porphinc are similar To thosc rcported by
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AImlof. The interesting aspect ig that calculations of

£1nlSf end Chno ¢t al predict the same ordering of the HOM
levels for frce base porphin <b4u>’ &u) while that of
Christofferson ct §i56 (molecular fragment technigue) predicts
a reverse ordering of these levels. In the ensuing discussion,
a brief account of the results of ab initio calculations

on some transition metal-porphyrins is presented.

.
T.6.2. Copper and Cobelt poyphinesU4’65

For Cuw porphine, a minimal beasis of CGIO's were used
with augmented diffuse function. Tonisation potentials were
computed by & SCF procedure and excitation encrgics by
limited 9% =CI calculaticns. The calculations clearly
indicate that the % levels are above the level of the
unpaired d electron. The ground state is correctly predicted
to be 2quo he first and second ionisations are expected to
lead to the formation of the 7 cations and dications
respectively. This is indeed observed experimentally,
supported by oxidation rotentials and visible electron
spectrum. It may be pointed out here that the only other
calculation which reproduces the ab initic results is that
reported by Case and Karplus using SCE - X-ec modelo48
Ths excitation energies calculated by the ab initio 7 - CI
method arc highly overestimated. The authors atbribute this
digcrepancy to the 6 - 57 correlation which may be important

in the lower excited states of metal porphines.

10750
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65

In the case of Co(II) porphine, a basis set of
single zcta for core and double zcta for valence orbitals
for the Co and N atoms was used. For carbon and hydrogen,
minimal basgis was used. Calculations had been done for the
low-spin, high-spin and 77 ionised states of the Co porphine.
The ground state is obtained as 4B2g while the esr data on
the Co(II)-TPP indicstes 2A,[g, (a,. i*%1@%12.:3/') as the
ground state. Four quartet states (4B2g, 4Agg, 4Eg) lie
below the expected 2Aﬂg state. The improvement of electron
correlation by inclusion of CI also leads to the situation
wvhere a quartet state has a lower energy (0.8 eV) than the
doublet stuate, 2A4g° In the opinion of the reviewer, this
nced not be taken as being at variance with the experimental
duta. It is very difficult to obtain pure Co(II) porphyrin
without eny axial ligand. Even « weukly coordineted axial

ligand may raise the energy of the dz2 level and conscqguently

change the spin state of the Co(II).

& very carcful sample prcparction is rcgquired for
obteaining the esr spcctrum of & purcly four cocordinatced
Co(IT) porphyrin. The ab initio calculations irdicatc that
(i) The bonding between Co and porphinc is cssentially ionic.
(ii) The nct charge distribution in the four quirtet states
and doublet stute is almost indecpendent of the statc of the

system. (iii) The highest occupied orbitils wre the 77 orbitals.

This result is ngain in contradiction to the cxperimental
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findings. One-electron oxidation of Co(II) Porphyrin leads
to the formation of Oo(IIDP+; Subsequent oxidation leads

to a 70 -dication radical, [bo(III)E] *t*. Again, axial
ligands might influence this behaviour. In fact, the photo-
electron spectroscopic studies of Co(II) and Fe(II)
octaethylporphyrins indicate that the ring oxidation takes
place beforc the metal oxidation. Since PXS studies are

done in the vapour phase, influence of the medium is not
present. The molecular species is truly a four cocrdinated
one. It has been observed in the ab initio calculations on
the transition metal, porphyrins that Koopmans' theorem

can be applied only when the ilonisation involves a j5 -electron.
The reorganisation energy is quite small. When an electron
is removed from the d-orbital of the metal atom, it is
noticed from the & SCF calculations, thet the reorganisation
energy is quite lerge. Hence Yoopmons'  theorem is not
apnlicable in this situation.

I.6.%. Iron and Mangenese porphyrins-decxy systems

-

In normal deoxyhemoglobin A, the iron(II; atom of
the heme is 5-coordinated, high spin (S = 2), and is
axially bound to the imidazole ring of the proximal
histidine residue. The Fe-oton is displaced out of the

. BT . N o . R 66--68
plane of the porphyrin ring by an =xtent of abosut 0.6 &.

This out--of-plane displacement pleys a key role in the

theorcetical models developed to explain the ceooperativity
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in Tthe binding of oxygen in hemoglobin°69"72 When oxygen
binds to deoxyhemoglobin, the iron moves into the plane of

the porphyrin ring and becomes low spin. The proximal
histidine residue moves with bthe iron. Thus s knowledge of

the intrinsic equilibrium position of the iron in a high-spin
five coordinated ferro-porphyrin is essential for the under-
standing of cooperativity of hemoglobin in oxygen binding.

A large body of experimental data has become acccessible to
theoretical studies, obtained from various physical techniques

like X~ray crystallography, EXAFS study,75 NMR774*76

. 8
Mossbauer spoctra7z and Rcsonance Raman spectroscopyo7
L number of ab initic calculations have been reported on
iron porphyrins and relatod systems to raticnalisc the

observed experimental data «nd a brief account of the results

of these calculations is proesented here.

I.6.%2.1 Four coordinated Fe(II) ond Mn(II) porphyrins:

A number of ab initio culculcotiong have been reported

for the four coordinated Fe(II) porphinc, using minimal

. . : . o 62 €d
basis sct, partial doublc~zcta and double zets bagis sets. 1795

All the calculations lead to similar results. The ground

2 2 2,
o0 (dxy ds" 4,2 ) or
d%3 d/]z2)° Even the inclusion of configuration

state is predicted to be either the n

3 2
the “E_ (d

g ( Xy

mixing does not lead to a clcar choice between the BAgg and
A
)Eg since these two levels lie very close to each other.
Theoretical analysis of Mossbauer data using the ab initio

wavefunctions lead to the conclusion that the ground state is
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5Ego Megnetic susceptibility measurements, NMR contact shifts
and Resonance Raman data point to the triplet ground state
for this system. Energy levels and wave functions have been
obtained for the Mn(II) Porphine62 ueing minimal as well as

partial double zeta (minimel for inner shelle and .double zeta for

valence 5halls}~basis’éet3 fcr the 6A1g ground state.,

T.6.3.2. Five-coordinated Fc(II) porphine,(FeP).

In the five coordinated system, thc mctal orbital, dz2
is destabiliscd through thce interaetion with the axial
ligand. The iron atom in thc deoxyheme is high-spin (8=2),
with thce iron atom being out-of-planc of the porphyrin ring..

)62 and Fe P(Pyridinc)BO lead

1

Calculetions on the Fe P(NH,
~

to the configuration, d;y (&, d )BdZZ/l d

2 2. & dctailed
X7 Y% X -y

theoretical cnalysis of the obscrved Mossbaucr paramcters,
namely the isomer shift, the gquadrupolc splitting and the
asymmctry paramcter also confirmed the above configuration

for thc ground stPtOQSO

T.6.4 The oxy systcems of Ti, Mn, Co =and Fc

The detailcd neturc of the metal-oxygen bond in the
oxyhcmoglobin and other dioxygen complexcs of metealloporphyrins
has becen the subject of discussion for o long timc. Whether
the corrcct formulotion is M(II)62 (noutral dioxygen) or
MOEI)Qa T (Supuroxide) has bein the point of controversy.

The oxperimental dota on this problem mey be summorised
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as follows:
(i) In the TiPO, system, the bond length 0-0 is 1.445 £ and
the compound is diamegnctic (pecroxo typec of bond is
indicated)84’82

(ii) For the CrO, TPP (Pyridine)®? (TPP : tetraphenyl
porphyrin), a megnetic momecnt of 2.7 Bohr magneton and the
TR bend ot 1142 cm™ " ( ib_O) have been observed. A SuUpPeroxo
formulation has becen proposcd.

(iii) MoFO, : A spin state 8 = 3/2 has been assigned on the
basis of epr data. The system has been formulated as

Mn(IV3 (022_) on the basis of epr data°84“86

(iv) FePO, sysbem: 0-O bond length is between 1.16 - 1.23 &
and “he IR band at ’|’|59'cm"/I corresponding to the .QO—O has
been reported.68 The system is diamagnetic§7 The superoxide
formulation is proposed mainly on the basis of IR data.

1)°

(v) CO(III)P02 : A spin state S = 1/2 has been assigned on
88--90

CDO—O for the free superoxide ion is at 1145 cm~

the basis of esr datd. On the basis of esr and IR data

the supcroxide formulation, Co(III) 02_ is proposed.

T.60401, TiPC, system (P = Porphine)

91

Ab initio calculations have becn reported for TiPOQ,

92 92

Q
MnPog, FePOg(NHB) R FePO2Im,’2 and COPC‘Z(NHB)ge° For

TiPOE, the perpendicular structure was found to be more
staeble than a bent structure by 83 kcal/molc. This is in
agrecment with the X-ray crystal structure data. This

2

structure corresponds to the peroxo formulation, Ti(IV)P02
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T.6.4.20 MnPL2 system

Regarding Nnsz system, the experimental assignment84_86

(esr data) is d57zg4 (Gag— antibonding‘Q:moo of 62 molecule)
with the Kn(IV)u,“~ configuration. But the bheoretical
calculations, involving perpendicular orientation of 02
moiety,92 predict that this structure is about 1 eV higher
than the dquga configuration with Im(III) intermediate

spin (d49 S = 1) state. Perhaps more extensive CI or a

change in the orientation of the Uy moiety or both are required

to obtain the correct ground state, for this system.

I1.6.4.3. Fe P02 system

Ab initio calculations have been done for the
re Pbg(NHB) and Fe U, (Imidazole) systems with NH5 88 the
axial ligands.,gg"95 A singlect state with d67{2 configuration
has been predicted for the ground state with the bent
structure of 02 moiety (rauling structurc). A low lying
triplet stete in the vicinity of ground statc haa also beon
predicted. rThe totaelly spin-peired ground state proviaes a
sctisfectory cxplenation for the observed transition energies
and thc electronic cbsorption spcctra of oxymycglobin and
oxyhcmoglobin. The SCF X-Sculculations by Casc cnd Karplus51
for the Feko, (imidazole) and IRD~-SCF-CI celculetions of
Herman ond Loow4q also lecad to thc conclusicn that the

ground state is dicmagnetic. The SCF-X—e£ celculations

indicete that the ground stete conbnins ecual contributions
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2

from the d%% 2 (a°, 5 = 0,5
o)

X g
75029 S = 1), configurations. The charge distributicnsas
& '

, 5 =0) cnd d6fzgg (a®, s -1,

obtained frpm the ab initio calculations indicate that the
moiety Eeug is neutral. The charge transfer from I'e to Lo
through sigma bond is compensated by pi~back-donation. Thus
the system is clearly Fe(II) Ebg(NHB), as proposed by Pauling.
This model is at variance with the superoxo formalism,
Fe(III) 02“ based on the interpretation of the 0-0 stretching
frequency 1n the IR spectrum. In recent years it has been
shown that thks frequency is insensitive to ligand and metal
variation and hence inseunsitive to the amount of electron
transfer. The experimental shift (=4U0 cm_q) of the 0-0
frecuency in 02 to the dioxygen complex of picket-fence

porphyrin is well-reproduced in the ab initio calculations.

T.6.4.4. The Co Fy (NH5> system:

2

o
From the ab initio calculations of Dedieu gt al;~ the

ground state configuration for the bent structurce (which is
P

more stable) has been found to be dO7C§, which corresponds

to Co(III) 02" superoxo-type configuraticn. This is in

agreement with the known experimental date.

The rcsults of the calculations and experimental data
for i, Mn, Fe and Co porphyrin-dioxo complexcs can be
rationalised, following the argumentes of Dcdieu ef §£°62
The electron population qnuﬁhe 02 unit is 16.66 and decreases

as we go to MnlC, and Fe?ug, systems. In Ti¥F, the metal

14
d orbital is at a much higher energy level than the ‘ng level
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of O, and hence the peroxo-type Ti(V)Ozg" configuration.

2
In Pe, the encrgy gap between the metal d-orbital and the

452 level is very small. Hence there is no net charge
trensfcr from Fe to O, (clectron population: 15.98). In the
case of CoPO2 systems, the additional elecctron has the
choice between “one of the eg orbitals of Co or the 77 e
orbital of O2° oince the eg orbital is at a much higher
encrgy level, thc elcctron goces to 7Zg’ lcading tc the
supcroxo formalism, Co(III)POzf Regarding the choice beotween
a bent structurc (Pauling) and a parallel structure
(Griffith) one must consider the intcraction between the
metal d 5 orbital end the ?Zg orbital of O, The intcractiun
lcads to a bonding and antiﬁonding level (See figure 1.2 ).
This interaction is stronger for the pefpendicular structure
than for the bent structure. In TiPOg, only the lower banding

level is filled and hence a perpendicular structure leads to

high stability. In Fe, and Co, the bonding and antibonding
orbitals are both filled completely le~ding te some destabili-
sations. Hence the bent structure is favoured to minimise

the d,, - 5 . interaction. The situation in the case of

MnP02 is not clear-cut. More detailed calculations involving

variations in the geometry and slso extensive CI meay be

necessary to understand its properties.

Ab initic calculaticns have also been reportced for

the carbon monvzide adduct of iron porphineo95 Recent studies

P

include the calculations on oxc iron porphyrins which are
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proposed as models for the active sitcs of peroxidase and
cataluse enzymes. On the basis ¢f experimental data
(optical spectroscopy, esr, magnetic susceptibility) the
active site has becn proposed as ( Fe = 0O)P with Fe in the
oxidation state IV (8 = 1). The ab initic calculaticns
indicate that the ferryl structure (Fc = O) is less. stable
than a structure in which an coxygen atcom is inscrted between
Fe atom and cne cf the pyrrole nitregens. The oxygen is
bonded to the Fe atum and the nitrcegen of the pyrrcle,
kceping the Fe in the cxidaticn state of +2 with 8 = 1.
Thus more experimenteal date are required t¢ understand the
active species respunsible for the reactiuns f percxidasc

end cetalese.

In this revicw an ~ttempt huas becn made tc censider
the vericus aspccts of the theourebtical calculetions that
have been reported ¢n porphyrins in recent years. In spite
cf extensive calculations that have appearcd, there is no
systematic calculetions un -« lerge number of metallopcrphins -
using the mcre scphisticrted scmi cmpirical mcthods like
INDU, CNIU/3S cr SCF - X-«¢e The unly systematic calculaticns
that are still available have been dence in the BHT framew.ork
~nd for mony situaticns, this mcethod has net predicted the
currect greund stote. a4 sceend preblem thet crups up im
that, the varicus semi empirical metheds (INDG, SCF - X-ocete)
as well as the #=b initic. calculoticns precvict a wide runge
of charges on a metal in a mctallcperphyrin. This aspccet

again rcquires a systemotic study of a number f metalloporphyrinse.



25

A Telated problem is the relative insensitivity of the
electronic spectrum of a metalloporphyrin to the metal as

well as a strong dependence of the redox potentials on the
metal. Thecoretical calculations on the above aspects are

needed to rationalise the experimentsl data. Also, calculations
in the all-valence electron semi empirical frame work or at

the ab initio level are not available for many of the

reduced porphyrins like phlorins, open-chain tetrapyrrole
systems like bilatrienes and for the modified macrocyclic
systems like corroles -and tetradchydrozcorrins related to

Vitamin quu

In the prescnt work some of the above-mentioncd
problcms arc handled in the framcwork of CNDC/2 approach.
We have investigated using the SCF - perturbation approach
(i) the insensitivity of the electronic spectrum of
metalloporphyrins on the nature of the metal ion (ii) the
strong dcpendence of the porphyrin ligand rcdox potcutials
on the metal. Both YEP and CNDU/2 wavefunctions are used
as the zero-order functions. This aspect is discussed in

in Chapter II.

In Chapter III CNDL/2 calculations arc prescnted for
phlorin trianion. The rcactivity parameters for this system

arc comparcd with those of porphyrins.

CNDC./2 celculations are prescnted for corrolc and
tctradehydrozcorrin in Chapter IV. The emphasis here again

is given on the reactivity paramctors and a rationalisation
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of the experimentally observed reactivity patterns in

these systems.

A summary of the work presented in the thesis appears
at the cnd highlighting the results of the various
calculations,

Computcr programs written for the purposc of SCF
perturbstion calculations in the PEFP and CNIDU/2 framework

arc prescnted in the appendixe.
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I1. 1. Intreducticn

The past twenty ycors have wiftnessed accumuvlation of
extensive data un the physicochemical properties on nporphyrins
4 .
and related systems. »2 Frogress un parellel lines hes also
talen plece in the Theoretical calculeticns ¢t verying levels
of sophistication on the ground end excited states of
) . 3=-10 . . ‘ i ;
Lorphyrins. A considerable volume ¢f experimental
cbservations have been reticnalised by these calculaticns;
yet a few basic problems renmaining close to the heart of
vorphyrin chemists have eluded the theoretical models.

I% has been noticed that in the metalloporphyrins, the redox
potentials are very sensitive to the mnature of metal ion,
but the visible electrcenic spectrum is relatively independent
g . . . 11-13 .

of the metal ion, barring a few evceptions. This
behaviocur has been gualitatively interpreted as arising due
to the Coulcombic perturbation of the pi-electron levels of

B . . . 12413
the porphyrin ligand by the metal dion. Recent results
cn the photoelectrun spectrosccuic studies on purshyrins have

L An atbtewpt has been

alsc been interpreted on thisbasis.
made in this work to investigate this problem cuantitatively.
the mebtel iorn is assumed to perturb the ensrgy lcvels of the
porphyrin ligand. A simple perturbetion of the type,

E' = (- Zep/r) is used where Ze is the effective chcrge on

the metal inn. We heve used the HCF perturbaticn theory t¢

obtain the first corder changes in the energy levels arising out
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15,76 The wave functions for

of the Coulombic perturbation.
the unperturbed system have been calculated by FrP-pl electron
method as well as by CNIUL/2 method°47 The results are
encouraging and we have obtained good correlations between

the oxidation potential of the pi ligand and the charge on

the metal ion.

IT.2. Methods of Cakculation:

The SCF perturbation theory is an elegant way of
calculating the first and higher order changes in the energy
of a system under the influence of a perturbation irrespective
of the formalism used to calculate the wave function for
the unperturbed state. This method has been successfully
18,16

used for a wide range of problems. Though this method

15,16 for the sake of completeness, a brief

is well documented,
account of this approach rclevent to the present work is
outlined here. The method aims at calculating the first order
changes in the energy and thc charge density matrices of a

molecule arising from a perturbation, Hm)° The Fock,

overlap and coefficient matrices are given by

p o= w0 4 w1
s - 80 4 gD

c - oo, () (ITI.1.)
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The superscript (0) refers to the operators in the

unperturbed system. Starting with Roothaan's equation,
FC = SCE (IT. 2)

1t is expanded in a perturbation series to first order.
Since our zeroeth order wave functions have been obtained
using zero differential overlap approximation, (PFP and
CyDO/2 methods), we can ignore S(1>o Expanding II.2 to

first order and collecting terms by the order, we get
#(0) (0) _ 5(0) 4(0) (0 (TT. %)
(1) 50, 7(0) (1) _ g(0) 4(0) 5(1)
o(0) (1) z(0) (TT. 4)
If the equation II.3 and II. 4 are solved subject to the

constraint C SC = 1, E can be considered diagonal to all

orders. C(q) is expanded in terms of C(O> as

(1L o), (I1.5)

where £ 1s the matrix of mixing coefficients. Substituting

IT.5 in IT.4 and premultiplying by 6(0), we get,
/
P DL g0 Lz, 5O (1T.6)

where
p (12 60 (1) (0 (1T.7)
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’
The elements of F % matrix sre given by,

’(?_ ZZCLi ﬁjg O<Q3)J (II.8.)
M v

where the indices p¢ and ) refer to the atomic orbitals

and 1 and j refer to the energy levels.

The first order change in the orbital energies are

/(1

given by the diagonal elements of the F matrix.

YD s DT @ 6 o)

ii le ﬁxﬁ
e Y (II.9.)
The elements of the & matrix are:
/(1) (0) _ £(0)
Ay = / (B ) (I1.10)

(1)

The first order change in the charge density matrix, P

is now expressed in terms of the elements of 'A' matrix:

(1 e yac (0) (0 0 0
ljwj B 22;:, 2 A5 “’,&% %1«:) +C/(U.l>{ C(ﬁi )

N

(I1.11)

A nice feature of this expression is that only those
et terms are involved for which i is occupied and k is
vacant. 4Any problems arising out of the degeneracy of the

oceupied levels (or vacant levels) is avoided. The first-order
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correction to the total energy is given by,

wth) (1/2)L Z 13(0) (B (O> + F/&B )
NE
+ P(B H/(L?})) (I1.12.)

W(q) is calculated by an iterative procedure using the

dependence of ch) on P(q) o The H(/1> matrix is given

by
D _
H/AP- ( Z/RfL)
in &.uU.
and
5;'3) = 0 (for/a;é Y ) (I1.13)

where Rf,is the distance of the atomic orbital,/i , from
the central metal ion. In the PPP mcthod, the elemcnts of
2 (D

are given by

(D w(D ey 2D Yo *2 > BN

F P e FED
(IT.14).
F/Tj)) -~ (1/2) P/g% %u.y) (T1.15).

In the CNDO/2 formalism, these elements are:-

(1) _ (D 1) - (1)

F = ") s (1/2) P Pn + Y

/,L“ /LL“ LA LL “B AB
B (11.16).

“) _ (_ (1)

P (’]/2)~P S y)AB (IT.17)



39

The zeroeth order functions have been obtained for porphyrin
dianion with D4h symmefry, using the coordinates given by
Zerner and Gouterman,q8 (fig 2.1). In the first cycle of

SCF perturbation calculations, F<4) is set equal to H(1>

and P(q) matrix is computed. F<1) is then reevaluated using
equations (II.14) and (II.15) or (II.16) and (ITI.17). The
cycles are repeated to the desired accuracy (10—4ev)° Computer
programs written for doing the SCF perturbation calculations
using the PPP and CNDO/2 wave functions are presented in

apnendix.

II.3. Results and Discussion

The aim of the SCF pecrturbation calculations presented
here is to understand the effect of a residual positive
charge on the pi electron energy levels of a porphyrin.

The residual charge con the metal erises out of the ionic
character of the sigma bends formed by the metal ion and the
nitrogen atoms. Thus, in a crude model, the metalloporghyrin
pi levels are considered to arise out of the perturbaticn

of the pi levels of the dianion by the residual charge

on the metal. This approach reguires a relisble set of
energy lecvels and wave functions for the pi electrons in
porphin dianion. We have taken the result of CVDC/2 calculation
on porphin dianion as the starting pointo4 The changes in
the pi m.o energies (egqn. IT.9) and the total encrgy of the
system (egn. II.12) asg functions of pcrturbing charge were
(0

i

calculated. The total orbital encrgies, E<g) + B



Fig, 2.1
SKELETON FOR PORPHYRIN DIANION
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as functions of perturbing charges are presented in figure 2,2
for the HOMO and LUMU levels., similar calculations were done
using the PPP Wave: functions.In the PPP formalism, it is not
possible to distinguish between a porphyrin dianion and a
metalloporphyrin explicitly. In choosing the "standard
parameters" for PPP-calculations on a metalloporphyrin,

Weiss et al adjusted the nitrogen parameters to obtaim the
hest fit with the electronic spectrum of zinc porphyrin.19
Taking the CNDG/2 energy levels of porphin dianion as the
criteria, we have adjusted the z value for nitrogen, to

give the PPP energy values which match closely with the
corresponding CNDO/2 results. Perturbation calculations

were performed using these PPP energy levels. A graph of

the orbital energy, E(g) + E(qi vs the perturbing charge
using the PPP-data is presented in figure 2.3,The results of
~the perturbation calculations indicate (i) that the outermost
energy levels, aiu(7[) aZu(jf) and o () are affected to
different extents by the point charge perturbation,

(ii) 24y and 3o, levels cross in the neighbourhocd of a
perturbing charge egual to +1 unit. The crossing of 814
and 85, levels has an experimental basis. It has been
noticed that the visible electronic spectra of perchlorate
and bromide salts of Co(III) tetraphenyl porphyrin cation
are quite different from each other and this difference

has been interpreted on the basis that the perchlorate

anion and Bromide anion lead to different ground states



® —%g
A—ayy
50f .

o
o]

Orbital Energy( e}f)

i
3
©

“10.01

*30

0 0.5

Pe‘f‘%m“bimg Chalc-ge1 = 20
Fig.2.2 Energies of HOMO and LUMO levels of Porphin dianion
obtained by SCF perturbation method using PPPwavefunctions

2.5



1001

vnpy _L.H.J!,t L3 VB FY ARV PO

1
n
o

) | * ' l
0 0.5 1.0 1.5 2.0 2.5
Perturbing Charge
Fig.2.3 Energies of HOMO and LUMO levels of Porphin dianion

obtained by SCF perturbation method using CNDO/2
wavefunctions

-10.0



41

20,21 . ;
? "The presence of the counterion changes

(aﬂu and agu)u
the residual charge on the metal ion and the electrostatic

effect explains the situation.

The cnergy lcvels obtained from above perturbation
calculations may be correlated with ionisation potentials
and redox potentials. Kitagawa et 3;14 have observed a
linear corrclation of the experimental ionisation potentials
and oxidation potentials of metallooctaethyl porphyrins.
Hence we have fitted the aveilsble ionisation potential
values of metallooctaethyl porphyrins with their corresponding

- (0X) 1 X
E 1/5 values as follows:

TP ( eV) = 5.89 + 0.5766 ES5) .. (11.18).

with a standard deviaetion of 0.036 eV and linecar correlation

coefficient of 0.922,

From the ionlsation potential values (experimental
or estimated eccording to egn. IT.18, using Koopmans'
theorem we have obtained the cherges/ggbgzglégtal ions in
various metalloporphyrins, using figurcecsl2.land 2.24s pointed
out carlicr these charges may be considered as residgal
cherges on the metal ion. A value of 1.34 (PPF) and 1.5
(CNDU/2) for Mg leads to an ionic charscter of 65% to
V5% in the Mg-F & -bond. (n the basis of eclectronegativity
differcnce between Mg and ¥ we expect an ionic charactoer

of 55%. Hence these numbers are not unreasonablc. Ve do

not ascribe much importance to the ebsolute values of these
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residual charges since they depend on the accuracy of the
zeroeth order energy levels as well as the experimental
ionisation potential data. The interewsting point that
emerges out in these calculations is thet from Mg(II)

to Sn(IV) porphyrins the range of the residual charges

is only 0.13% to 0.16 eV. This small range will lead only
to marginal differences in the energy gaps between the
occupied and the unoccupied 37 -m.0 levels. Hence one does
not expect much of a dependence of the electronic spectral
transition cnergies on the metal in the metelloporphyrins.
Cn the other hand, this small range of residual charge
leads to an gmplified range of oxidation potentials

(054 V = 1,40 v vs SCE).

The conclusions of the SCF perturbation calculations
depend very much on the reasonableness of the fitting of
the lonisation potentials and oxidation potentials.

To check this, we hnve fitted *the oxidsation potentials
of a large number of aromatic hydrocarbons with the
corresponding E(2§% values, The following expression is

cbtained with stendard deviation and lincar correlation

coefficient being 0.154 and 0.978 respectivelyo

TP ( eV) = 1.4453 E@f}% + 6.1880 (TT.19)

where E(2§% is expressed in volts. Accurate ionisation

potential data is available from photoelectron spectroscopic

data for a large number of hydrocarbons. But similar data
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is lacking for a large number of metalloporphyrins, since
most of these systems are non-voletile. Of the limited
number of papers reporting PES data on porphyrin822”259

only the results of Kitagawa et al/lLL appear to be consistent
and give good fit with the oxidation potentials. Hence we
believe that extrapolating the icnisation potentials of
metalloporphyrins from the corresponding oxidation potentials
data is reasonable. Thus the electrostatic model to a

limited extent does explain the observed trends in the

electronic spectra and oxidation potentials of metalloporphyrins.

The computer programme for CNDO/2 calculations was

kindly supplied by Prof. D.P. santry, McMasters University,
(ntario, Canada. The programme was modified so as to

be used for large molecules upto 150 atomic orbitals.

The PPP programme used here is a modified version of

«CP 71.2 (Bloor and Gilson, 1974) obtained from uantum
Chemistry rrogramme exchange.

411 the ccuputations were done at the Regional Computcr

Centre, Jadavpur, Calcutta, using the computer Burroughs 6700.
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Pable IT. 1.

Coreelation of oxidation pmtentiala (Eq/? values), ionisation
potentialg and the charges obtained from the SCF perturbation
calculations. (The experimental data are for metal octaethyl-

porphyrins, OEP).

; ' : R
Charge | Charge | EU§/2 (volts
System : (PPP) : (CNDQ//E) ; ; IP

' H ' (vs SCE) |

: ; : ]
Mg(II)OEP 1.30 1.52 0o 54 6.2
Zn(TI)OEP 1.3 1.56 0.63 6.26
N1 (IT)OEE 1.%2 1.58 0.73 6.32
HGEP 1.3 1.59 0.81 6.36
Ag(1LT)OEP 1.38 1.63 1.10 6.5%
AL(TTI)OEP(OH)  1.36 1.6 0.95 6,440
Sn(IV)OEP(OH),  1.43 1.68 1.40 6.70P

aEq/g values are taken fronm reference(11)

bIP values are estimated using equation (II.18) in the text.

Other values are experimental data frcm reference (14).
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CHAPTER . ITIT

CNDO/2 CaLCUBATIUNS ON PHIORIN TRIANICN :
CH.RGE DIoTRIBUPIONS AND REACTIVITY PARAMETERS.
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11T 1o Introduction

Phlorins are obtained by reversible hydrogenation
of methine bridge in a porphyrin periphery. (figure 3.71)
They were characterised independently by Woodward and

1,2

Mauzerall. Phlorins are reduced to porphomethanes and

dimethanes and ere easgily oxidised to porphyrins°2ﬁ4
Un the basis of kinetic and spectral evidence, phlorins

have been postulated as the first intermediates formed

during photoreductions of porphyfins°2 Pulse radiolytic

studies of reduction of hematoporphyrin and its zinc

complex by anion radicals had revezled that the primary
reduction product is of a phlorin type°5 Phlorins are

highly reactive intcrmedistes and can ‘be stabilised by

the presence of bulky groups,6 The electronic spectra of
phlorins and their meteal complexes generally consist of

two bands of neerly equal oscillator strengths occuring

around 440 ~nd 880 nm. The visible sbsorption spectrum is
nearly identical to that of ring-opened bilatrine. (figure 3.1)
Hence phlorin serves as « wmodel system for a bilatriene in

a cis-cis configuration. Closs end Closs generated zinc
tetraphenyl phlorin anion which wus counverted fast into the
corresponding chloring.7 Whitcock has converted chlorins

into a phlorin by heating in tetrahydrofuran-potassium
tertiary butoxide—tertiary butanol medium. all the chemical
data indicate that phlorin is highly reactive compared to

a porphyrin. We have performed CNI/2 calculation on phlorin



PHLORIN

R = VINYL

R1 = PHENYL

BILATRIENE

Fig 361
SKELETON FOR PHLORIN, BILIVERDIN AND BILATRINE



49

trianion in order to understsnd its electronic structure in

comperison with a porphyrin lianion «Fig3.2)

PPP calculations do not distinguish between a phlorin
and bilatriene. CNDG/2 calculations point to the participation
of the CH2 group in the pi system. The phlorin trianion is
chosen here because of its highly symmetric nature. It is
edsy to compare the behaviour of phlorin trianion and

porphin dianion.

IITI. 2. Methods of Calculations

SCEF calculations on phlorins in the PPF - 77 framework
have alrcady been reported,9 The saturated methylcecne group
was not insluded in the PFP calculations. In the present
calculations, CNDG/2 formalism is used. The phlorin trianion
has 02V symmetry. Since no crystal structure data is availeble
for this system, the coordinates are taken to bc the same as

7 R
© The sceturated nmethylene group

those for porphin disnicn.
is taken to lie in the ¢ plane. The CNDL/2 energy levels

and wavefunctions arc listed in Teble IIT.1.

ITI.%. Rcsults and Discussion

~

To The energy levels obtained from CNIDL/2 method for
porphyrin dianion and phlorin trianion ere compared in
Table ITI.2. The disruption of conjugation in the porphyrin

aacrocycle leads to the lifting of the near-degencracy of



Fig.3.2

SKELETON FOR PHLORIN TRIANION
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the HOMO and the true degenaracy of the LUMO levels. In
comparison with & porphyrin dignion9 the HOMO and LUMO of
phlorin Yrianion are raised. Hence a phlorin trisnion is
expected to have a lower oxidation potentiel and & higher
reduction potential than the corresponding values of a
porphyrin. This pattern of energy levels for phlorin
trianion is different from what has been obtained from

PPP cualculations.

In the PPP calcjulations for phlorins, the nitrogen
parameters are taken s the average of those for three
pyrrolic and one pyrifdine type nitrogen atoms. In a porphyrin
the nitrogen parameters are the average of those for two
pyrrolic and two pyrifdine nitrogen atoms. (ther parameters
are identical for phliorin and porphyrin. Under this cunditiun,
if one compares the ejnergy levels of porphyrin (th) and
phlorin (sz), the homo level for phlorin is higher and the
lumo ievel is lower tlhan those of the corresponding values of
porphyrin. Support for this pattern is indirect from the
experimental data on biliverdins.qq The oxidation and reduvction
potentials for metsllobiliverdins are respectively lower
than those of metalldporphyrins. But the biliverdins have
a terminal carbonyl groups end they do not truely represent

a phlorin or a typicall bilatriene. The erbitariness in the

choice of nitrogen parumeters in PPP celculations should not
be oveflooked. The results of CHDC/2 calculations on phlorin

trianicn and porphin dianion are free from the erbitreariness
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of PPP calculations. Regarding the oxidation potentials,

both these methods predict that = phlorin system is more
easily oxidised than a porphyrin. This prediction is
supported by experimental data. The first oxidation potential
for Zn TPP (tetraphenyl porphyrin) is 0.80 V ws SCE whereas
the corresponding phlorin anion is oxidised to a porphyrin

2 Regarding the case of

at a potential of -0.45 V SCE.
reductions the results of these calculations predict opposite
trends. PPP calculations indicate that a phlorin has a lower
reduction potential than that of a porphyrin, while

according to CNDO/2 results phlorin trianion should have

a higher reduction potential than that of a porphyrin.

There are two experimental evidcnces in support of
the results of CNIC/2 calculations. A detailed electrochemical
and spectroscopic study by Lanese and Wilson has shown that
Zn TPP (Zn tetraphenyl porphyrin) is reversibly reduced to
its mono enion at -1.35 V vs SCE while the corrcsponding
phlorin anicn, ZnTPPH is reduced to its radical dianion,

- 12

ZnTPPH Additional support

at a potential -1.85 V vs SCE.
comes from photoreduction studies on metalloporphyrins.

The phctorcduction of porphyrins leading to phlorins and
further hydrogenated products occurs only in acidic medium
and not in alkaline medium. Further reduction of phlorin is
very slow compared to porphyrin —s phlorin :step.,/la"/uL
These observations strongly support ocur calculations

indicating that phlorins are more difficult to reduce

than porphyrins.
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fore experimental data on bilatrienes and stable
phlorins are required to understand the relative rcactivities
of porphyrins and phlorins. Regarding the charge distributions,
there 1s very little differcnce between the results of PII
and ChDO/2 calculations. The saturated methylene group is
at the nodal plane uf the LUMU-wave function. In the wave
function corresponding to the HUMO level, the 2p -~ 7T charge
density of the methylene carbon is very small. Thus the
methylene group has very little interaction with the JT frome-
work of the phlorin molecule and essentially disrupts the

conjuguation in the macrocyclic system.

Ve have compiled the reactivity paramecters for phlorin
trienion. The frontier orbit«l charge densitics and supcr-
delocdlisa’bilities/]5 obtained froum FFP and CkDU/2 wavefunctions
are listed in Tables I1T.3 and IIT.4. The superdelocalisa-
bilities are normalised with respect to the centre having the
highest reactivity value. There ore only slight diffcrences
between the charge densities ¢btained by PFF and CFIDL/2
methods. Bescd un the charge densities in the HOMO level
obtained by both the methcds, the first three centers of
high elcctrouphilic reactivity in the decrcasing crder, Jdre
22% 35 3>17 (PPP) and 22 %17 > 33 (CNDL/2) Based cm super-
delocalisabilitics, the crder of clectrophilic rcactivities

are: 3522 %14 (PPP) end 22 > 35 %3 (CNDC/2).
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Summing up, the overull prcdiction of the order cf
clectrophilic reactivity can be written am 22>17 > 33.
kegarding the nucleophilic recactivities, therc is a good
agreement between the CNDU/2 and FPP - charge densities
for the LUMO level. The superdelccalisabilities also prcdict
the sume trends as the frontier electron densitices. The
predicted order of nucleophilic reactivity is 17 19 -21.
The limited experimental data on thce reactivity of bile

pigments support the above predeitions.

In the porphin dianion, the charge deneity is
uniformly distributed over all the four methine bridge
positions; while in a phlorin trianion there is a larger
concentration of charge at position 22 in the HOGMC and at
position 17 in the LUMO. Hence the electrophilic and
nucleophilic reactivities are higher for phlorin than what

is observed for a porphin.

In summery, we have noticed that the PPP method
predicts a phlorin to have lower oxidation and reduction
potentials than those uf a porphin; while the CNDO/2
calculaticns indicate that a phlorin shculd have a lcwer
«xidation potential and a higher reduction potential than
the courresponding values of a perphin. The CNDU/2 results
are supported by experimental data. RBoth the methods predict
the same pattern of charge density distributicn and

reactivity parameters.
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Table TIT.1

ICAO coefficients in the CNDO/2 wave functions for Phlorin
trianion (only the 57 orbital functions are included)?

Atomic Energy levels (energy values in &.'l. in Paranthesis)
Center  oq(-0.5383) 22(-0.4941) 23(-0.4676)

14 -0.2174 0.1046 ~0.1687
15 ~0.1872 0.0606 -0.1987
16 ~0.2104 0.0190 ~0.2583
17 ~0.1468 ~0,0957 ~0.2476
18 ~0.1468 ~0.2300 ~0,2862
19 ~0.1142 ~0.2357 -0.2368
20 ~0.1123 ~0, 2644 ~0,2096
21 ~0,1332 ~0,3228 ~0.1716
22 ~0.1161 -052999 0.Q000
23 ~0.1332 ~0.3228 0.1716
2U ~0.1123 ~0.2644 0.2096
25 ~0.1142 ~0.2357 0.2%68
26 ~0.1468 ~0. 2300 0.2862
27 ~0,1468 ~0.0957 0.2476
28 ~0.2104 0,0190 0.258%
29 ~0.1872 0.0606 0.1987
30 ~0.2174 0.1046 0.1687
31 ~0.3032 0.1650 0.1495
32 ~0.3931 0.2563 ~0.0000
33 ~043032 0.1650 ~0.1495
34 ~0.2039 0.0761 ~0.1929
35 ~0.1147 ~0.2379 ~0.2011
36 ~0.1147 ~0.2379 0.2011
37 ~0.2039 0.0761 0.1729
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Table IIT.1 continued

Atomic Enefgy levels (eneréjuﬁélues in a.u. in paranthesis)
Center 29(~0.3883) 22(~0,3229) 38(-~0.1826)
14 0.2592 01314 0.1994
15 0.2589 -0 2474 041663
16 0.2273 -0,3980 ~C. 0014
17 0.0168 -0.2236 ~0.2380
18 -0,1799 ~-0.0934 =0, 3000
19 ~0, 8347 0,0113 ~0.2247
20 -0 2437 0.0877 '46;621?
21 ~0.1924 0.1475 0.2682
22 0.0000 0.1860 0.4 2
23 0.1924 0.1475 0,2682
24 0.2437 0.0877 0.0212
25 0. 2L47 0.0113 -0.2247
26 0.1799 ~0.0934 -0 3000
27 -0.0168 ~0.2236 ~0.2380
28 -0.227% -0.3080 ~0.00714
29 ~-0.2589 ~0o 2474 0.1663
20 ~C.2592 -0.1314 0.1994
3 ~0.2248 0.0290 0.0901
32 0.0000 0.428" ~0.1643
35 C.2248 0.0290 0,0901
24 0.2415 ~0.1450 0.0649
35 ~0.1852 0.0337 ~0.0125
%6 0.1852 0.0337 -0.0125
37 ~0.2125 ~0.1450 0.0649
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Table TIT,1 continued.

Atomic Energy levels (enerpy velues in s.u. in paranthesis
Center  43(-0.1190) 47( 0. 0755) 50 (~0.0107)
14 ~0 42717 0.2080 ~0.1%28
15 ~-0.1012 Q.14 ~0,0553
16 0.2043 -0.1318 00,1188
17 063801 -0.2135 0.0875
16 0.2311 ~0,1071 ~-0,0677
19 -0 1548 0.3550 0. 2236
20 -{ 4 3002 v0. 2671 O.2441
21 -0.1649 ~-0.1065 ~-0.2455
22 0.0000 -0.2283 0,0000
23 0.1649 -C.1065 0.2455
24 0.3003 0. 5671 -0, 2441
25 0.1348 0. 3550 --0.32%6
26 ~0.2311 ~0,1077 0.0677
27 -0, 3801 -(.2135 -0,0875
28 -0.2043 ~0.1%16 -0,1188
29 0.1013 0.1114 0.0553
30 0.2717 0.2080 0.1328
37 01994 0.0836 0.0386
%2 0.0000 ~0.0729 ~( 0000
53 -0.1994 0.0836 ~C.03%8K
B4 ~0,0023% -0, 0470 0.0&57
35 C.0313 -0.,2283 -0 . 4686
36 ~0.0313 ~0,2283% 0.4686
37 0,0023 -0.0470 0.0857
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Table IIT.1 continued.

stomic Energy levels (energy vaolues in a.u. in paranthesis

Center  54(0.0058)  53(0.0136) 56(0.0519)
14 045055 0.2571 -0.1152
15 0.2965 C. 5626 0.1859
1€ ~0.1580 ~-0.0386 0.2472
17 ~-C,0022 0.0772 0.1672
18 0.1366 0.0652 -0.1508
19 -~0.0607 0.0666 -0.0295
20 -0 1317 -0,0130 0.1122
21 ~0,0116 -0.0972 0.0227
22 -0, 098¢ -0 . 0000 0.27%6
23 ~-0.0116 0.0972 0,0227
24 ~C.1317 C.0130 0.1122
25 ~0.0607 -0.0666 0.0295
26 C.1366 ~0.0652 -0.1508
27 ~0.0022 ~0.0772 C.1672
28 ~0.1580 0.0386 0.2472
29 0.2995 -0 %626 0.1899
30 0.3053 -0.2371 ~0.1192
31 -0.1432 0.2771 -0.3109
32 0. 0459 --C 0000 0.0998
3% ~0.1482 -C0.2771 --0.3109
ALk ~0. 4232 ~0. 4502 ~0.1661
55 0.1949 ~0.Co42 ~0.3397
26 0,1549 0.C842 -C. 25597
37 -0.423%2 0.4502 -0.16671



Table I11.1 continued.

Atomic Energy levels (energy values in a.u. in paranthesis
center 57(0.1102)  58(0.2082) 59(0.4412)
14 -0.2122 -0.1644 0.1463
15 0.1803 0.1647 -0.2053
16 0.3299 0.2118 ~0. 0734
17 -0.0514 -0, 2546 0.4013
18 -0.3065 ~0.1847 -0.1057
19 -0.1578 -0,0578 —-0,272%
20 0.1771 0.1505 0. 1894
21 0.2674 0.0649 0.2317
22 0.0000 ~0.4380 ~0 0000
23 ~0.2674 0.064C -0.2317
24 “0a1771 0.1505 ~0.18%4
25 0.1578 -0.0578 0.2723
26 0. 3065 ~0. 1847 0.1057
27 0.0514 ~0.2546 ~0.4013
28 ~0.3299 0.2118 0.0730
29 ~0.1803 0.1646 0.2053
30 0.2122 -0 1644 ~0.1463
3 0.2942 -0.1990 ~0.1501
%2 0.0000 00112 0.0000
33 ~0.2942 ~0.1990 0.1507
34 0.C409 +C,1173 mo°4?9o
36 0.0320 0.3300 ~0.2015
36 ~0.0320 0.3300 0.2015
37 ~0.0409 0.1173 0.1790
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Table ITI,1 continued.

Atomic Energy levels (energy values in a.u. in paranthesis)
senter  go(0.4824) 61(0.6L04) 62(0.6697)
14 ~-0,0972 0.3482 C.0192
15 0.1640 ~0,.2061 - 0204
16 0.0070 ~0.0799 0.0260
17 ~0.5245 0.0244 0.0C96
18 00,1684 0.0555 -C.0612
19 C.3242 ~Ce0750 0.3057
20 ~0. %242 0.0528 -0.4181
21 ~-0,.1376 0.0032 0.4229
22 0.3213 ~-0.0087 ~0.0000
2% - C.1376 0.0032 -0, 4229
24 -0, 3242 0.0528 O.418E1
25 O.2242 -0.0750 -0 35057
26 0.1684 0.0554 C.0612
27 -C. 3205 0.0244 ~-0,0096
28 0,.C0O70 -0.0799 ~0,026C
29 0. 1640 =0 20671 C.0294
50 --0,.0972 0.3482 -0,0192
37 ~0,1132 0.2823 -.0. 002
32 ~0.0377 -0« 3541 -0,0000
33 -0.1155 -(C.2823% -0, 0021
24 0.1724 0o 2744 ~0,017C
35 -0, 0021 ~0.C891 ~C.2165
26 -0.0021 -0.03%1 0.2165
37 O 1724 Qo 2744 C.0179



60

TableIITI.1 continuedo .

Atomic Energy levels (eunergy values in s.u. in paranthesis)
Center cz(h g754)  64(0.6780) 69(0.6540)
14 C.2014 0.2417 062599
15 -0.2C84 -C.%293 0.18610
16 0. 2644 C.2754 C.0673
17 0.0502 0.0415 0.0402
18 -0.3128 ~0. 3020 -0,1303
19 0.31%3% (2009 0.0832
20 ~0.2169 -0.0489 -0.0268
21 0.0274 -0.1609 -0.0479
22 --0.0065 ~0.0000 0,0000
25 0.0274 0.1609 0.0479
24 ~-0,2169 0. 0489 0.0268
25 0.3133 -0.2009 -0.083%6
26 --0.23128 0. 3020 0.130%
27 0.0502 -0.0415 -0.0402
28 0.2644 ~0.2754 -0,0673
29 ~Go.2G54 0.3293 ~0.1810
30 0.2014 -0.2417 0,%599
1 -0.0013 C.0368 0.4356
52 0.0101 0.0C0C -0, 0000
3% ~-0,0013 -0.0368 C. 4556
34 -0 1746 ~C.1588 ~0. 3244
35 0.15%1 0.2631 0,0977
%6 C.1531 ~062631 -0.C977
37 ~0.1746 0.1588 Q, B4
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Table 1II.1 continued.

ntomic  PBnergy levels (energy values in a.U. 1n paranthesis)
center  98(0.7453) 79(0.7712)  80(0.7720)  84(0.8045)
14 -0.,0850 -0.0442 -0.1039 ~0.1334
15 G.1501 0.1786 0.1619 0.C018
16 ~0,22086 -0+ 3591 -(0.2603 0.1390
17 C.1668 0.3364 0.2813% ~0.0944
18 -0,1138 -0.326% ~0. 2045 0.0700
19 0.1686 0.1475 0.0941 ~0.0259
20 ~0.2517 -0.0410 0. 0606 0.0025
21 O0.4161 ~-0.0663 0.27%3% 0.0244
22 -0, 3808 -0.0000 Co 2444 ~0.0221
23 O0.4161 0.0663 ~-0.273% 0.0245
24 ~0.2517 0.0410 0. 0606 0.0025
25 0.1686 ~0 1475 00,0941 ~0.0259
26 -C.1138 0.35263 06 3045 0.0700
27 0.1668 -0. 5304 0.2813 000944
23 -0,2208 C. 5591 ~0.26C3 C.1390
29 0.1501 ~0.1738 0.1619 0.0018
30 ~0.0850 0.0442 ~C103%9 ~0.1%554
31 0.C13%1 C.093¢ 0. 0611 C.%317
32 ~0,0943 C.0000 ~0.1368 ~0.6177
55 C.013%1 -0.093% 0. L6171 0s3%17
B 0.1099 C.2245 0.0919 -0, 2209
35 ~0.1515 0.1743 0.2556 ~0.0%6%
36 -0.1515 -0.1743 0.2556 -0.03563
37 C.109% ~0o 2245 0,019 -0.2209

a: only the 2p_ of cerbon and nitrogen orbital coefficients

are includel.
The highest occupied orbital belongs to the level no.



Table 1IT. 2.

CNDO/2 molecular orbital encrgies of phlorin trianion

amd porphin dianion.

Phlorin trianion

Porphin dianion

orbital no. energ; orbital nc. energy
(aoueg (cela)

63 0.6754 63 00,5351
62 0.6697 62} “g

61 0.6404 61 0.5284
60 0.4824 60 0.3809
59 (LUMO) 0. 4412 59} LUMO 0.0876
58 (HUMO) 0.2082 584 °g

57 0,1102 57 (HOMO 1) 0.0166
56 0.051% 56 (HCMC 2) -0.0096
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Table IITI. 3,

Nucleophilic Rcactivity parumeters of phlorin trianion

Atomic Frontier electron Superdelocalisablility
center density
PPP CNDO/2 PP CKDL/2
14 0.0051 0.0214 Q.43 0.72
15 0.0575 0.0422 0.62 O.74
16 00,0024 0.0054  0.43 0.66
17 01777 0.1610 1,00 1.00
18 0.0035 0.0112  0.50 0.77
19 0.0733 0.0744 0.7 0,04
20 0.0086 0.0359  0.55 0.382
21 0.0854 0.0537  0.71 0.97
22 0,0000 0.0000  0.55 0.55
33 0.0494 0.0225  O.04 071
34 0.0142 0.0320 0.25 0,72
25 0.0226 0.0460  0.21 0.53
= 2
Superdclocalisability (Nucleophilic) = __%T

J J



Table IIT. 4.

Electrcophilic Reeacticity Parameters of Phlcorin trianion.

Atomic Frontier Electron Superdelocalisability
center density
PEF¥ CNDC/2 PPP CNDC/2
14 0.0094 0.0270 Q.81 0.62
15 0.0490 0.0270 0,77 0.59
16 0.0330 0.0449 0.76 0.63
17 0.088% 0.0648 0,68 0.53
18 0,050 0.0341 0.71 0.53
19 0.0074 0.003% 0.71 O.43
20 0.0518 0.0226 0,77 0.51
21 0.0019 0.0042 0.60 0.3%9
22 0.2056 0.1918 0.92 1.00
33 ©,0610 0.0396 O.74 O.064
34 0.0039 00,0137 0.94 0.60
35 0.0405 00,1089 1,00 0.89
occ 5
Superdelocalisabality (Electrophilic)::iz C%

i 1
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CHAPTER 1V

CNDO/2 CALCULATIONS ON CCRRUIES 4ND
) TETRADEITY DROCORR T
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IV. 1. Intrcduction

Corroles and tetradehydrocorrins ere related to

1 . . .
»2 Corrole is & macrocyclic conjugated

vitamin qu system.
system which contains one methine bridge less than porphyrins
(figure 4.1, 4.2, 4.%). Similar to the porphyrin, a corrole can
be visualised as 18 membered annulene system. The optical
absorption spectrum supports this view. An intense, 'Soret band'
is observed around 400 nm and a weak 'visible' band is observed
at 500-600 nm rangeo5 The nmr data is also indicative of the
-aromatic character of corrole‘,/| Howvever, X-ray structure of
corrole has shown appreciable deviation from planarity°4’5
Corrcles form complexes with a number of metals like Cu,
Ni, Co, Pd etc°7’8 Divalent metal ions form N protonated
neutral metallocorroles. Complexes of corroles with Ni(II)
and PAd(II) are non-aromatic with one of the potentially

tautomeric hydrogen atoms being displaced from nitrogen

to carbon in such =z wey as to interrupt the macroscyclic

Q

conjugation of the chromophore. The localtion of the displaced
proton is still unresolved. The Ni(II) and 1d(II) complexes
dare pardmagnetic.7 This paramagnetism is due to the presence
of radical species in the complexes which arise from the

loss of the blocking hydrogen astom. The free radical formed
in this manner is a delocaliged metallocorrole radical.

The metallocorroles can also be easily deprotonated to

yield the corresponding aromestic anions°7’8 Co(IIT) corrole



Fig'4ol
SKELETON FOR CORROLE TRIANION



Fig. 4.2

SKELETON FOR TETMPEHYDROCQRRIN MONOANION

'
!



Ni(1I) ~-CORROLE MONOANION

Fi gq b ;5
SKELETON FOR CORROLE FREE BASE, N-PROTONATED

Ni(Ii) COMPLEX, Ni(Il) CORROLE MONOANLON
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which is a neutral species ., has been reduced to Co(II)
corrole anion. The electronic spectra of the metallocorrole
anions are very similar to the corresponding metallo-
porphyrins, indicating the aromatic chareacter of the
macrocycle. SCPF -J7 electron calculations have been done
in the PFP framework, including configuration interaction
for corrcole trianion. The effect of metal was considered
indirectly by changing the nitrogen pardmetersagﬂqq

Reasonable agreement has becen obtained betwecn experimental

spectra and the results of PPr calculaticn

The macrocyclic conjugation in corrole is brcken
down by introducing two hydrogen atoms, to form a tetra-
dehydrocorrin. The structural relationship between a
corrole and tetradchydrocorrin is similar to that between
& porphyrin and phlorin. The non-aromdatic nature of
tetradehydrocorrin macrocycle is cmphasgised by the compara-
tively high T~ values of the signals duc to mcso protons‘,/l
The visible electronic spectrum of a Mi(II) tetradehydro-
corrin salt is similer to that of u metctllophlorin‘,/1 The
bunds at 350 nm and 550 nm have comparable extinction
coefficients. Stable Co(II) and Mi(II) salts huve been
obtuined for 1, 1S dialkyl tetradehydrocorrin systems.

12 tnat

Electrochemicul and ESR studies have indicated
Ni(II) salts are reduced to the radical anions and dianions;
whereas Co(IT) tetradehydrocorrins are reduced to Co(I)

systems and Co(II) dianions. Further studies heve shown
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that in Co(II) corrole anion and Co(II) tetradehydrocorrin
cation, the central cobalt atom has different electronic

13

cround states.

IV.2. Methods of Calculation

To our knowledge, calculations beyond the PP level
have nct appeared in the literature for corroles and
tetradehydrocorrins. We report here CNDG/2 calculations on
Tthe ground states of corrole trianion and tetradehydrocorrin
anion, which have the same symmetry of their metal complexes
(fig. 4.1 and 4.2). Idealised geometry has been used for
these two systems. While the FFP and CNDO/2 energy levels and
wave functions for corrole trianion are presented in Table IV.1
and IV.2 respectively, the corresponding energy levels and
wave functions for tetradehydrocorrin mono anion are summarised
in Tables IV.% and IV.4. The reactivity parameters have been
computed in the same manner as we have done for phlorin.

(see Tables IV. 5,6,7 and 8).

I7.%. Results and Discussion

A comparison of the energy levels of porphine dianion,
phlorin trianicn, Lorrole trienion cnd tetradehydrocorrin
mono anion is made in Table IV. 9. Though the charges
on these ions are different they are taken prototyves
fer their correspoﬁding metal complexes with bivalent metal
ions. Thus the corresponding M(II) metal corplexes are:
I{IT) porphyrin, M(II) phlorin =z2niovn, M(II) corrole <nion,
iM(IT) tetradehydrccorrin cation. The effect of M=t on the

orbital energy ¢f the ligand mey not be She sume for all
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these four ions but one may expect some approximate
correlations of energies between the deprotonated ligands
and their corresponding metal complexes. The comparison

in Table IV.9. is made with this point of view. Since no
ionisation potential data is available, the trends in redox
potentials of the metal complexes may be correlated with

the trends in the calculated energy values. Ni(II) porphyrin
aﬁd Ni(II) tetradéhydrocorrin have similar reduction
potentials, (~1.50 V and =1.60 V vs SCE respectively).
Ni(II) corrole is reduced at a much higher value

(~2.34 V vs bCE).,/IB Though the data for NMi(II) phlorin is
not available, metallophlorins undergo one-clectron reduction

around =-1.90 V vs SCEe14

The orbital energies for LUMO
levels for thesc four ligands also reflect the same trend.
The LUMO energy value for corrole trianion and phlorin
trianion arc high compered with the corresponding values
of porphine dianion and tetradehydrocorrin mono &nion.

Thus the relative orbital energies obtained for these four

systems appedr to be reasonable.

The resctivity psramecters, namely frontier electron
density, and superdelocalisability for corrole trianion and
tetradehydrocorrin anion obtained from PPP and CIIX /2 methods
are comparcd in Tables IV. 5=8. Regarding the centsrs for
the highest clectrophilic or nuclecphilic rcactivity there
is no embigulity in the reactivity paramcters. Thus in the

case of corrole trianion, for electrophilic reactivity,
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both the PPF and CNDU/2 data point to pesition 17 as the

most probable centre. Regarding the centres of next priority
for celectrophilic reactivity)superdelocalisabilities and
frontier electron densities obtained from the same method
(PPP or CNDO/2) do not agree. Considering both the CNDG/2

and PPF-data togethef we have four reactivity parameters

for cach center for each type of reactivity. The overall
order of electrophilic reactivity may be summarised for
corrole trianion as foilows: The centre of highest reactivity
" is predicted to be the position '"17', Cther ceonters of
compareble reactivities correspond to positions 32, 31, 12
and 29. The limited data on electrophilic substitution
rcgctions in corroles indicate798 that elkylation occurs

at positions 32, 31 and 29. No alkylation has been reported
in the position 17. No data is available for the nucleophilic
reactivity of corroles. analysis of the reactivity parameters
indicates that position 12 is the most probocble centre for
nuclecphilic reactivity. Cther centres which are likely

to undergo nucleophilic addition correspond to positions

14, 15 and 29.

In the case of tetradchydrcecorrin,high electrophilic
reactivity is predicted at positions 19 and 14, This is
obscrved experimentally. Bromination occurs at positions
T4 and 22 lcading to the dibromo derivativeoq5 Nitration
occurs &t positions 14, 19 e¢nd 24. Mono- di-~ and trinitro

16-18

derivatives are known. Formylaticn occurs only at

position 19.
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Regarding the nucleophilic reactivity of tetradehydro
corrin system, the PPP parameters are at variance from those
obtained from CNDC/2 method. Experimental data appears to
support the CNDU/2 calculations. The highest nucleophilic
reactivity is predicted at positions 14 and 24 (CNDO/2),

which is observed experimentallyoq6

IV. 4. Conclusion

In conclusion it can be pointed out that CNDO/2
calculations lead to correct ordering of energy levels for
corrole and tetradehydro corrin. The relative orbital
energies ¢f the HOMC and LUMC levels of porphine, phlorin,
corrole and tetradehydrofcorrin also appear to be in the
right dircection as indicated by the redox potential data.
The overall rcactivities are also predicted better by the
CNDO/2 method than by the PPP approach. It should alsc be
pointed out here that the semi empirical methods in the
ZDO framework heve severe limitetions, particularly when

7 = J7  interactions are strong. More sophisticated methods

arc rcquired to treat systems like corrole and tetradehydrc-

corrins, and related systems,.
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Table IV.1

1L.CAO coefficients in the PPP wave function for corrole.
trianion.

atomic Energy levels (energy values in -.,u in 2~ i~ .nthesis)
Center  4(_46.%284) 2(-16.0158) 3(-15.8849) 4(-15,3913)

12 0.1%06 0,036% -0,1708 -0.0563
13 0.1681 0.2178 -0.2859 0.1242
14 0.0811 0.121%3 -0 1428 0.0768
15 0,078% 01370 -0,1258 0.0840
16 0e1568 0.2815 -0.2201 0.1506
17 0.1028 0.1044 0.0000 -0.0000
18 0.1568 0.2815 0.2201 ~0.1506
19 0.0783 0.1370 0.1258 -0, 0840
20 0.0811 0.1213 0,1428 -0.0768
21 0.16861 0.2178 0.2859 -0,1242
22 0.15386 0.0363% 0.1708 0.0562
2% O.2412 ~0.,1178 0.1857 0,2765
24 0.1211 -0.0702 C. 0834 0.1430
25 0.1332 ~-0.0932 C.0587 0.1176
26 0.2893 -0,2062 0.0898 0.1845
27 0.2893% ~-0,2062 -0.0898 01845
28 0.1%52 ~-0.08322 ~0,0587 -0.1176
29 01211 -0.0702 ~0.08%4 ~Ce 1430
30 0.2412 -0.1178 -0.1857 -0.2765
%1 O 4145 ~0.2729 ~C. 2432 ~0. 4738
52 0.2528 0.4166 -0.4%86 0.2767
5% 0.2528 0.4186 0.4%586 ~0.2767
54 0.4145 ~0.2729 0.2432 0.4738
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Table IV.1 continued.
Atomic Energy levels (energy values in =.u ih paf-nthesis)
Center 5 42.4890) 6(=11.5601) 7(=11.3784) —8(~11.1171)
12 0. 5541 0.3348 ~0.1110 0.0102
13 0. 3002 0.3002 0.0475 0.0702
14 0.1109 0,1109 ~0.2630 0.13298
15 -0,1060 -0 61060 ~-0. 3502 0.0932
16 -0.2967 ~-C.2967 -0.1708 -0.0361
17 -0, 3643 ~0.3648 -0.282%1 ~0.0544
18 ~0.2967 -0.2067 ~0.1708 ~0.0363%
19 ~0.1C60 -0.1060 -0.3502 0.0922
20 0.1109 0.1109 -0,2630 @.1389
21 0. 3002 0.3002 C.0475 0.0702
22 0. 35344 Do 3541 -0 1110 0.0104
23 0.2265 0.226C -0.1784 -0.0708
24 0.3880 00,0880 -0.0646 0.3131
25 -0.0807 ~-0,0807 0.0877 0.4352
25 -0.2254 ~002254 C.1802 0.2098
27 -0, 2254 ~0.2254 C,1802 0.2098
28 -0.0807 ~0,0807 C.0877 C.hz47
29 C.0880 0.1880 -0.0646 G.3125
30 0.2260 0.2269 -0.1784 -0.0709
31 -0.0597 ~0.0597 -C.0302 ~-0.3513
32 0.,0120 0.0120 C.3538 -0.0679
3% 0.0120 0,0120 0.3838 -0.0673
34 ~0,0597 -0.0597 -0.C302 ~06 3517



Table 1IV.1 continued.

Atomic Energy levels (energy values in ﬁ:ﬁ'ihfr:rﬂhthe§is)
Center 9(.14.4149)  10(~10.8665) 11(~10.8%31) 12(~8.7614)

12 0.0714 -0,07671 -0, 2034 ~0.0950
1% 0.00%2 0.18%6 ~0.1767 0.2765
14 -0,3693 0. 3436 0.0738 01854
15 -0.4118 0.1963 0.2366 -0.1476
16 -0.10601 -0,1507 0.1890 -0.2890
17 ~0.0001 -0. 2744 0.0000 0.0000
18 0.1000 ~C.1507 ~-0.1890 0.2890
19 0.4121 C.1963 -0,2%66 0.1476
20 0. 3697 0.3436 ~-0.0738 ~0.1854
21 ~0.0030 0.1836 0.1767 ~0.2765
22 ~0.071% -0.0767 0.2034 0,0949
2% ~0.0812 -0.2768 0. 3780 0.3382
24 ~0. 2137 ~0,3100 -0.3415 0.1118
25 ~0.1722 -0.0775 —0.4136 ~0.2642
26 0.0119 0.2293 ~0.1217 -0,2705
27 ~0.0114 0.229% 0.1217 0.2705
28 0.17%3 ~-0.0775 0.4136 0.2642
2S 0.2145 -0.3100 0. 3415 -0.1118
20 0.0810 ~C.2768 <0, 3780 -0.3382
%] -0.1722 0.0920 -0.1587 0.0676
%2 ~0.2582 -0.0620 ~0.0335 0.0200
33 ~0, 2584 -0,0620 0.0335 -0.,0200
34 0.1714 0.0920 0.1587 -0.0676
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Table IV.1 continued

Energy levels (Energy values in -.u id seranthesis)
14(=3.7974) 15(-3.2145) 16(-0.8838)

Atomic
center  4x(.3,0867)

12 0. 35%4 0.4032 0.2760 ~0.1634
13 0.1834 ~0.0116 ~0.2465 ~0,1950
14 ~0:1257 ~0,2531 ~0.2242 0.2127
15 -0.2136 0.0713 0.30% ~0.1354
16 0.0620 0.2630 0.1048 -0.0785
17 0.4458 0.0000 ~0.4378 041430
18 0.0620 ~0.2630 0,1048 -0,0785
19 ~0.2136 -0.0713 0.3086 -0.1354
20 ~0.1257 0.2531 ~0,2242 0.2127
21 0.1834 0.0116 -0, 2464 -0.0949
22 043634 -0.4032 0.2760 ~0.1634
23 -0,0862 0.71264 0.1253 0.2849
24 ~0,2294 0,2263 -0.1493 0,088
25 ~0,0132 -0.1820 -0,0672 -0.3687
26 0.2305 -0.2281 0.1828 0.3084
27 042305 0.2281 0.1828 0.3084
28 -0.6M32 0.1820 -0,0672 -0. 3687
29 -0, 2294 -0,2663 -0.1493 0,0881
20 -0,0862 ~0.1264 0.1253 0.2849
3 ~0,1268 -0.0638 -0,1716 ~0.2432
32 ~0,2005 ~0.1511 0.0726 0.0721
33 ~0.2005 01511 0.0726 0.0721
24 ~0.1268 0.0638 ~0.1716 ~0.2432
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Table IV.,1 continued.

atomic  Energy values (energy levels in ~,u in naranthesis)
T p(-0.3179) 18(0.3657) 19(0.4619) _20(1.4865)
12 -0.0996 0.0657 -0.0571 ~0.1140
1% 0.3224 -0.2898 -0.1358 01147
14 -0.0684 0,2770 0.3570 -0,0823
15 -0,2097 -0.1390 0. 4049 0.0449
16 0.3586 ~0,0871 0.2597 0.0020
17 -0,0000 0.1226 ~0.0000 0.0000
18 -0.3586 ~-0.,0871 ~-0.2597 -0.0020
19 0.2097 ~0.1390 0.4049 —0.1449
20 0.0684 0.2770 -0.3570 0.0823
2 ~-0.3224 -0.2898 0.1358 ~0.1147
22 0.0996 0.0657 0.0571 0.1140
23 0.2044 0.1982 ~0.2270 -0.1113
24 ~0.2370 -0, 3560 0.1930 ~0.1340
25 0.0892 0. 3220 -0,0642 0.352%
26 0.1228 ~-0.1106 ~0.1043 -0.5180
27 ~C.1328 ~0,1108 0.1043 0.5180
28 -0.0892 0.3220 0.1643 -0.3523
29 0.2370 -043560 -0.1930 0.1340
%0 -0.2044 0.1982 0.2270 0.1113
31 0.1312 ~0,0330 ~0.1170 -0.2022
32 -0.2611 0.1322 ~0.0443 ~0,0369
33 0.2611 0.1322 0.044% 0.0369
34 —-0.1%12 ~0.1330 0.1170 0.2022
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Table IV.1 continued.

atomic Energy values (energy levels in :.u in parsdnthesis)
center  p1(1.5673)  22(1.5728) 23(1.5962)

12 0.2784 -0.3158 0.1811

13 -0.2723 0. 3104 -0.1881
14 0.,2650 ~0.213%0 -0.0379
15 -0.2457 0.1133 0.2350
16 0.2029 0.0033 ~0, 4304
17 -0.2032 0.0000 0.4394
18 0,2029 -0.C033 0. 4304
19 -0.2458 -0.113%3 0.2350
20 0.2650 0.2130 ~0.0379
2 -0.2723 ~0. 3704 ~0,1781
22 0.2786 0.3158 0.1811
23 -0.2928 -0.3291 -0.18%8
2l 0.2170 0.2769 0.1342
25 ~0.1200 ~0.1956 ~-0.0739
26 0.0038 0.0846¢ 0.0C20
27 0.0038 -0.0846 0.0020
28 -0.1200 0.1657 ~0.07%9
29 0.2170 ~0.2769 01342
30 -0,2928 0.3291 -C.1838
3 ©.0909 -0.0758 0.0567
32 0.0202 -0.0979 0.1910
33 0.0202 0.097¢ 0.1910
34 0.0909 0.0758 0.0567




Table IV.2
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ICuG coefficients in the CNDO/2 wave functions for Corrole

(only the pi orbital functions are included)®

atcmic Energy levels (energy values in a.u in paranthesis)

Center  20(-0.5187) 22(-0.4648) 24(-0.4609) 29(-0.3640
12 -0.2092 ~0,2656 -0,0122 0.0693
13 -0.2428 -0.3150 ~0.1510 -0.1464
14 ~-0.1906 -0.2470 0.1803 -0.2106
15 ~0,1904 ~0.2151 0.2161 -062271
16 ~0.2262 -0.1836 0.2664 -0.1872
17 -0.1876 -0,0000 0.2412 0.0000
18 -0.2262 0.183%6 0, 2664 01872
19 ~0.1904 02151 0.2161 002271
20 -0.1906 0.2470 0.1803 0.2106
21 -0.2428 0.3150 0.1510 0.1464
22 -0.2092 0,2656 -0.0122 -0.0693
23 -0.2402 0.2512 -0,1898 ~0.2946
24 ~0.1794 0.1702 ~0.1937 -0.2866
25 ~0.1723 0.1205 -0,2202 ~-0.2405
26 -0.2300 0.0882 ~-0.2964 -0.1652
27 -0.2300 -0.0882 ~0.2964 0.1652
28 -0.1723 -0,1205 -0,2202 0. 2405
29 -0.1794 -0.1702 ~0.1937 0,.286¢
50 -0, 2402 -0.2512 -0.1898 0.2946
31 -0.,2048 -0+1552 -0.2235 0.2381
32 ~-0,2038 ~0.2253 0.1947 -0.1791
%3 00,2038 -0.2253 0.1947 0.1791
34 ~0,2048 0.1552 ~-0.2235 ~0,2381
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Table IV.2 continued

Atomic Energy levels (energy values in 2,u in paTranthesis)
Center  33(-0.2151) 40(~0.1016) 144(-0.0809) 47(-0,0253)
12 0.3499 0. 5704 ~0.1%311 -0,0505
13 0.2913 0.2498 0.0681 —~0.1501
14 0.1127 ~0.1138 0. 3841 001494
15 -0.0913 -0,3019 0.2746 0.2146
16 -0.2719 ~-0.1938 -0.1825 0.0040
17 -0. 3889 0.0000 -0.363%1 0.0587
18 ~0,2719 0.1938 ~0.1825 0.0040
19 -0.0913 0.3019 0.2746 0.2146
20 01127 0.1138 0. 3841 Q. 1494
21 0.2913 -0.2498 0.,0681 ~0.1501
22 0.3499 -0.3704 -0.1311 -0.0505
23 0.1843 -0.1252 -0.2236 0.1086
24 0.0156 0.1753 ~0.1502 0.3958
25 ~0 e 1504 0.2995 0.0666 0.2094
26 ~0. 2491 061479 0.2379 ~0,2612
27 -0,2491 =0 1479 0.2379 ~0,2612
28 -0.1504 ~0,2295 0.0666 02094
29 0.0156 -0.1753 -0.1502 0.3958
30 0.1843 0.1252 -0.22%6 0.1086
351 -0.0557 -0,0245 0.0255 -0.2478
32 -0.0123 8.0128 =0 14774 -0.,2508
35 ~0.0123 -0.0128 =0 1474 -G, 2508
34 ~-0.0557 00,0245 C.0255 -0.2478




81

Table IV.2 continued

Atomic Encrgy levels (energy values in ¢.u in varanthesis)
Center  50(=0.0099) 52(C.0185) 53(C.0324) 54(0.14435)
12 0.0796 -0.0615 0.0942 0. 0545
13 ~0.,0297 0.1957 0.1528 -0.2618
14 0.3545 «0.0726 0.0661 -0.1456
15 0.2398 -0.1835  -0,0889 0.1688
16 ~0.2381 -0,0418 ~0.1345 0.2226
17 0.0000 ~0.2025 0.0000 0.0000
18 0.2381 ~0,0418 0.1345 -0.2226
19 ~0.2%98 ~0.18325 0.0( "0 -0.1688
20 ~0.3545 80,0726 ~0.066" 0.1456
21 0.0297 0.1957 -0.1528 0.26718
22 -0.0796 ~0.0615 ~0,0042 -0.0545
23 -0.0728 ~-0,2493 0.1202 ~-Q3098
ou 0.0430 0.1567 ~0o 290l ~0.2194
25 0.1007 0. 33071 ~0e2755 0.2425
26 0.0333 0.0585 0.1370 0.3096
27 ~0.0333 0,0585 ~-0.1370 ~-C. 3096
28 -0.71001 0. 3307 0,2755 ~0.2425
29 ~Q60430 0.1567 0.2044 0.2194
30 0.0728 -0.2493 -0.1202 0.3098
31 0.0362 -0.3035 -0.4895 -0.1734
52 -Q.4830 0.3248 ~0.0504 --0.,0219
3% 0.4£30 0.3248 0. 0504 0.0219
34 -0.0362 ~0.3035 0.4895 0.1734
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Table IV.2 continued

atomic Energy levels (energy velues in a.u 1u paranthesis

Center  55(0.1820)  56(0.4366)  57(0.4734)  58(0.6325)
12 0425013 -043931 -0.3%209 ~0.0495
1% 0.1545 0.0875 0.2058 -0.1095%
14 0.0059 0.2623 0.2962 0.1565
15 ~0,1386 -0.1759 ~0.3289 ~-0.1078
16 -0,0138 ~0. 2246 -0.1226 -0,0246
17 0. 4801 0.0000 0.355%7 0.0452
18 ~-0.0138 0.2246 ~0.1226 =0.0246
19 ~-0.1385 0.1759 -0.3289 ~0.1078
20 0.0059 -0.2623 0.2962 0.1565
21 0.1545 ~0.0879 0.2058 -0.1093
22 0.3013% 0.393%1 -0, 3209 -0,.0455
23 . -0.1583 ~0.1090 -0.0256 0.1820
24 -0.1314 -0.23%82 0.1356 0.1463
25 0.1219 0.2057 -0.0493 -0. 3668
26 0.1603 0.1578 ~0.1227 C. 3470
27 0.1603 ~-0,1578 -0.1227 0. 3470
28 C.1219 -0.2057 ~0.0493 ~0. 3668
29 -0,1314 Ce.2382 0.1396 01463
50 -0.1583% 0.1090 ~-0,0256 0.1820
31 ~-0.19563 0.1039 ~0-.2063% ~0, %629
32 ~0.3595 0.2023 -0,0319 0.0818
35 ~-0.%595 -0,2023 -0,0319 0.0818
54 -0.196% £.1039 00,2063 ~0,3629




Table IV.2 continued

Atomic Encrgy levels (energy values in e.u in parenthesis)
Center 59(0.6656) 60(0.6729) 61(0.6309) 72(0.7537)
12 0.0920 C.0798 ~040034 ~-0.3189
13 -0, 3476 ~0.%5152 -0,0770 0.2855
14 0. 2044 0.3%012 0.3%402 ~0.1856
15 ~0,0100 ~0.1892 ~0. 4278 0.1%37
16 -0.2189 ~0.,0270 0.4121 -0.0887
17 0,0000 0,0540 0.0000 0,0808
18 0.2189 ~0.0270 -0.4121 -0.0887
19 0.0100 -0.1892 04278 0.13%57
20 -0, 2044 0.5012 -0. 5102 -0,1856
21 0. 3476 -0, 3152 C.0770 0.2855
22 ~0.0920 0.0798 0.00%4 -0.%189
23 -0.2385 Co2714 -0.0709 0. 5747
24 0.2719 -0.5241 C.0677 ~-0.2781
25 -0 1581 0.2752 ~0.03%7% 0.1186
26 -0.0532 -0.0856 ~0.012% 0.0203%
27 0.05%2 ~0,0856 0.0125 0.020%
28 01581 0.2752 C.037% 0.1186
29 ~0.2719 ~-0. 3241 ~0.0677 ~0¢2481
%0 0.2385 0.2114 0.0709 003747
31 -0.1802 -0.0715 -0,0430 -0.179%
32 0.2997 0.166" ~0.1788 ~0.06%0
33 ~0.2997 0,166 0,1782 ~0.0690
34 0.1802 ~0,0719 0.0430 -0.1793
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Table IV.Z2

Atomic  Energy levels (energy values in ‘a.u ih paranthesis)

Center 73(0.7541) 75(0.7771)  76(0.7807)
12 0.%3115 -0,0960 0.0765
13 ~0.2900 0.0745 -0.0946
14 0.1496 ~0.0255 ~-0.0767
15 -0.0582 0.0136 0.2469
16 -0.0339 0.0070 -0 4944
17 0.0000 0.,0000 0.4605
18 0.0339 ~0,0070 -0 4944
19 0.0582 ~-0.0136 0.2469
20 -0.14%6 0.0355 -0.0767
21 0.2900 ~0.0745 -0.0946
22 -0.3115 0.0960 0.0765
23 0.3539 -0.1404 -0,066%
24 -0,2851 -0,0706 0.0385
25 0.2089 0.2844 -0.0172
26 -0.1181 -0.5344 ~-0,0027
27 0.1181 0.5%44 ~-0,06027
28 -0 2089 ~0. 2844 -0.0172
29 00,2851 0.0706 0.,0%85
30 ~0,353%9 0. 1404 ~0.066%
51 0.1034 -0,3030 0.0265
32 0,1309 -0,0289 0. 2470
35 -0.1209 0.0289 0.2470
54 -0.1034 0.3030 0.0265

Aa: Only the ZPZ of carbon and nitrogen orbital
coefficients are included.
The highest occupied orbital belongs to the
level no.55.



83

Table IV.3
LCAU coefficients in the PP wave function for Tetradehydro

Corrin wmonoanion.

Energy levels (energy values in ~.u in oarenthesis)

2(~16.4577) 3(-15.0935)

Atomic
Center 1(-16.6997)

14 0.0938 ~0.1075 0.1302
15 0.2435 ~0.2633 0.0222
16 0.1154 -0.1218 0.0019
17 0,123 ~0.1140 ~0.0202
18 0,275 ~0.2300 ~0.0556
19 01730 ~0,0000 -0 0440
20 0.2759 0.2300 ~0.0556
21 0.1234 0.1140 ~0.0202
22 0.1154 0.1218 0,0019
23 0.2435 0.2633 0.0222
e 0.0938 0.1075 0.1301
25 0.0499 0.0621 0. 3361
26 0.0171 C.0217 0.1478
27 0.0067 C.0074 C.C618
30 0,006 ~0.0074 0.0618
3 0.0171 ~(.0217 0.1478
32 0.0499 ~C 0621 0.3367
33 0.0462 ~0,05G4 0.5776
34 Co5547% ~C.5748 ~0.0767
35 0.5547% 0.5748 ~0.0767
36 0.0462 0.0594 0.5776
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Table IV.3 continued.

atomic Energy levels (energy values in a.u .in paranthesis)

center . 45 0737)  5(-11.8433)  6(-11.6943)
14 ~0.1252 ~C.1729 0.239%
15 ~U. 0072 - 0,182 0.2083
16 0.0045 0.1376 0.3488
17 0.0201 0.3268 0.2564
18 0.0486 0.3293 ~0,0%343
19 ~0.0000 0.45C6 ~0.0417
20 ~0.0486 0.329% ~0,0343
21 -0,0201 0.3268 0.2565
22 ~0.0045 0.1%76 0.3490
2% 0.0072 ~0.1841 0.2083
2n 0.1260 ~C.1729 0.2393
25 0.3358 ~0.0671 0.1212
26 0.1472 ~0.1127 0.2235
27 0.0605 ~0,0891 0.1791
30 ~0.0605 -0, 0891 0.1791
31 01472 ~0.1127 0.2235
32 0. 3357 ~0.0671 0.1212
3% -0.5764 0.1532 ~0. 2375
3l 0.1046 ~0.2275 ~0.2380
35 ~0.1046 ~0.2279 ~0.2381
36 0.5765 0.15%1 ~0.2375



Table IV.35 continued,

stomic Energy levels (energy values in a.u in paranthesis)

CEMLET  n(L11.6841)  B(-11.3512) 9(-11.0852)
14 Ou2114 ~0,1046 ~-0.1067
15 ~0.1813 -0.0087 ~0.2045
16 -0, 372% 0.2525 -0.2%93%
17 ~0. 2987 0.2665 ~0.0907
18 +0.0022 0.1023% 0.1695
19 0.0000 0.0Q00C 0.2755
20 -0.0022 -0.102% 0.1695
2 0.2986 -0, 2065 ~0.0907
22 C.3722 -0.2525 ~0.2393
25 C.18€3 0.0087 ~0.2045
24 0.2114 0.1046 ~0.108%7
25 0.1C5¢ 0.1360 0.0E86
26 C.2C10 C.3727 0. 3561
27 C.1627 O, 5194 0.3%603%
50 =-0.1627 -0, 3194 0.3603%
1 ~0, 2011 -C. 3727 0.3481
52 ~0.1056 ~0.1360 0.0846
52 0,2129 0.2299 -0.1207
34 0.2622 ~0,1206 0.0372
35 -0.2621 0,1206 -.0372
36 ~C.2129 ~0.2299 -0.1307
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Table IV.3 continued.

stomic  Energy levels (energy values in a.u ia psrenthesis)
Center ,]O(_/loo/'gog> /]/](,80856’l> 12 (—4—»6952)

14 0. 3854 0.4042 0.2739
15 0.3521 0.0940 ~0.2186
16 ~U. 0164 ~0.2172 ~0.293C
17 ~0.2596 ~0.20710 0.1750
18 0. 246 0.1355 0.5527
19 0.0000 0.453C -0.0000
20 0.2464 0.1335 ~0.3527
21 0.2596 ~0.2010 ~0.1750
22 0.0164 ~0.2172 0.2930
23 ~0.302 0.0940 0.2106
24 -0, 3654 0. 4041 -C.2740
25 0,067 0.1575 ~0.2518
25 0.2%62 ~0.1220 0.0216
27 0.2547 ~0.1944 0.2070
30 0. 2547 ~0.1 94k ~0. 207C
31 ~0.2363 ~0.1220 ~0.0216
32 0.0611 ~G. 157€ 0.2518
33 ~0.C78L ~0. 1310 ~0.1562
34 -0, 0436 -0.1556 ~0.0724
35 0.0436 ~C. 1556 0.0724
36 00744 ~0.1310 0.1562



teble IV.3 continued.

stomic
Center

Energy levels
12(~3.3437)

(energy Walues
14(-2.0894)

in «.u in v rentaesis)

15(~1.7251)

14

0.0798
-0.2874
~-0.15%6

0.2763

0.0657
-0, 3872

0.0657

0.2563
~C.1556

=06 2807
0.0710
C. 5060

=G 1577

0.0987

0. Q98

~0.1577

0

3

-0.2524
-0.1160
C.1873
-0.0295
~0.1981
~0.0000
0.19¢1
0.0295
~C.1E73
G160
C.z324
~0.2¢57
~0. 2476
2.4199
-0,4199
0. 2476
0.2957
-0.13556
C.120C
~(.1200
0.1356

0.2817
-0,0306
~0.2662

0.2329

0.0961
-Co251%

0.0°961

C.232%
~0,2662
~-0.0506

0.2017
-0.1%43
-0.2642

0. 3716

0. 5716
~0.2642
~0.1942

0.0840
-0, 0249
~0,0248

0.0340
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Table IV.3 continved.

stomic  Energy levels (energy values in osu:in nazanthesis).

CEMLOT  16(-0.0196) 17(0.4088)  18(C. 6188)
14 -0.1225 0.C558 ~0,023%2
15 0,244 -0.3182 ~C 1907
16 0.0C08 0.28868 0. 24386
17 -C. 2574 =00 1474 -0, 3654
18 0.5875 -0.0838 O.2443
19 0.0000 0.1194 0.0000
20 ~0. 3875 ~-0.0830 -0.2447
27 0.2573 —-0o 1474 0. 2654
22 ~0,0008 0.2888 ~-C. 5438
25 -0, 2944 ~-0.3182 01901
24 0.1225 0.035¢ 0.0233
25 0.1510 C.2825 ~C.2556
26 ~0,2620 -0, 3424 Co2501
27 0.2067 0.2415 -(.1668
30 =0, 2067 C.2815 0U.1668
by C.2620 -0, 5424 -0.2501
52 ~C.151C 0.2825 0.2256
33 0.0510 -(.0922 -C.0760
24 ~-0.2123 0.1196 ~0.0171
55 0.2123 C.1196 0.0171
56 -G, 0510 ~-0.0922 0.Q7e0
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Table IV.3 continued.

atcic Energy levels (energy vslues in a.u.in paranthesis)

Center  19(4.8032) 20(1.8369) 21 (1.8422)
14 0.1027 -0.%519 0.%389
15 -0.1004 0. 3461 =06 3340
16 0.2054 -0,2085 0.1413
17 ~0. 3141 0.1041 0.0169
16 0.4534 0,0056 -0.10948
19 -0. 4621 -0.0000 0.2012
20 O.4534 -0.005% ~0.1948
21 -0. 3141 -0.1044 0.0169
22 00,2045 0.2085 O 1414
2% =0.1004 -0 3467 ~C. 3340
24 0.1027 C.3518 03589
25 ~0.1050 -0. 3476 ~0e3316
26 0.0679 0.2230 C.2125
27 ~-0,0350 -0.1149 ~0.1097
20 -0.0350 0.1149 -6 10097
31 0.0679 -0.2230 0.2125
32 ~-0,1050 0. 3477 ~0.3316
33 0,0301 -0.0992 0.0942
34 -0.0941 -0.0918 0.13C3
35 --0.09441 0.0918 01384
36 0.0301 0.0992 0.0942




Table IV.4

Je

LCAO coefficients in the CNDO/2 wave function for Tetra-

dehydro Corrin monoanion,
(The highest ten occupied levels and the lowest ten vacant

levels are listed here).

Energy value (level)

aAtomic orbital coefficientsa

~0.3370(46)

H(1S)

C(28)

N(28)

C(QPX)

NC2P
(22.)

c(az.)

N(EPy)
C(EPZ)

N(2P,)

C.0063%
0.0120
0.0078
0.0022
-0.0000
-0.0022
-0.0097
0.0069
0.0189
0000
-0,0189
0.0067
0.0194
-0.,0090
~-0.0198
-0.0090
-0101
-0.0229
0.1466
0.2578
0.1166
0.0291
0.2859

-0.0073
0.0162
-0.0162
-0.002
~0.0048
0.,0007
~0.0004
~0.0034
-0.0225
0.0072
0.0189
~0.0062
0.0092
0.008"
0.0185
0.0135
0,007
-0.0071
~0.0171
0.1254
0.1535
~0.5138
0.1376

0.0000
~0.0078
~0.0120
~0.0058
-0.0071
~0.0090

0.0C%0

0,0034

0.0110

0.0085
~0.0185

0.,0185
~0.0092

0.CO74
~0.0100
~0.0101
~0.0101
~0.0071
~0.3078
-0.2485
~0.2277
~0.2277

0.1376

0.0073
~0.0129
0.0C71
0.0058
~0.000%4
~0,0007
-0,0069
~0.0085
-0.,0110
0,0062
~0,0189
~0.0194
~0,0100
0.0074
0.0071
0.0135
~0.0229
-0.2485
-0, 3078
-0.3138
0.1535
0.2859

-0.0063
0.0129
0.0048
0.0021
0.0097

~-0.0072
0.,0225
0.0067

0.0185
0,008
-0.0101

0.1254
~0.0171
0.0291

<




Table 1V.4

continued.

I3

Energy value (level)

Atomic orbital coefficients

-0.%3318(47) H(18)

c(2s)

N(2S)
C(EPX)

N(2P,)
c(2r.)

N(2P_)
G(2PZ)

m(2P, )

-0,0770
-0.2058
-0.03%32
0.0271
-~-0.0730
0.C271
0.0210
0.0820
C. 0647
0.2001
0,047
-0.0529
01717
-0.1608
-0.0000
0.1608
0.1051
~0.2737
-0.0239
-0,0000
0.0339
-0,.0408
~0,0497

0.0105
~0.0540
~0.0540
-0.0242
~0.0032
~0.0152

0.0710

0.945%
~0.0772
~0.1227
~C.0132

0.0785

0.0785

0.2272
0. 0764
~0.1873
~0,0742
~0.271%
~0.0250
~0,0136
0,0024

0.,0620

0,00%94

0.1950
-0.0%32
-0.2058

0.0089

0.0340

0.0409

0. 0409

0.0455
-0.0326
~-0.0245

0.,0884

0.,0884

0. 0785
-C.0512
-0.0128

0.0501
-C.0501

0.27153

0.0153%
-0.0304
~-0,0827

0.0827

0.0094

0.0105
~0.0495
0.0340
0.0089
0.0710
~0.0152
0,0820
-0.0245
-0.0%26
0.0785
~0.0132
0.1717
0,0128
0.0512
0.,0742
0.1€73
0.2737
0.0304
~0.015%
~0.0620
-0,0024

0.0497

-0.0770

~-0.0495
-0,0032
-0.0242
-0,0210

~-0.1227
-C.0772
-0,0529

O.0764
-0.2272
-0,1051

0.01%6
0.,0250
0.0408
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Table IV.4 continued

. .. a
Energy value (level) Atomic orbital coefficients

~0.3099(48) H(18) -0.0068 0.0429 0,0000 =-0.0429 0.0068
~0.0946 --C.095C -~0.0636 -0.0205 0.0205
0.06%6  (0.0959  0.0946 - -
C(28)  0.0091 0.0213  0,0167 -0.0580-0.0131
-0.0000  0.0131  0.,0580 -0.0167-0.0213%
-0.0091 -0.0423  0.0944  0.0774-0,0275
0.0275 =~0.0774 -0.0944  0,0423% -
§(28)  -0.1591 -C.0114  0,0114  0.1591 -
C(2P) -0.1111  0.1103 -0.0273  0.0569 0.02%4
0.,0000 -0.0234 -0.0569 0.0273-0,110%
01111 ~0.1129  0.1369  0.09%39-0,1653
0.1653 -~0.09%9 -0.1369 0.1129 -
N(2P,) ~0.3957 0.0C48 -0.0048 0.3957 -
o(2ry) 0.0489 ~0.1022 -0.0142  0.0708=0.1150
0.1314  ~0.1146  0.0708 =0.0142-0,1022
0.0489 -0.1527 0.0774 0.0618 0,03%89
0.0389 0.0618  0.,0774 -0.1527 -
N(23Y) 0.2787 0.1235 0.1235 (©.2787 -
c(2p,) 0.0277  0.0166 -0.0453 -0.0422 0.0115
0.0228  0.0115 -0.0466 -0.045% 0,0166
0.0277  0.0067 -0,0067 -0.0106-0.0065
~0.0065 -0.0106 -0,0067 00,0067 -
~Ca0223  0.0342 0,0342 -0,0223 -

N(2P,)




Table IV.4 continued

Energy value (level)

. . . . a
atomic orbitdl coefficients

~0.3057(49) H(1S)  0.0149
0.0300
-0.0178
c(28) 0.0057
0.0119
0.0057
0.0954

N(28) -0.0119
¢(2p,)-0.0150
-0.0050
-0.0150
-0.0044
N(2p,)-0.0703
o(gpy) 0.0145
-0.0000
-0.0145
~-0.0654
N(2P,)0.0492
c(2p,)0.0389
~0.0000
-0.0389
-0.2637
N(2P-0.4098

0.0179
0.0260
0.,0260
0.0260
0.0052
0.0016
00,0044
0.0047
-0.0219
0.0130
-0,0189
0.0224
0.,0160
00,0422
-0,0388
0.0098
0.0431
-0.0087
0.06%6
0.0302
0.0255
6.0091
0.2536

0.006
~0.0178
0.0300
~0,010%
~0.0158
-0.0084
-0,0084
~-0.0219
0.0049
0.0206
-0.0365
~0.0365
0,0422
0,0160
-0.0111
~0.0046
0.0046
-0.003%0
0.0075
0.0166
-0.3692
0.3692
0,015

0.0179
-0.1383
~0.0158
~0.6101

0.0047

0.0040
-0.0119

0.0206

0.0049

0.0160

0.0224
~0,0703

0.0111
~0.0157

0.0087
~0.0431
-0.0492
~0.0166
~0.0075

=0.2563.

~-0.0091
0.4098

0.0149
~0.1383%
0.0016
0.0052
0.0954

-0.0189
0.012%0
-0.,0044

-0.0098
0,0388
0.0654

-0.0255
-0.0302
" 032637

e .



Table IV.4

36

_~mergy value (level)
Y

Atomic orbital

. . a
coefficients

-0.2707(50) H(18)

c(28)

N(28)

~0.0691
~0.0265

0.0055
~0.0248
-0.0364
~0.0248

0.0214

-0.0685

C(2P,)-0.0974

N(EPX)
C(2Py)

N(2Py)
C(EPZ)

~0.0646
-0.0974
0,0497
~0.1047
~0,0045
0.0000
0.0045
0.0200
0.0671
0.0236
0.,0000
-0.0236
0.0033

N(2PZ)mO°O7O?

~0.0762
0.0187
0.0187
~0.0554
—0.0494
0,024
~0.0086
0,1763
0,0887
0.2129
0.0747
~0.0106
~-0.5750
~0.1281
~0,0015
0.9045
0.0209
~0,3090
0.0490
~0.0290
0.0372
0.0397
0,111

~04 1433
0.0055
~0.0265
0.0940
0.0724
~0.0346
~0.0346
0.1763
~0.1107
~0,0740
~0.0549
~0.0549
~0.3750
-0.9926
0.0913
~0,0150
0.0150
0. 3090
~0.0816
0.0875
~0.0112
0.0112
~0.1111

-0.0762
0.0225
0.0724
0.0940

~-0.0086
0.0324

-0.0685

-0,.0740

~-0.1107

~-0.0106
0.0747

~0. 1047

-0,0913
0.0926

~0.0209

~0,0045
~-0,0671
~-0.0875

0.0816

-0.0397

-0.0372
0,0702

-0.0691
0.022%
_000494
0.0214

0.2129
0.0887
g L 049’7

-0.1281
-0.,0200

0.0290
-0.0490
~-0.0033




Table IV.4

continued.,

Energy value (level) Atomic orbital

. . a
coefficients

~0.2691(51) H(18)

c(28)

nN(2s)
C(EPX)

N(2P,)
C(ZPy)

N(EPy)
C(ZPZ)

N(2PZ)

-0,003%6
0,0047
-0.0056
-0,0080
-0.0000
0.0060
-0.0126
0.0057
0.0072
~0.0000
-0,0072
~0.0229
0.0437
0,008
-0.0205
0.0018
~0.0166
~0.0060
0.1095
~0,0745
0.1095
0.0588
-0.3036

~0.0089
0.0115
-0.0115
-0.0092
0.0067
-0.0028
-0.0C26
0.0187
~0.0031
-0.0007
0.0086
0.0003
~0.0293
0.0207
0.0185
0.0039
0.0090
-0.0375
0.2388
-0,0033
-0.1969
0.1969
0.3426

~0.0000
0.0056
~0. 0047
0.0039
~0.0121
-0.0100
0.0100
-0.0187
~0. 0064
0.0106
«0.0094
0.0054
0.0293
~0.0041
~0.0162
~0.0092
~0.0092
-0.0375
~0.1971
~0.2966
0.0288
0.0288
0.3426

0,0089
~0.0417
0.0121
~0.003%9
0.0026
0.0028
-0.0056
-0.0106
0.0064
~0.0003
-0.0086
~0,0437
~0.0162
~0.0041
0.0090
0.0039
~0,0060
-0.2966
~0.1971
0.1969
~0.1969
~0.3036

0.0037
0.0417
~0.0067
0.0092
0.0126

0.0107
0.00%1
0.0229

0.0185
0.9207

0.2388
0,0588




Table IV.4

continued.

Jb6

Energy value (level)

atomic

orbital coeffioientsa

~-0.2651(52) H(18)

0,0169
0.0127
~0,0015
c(2s) 0.0047
040084
0.0047
-0.0357
N(28) 0.0249
c(2P,) 0,03071
0.0172
0.0301
~0.0178
N(2P,)

C(2PX)

0.0510
0. 0001
~00000
-0 00071
0.0147
N(?Py) 0.0311
c(2P,) 0.0116
~0.0000
0.0116
0.0800

N(ePZ> ~0,05%9

0.0180
-0.0115
0.0115
0.0150
0.0136
-0.011%
-0,0010
~0.0458
-0.0265
~0,0540
~-0.0265
~0.0C13
0.0961
~0.0298
~-0,0008
-0.0116
-0.0016
0.076%
0,1059
~0,.181Y
0.1129
0.0335
0.453%8

0.0371
0,0015
0.0027
-0.0244
-0, 0174
0.0120
0.0120
0.0458
0.0298
0,0170
0.0238
0.0239
0.0961
0.0231
~-0.0232
0.0048
0.0048
-0.0763%
~062226
00,2794
0.0346
-0.0346
-0.45328

0.0180
0,0097
~0.0174
-0,0244
0.0010
~0,0113
0.0249
00,0171
0.0299
-0,0013
-0, 0260
0.051C
0.0232
-0.023%1
0.0016
0.0116
0.0%11
-0, 2794
00,3226
~0.08%5
~-0.1129

00537

0,0169
0.0397

0.01%6
0.0150
-0.0357

~-0,0549
-0,0265
-0,0178

-—

0.0008
0.0298
~0, 0147

0.181%
~0,1059
~0.0800




Table IV.4 continued

-]

Energy value (level)

) . oo s a
Atomic orbital coefficients

~0.2459(53) H(18)

c(2s)

N(28)
C(2P,)

N(ZPX)
C(EP&)

N(2E.)
¢(2P,)

N(2F,)

~0,0458
10,0609
0. 0144
~0,00%7
~0.,0000
0.0077
0,023
~0,0656
-0, 0647
~0.,0000
0.0647
0.0667
~0.1240
~0.0324
-0.1588
~0.0324
0.0159
~0,3720
~0.,0194
0.0131
~0.0003
~0.01L5
0.0121

~0.,0653
~0,0190
00,0100
~-0,0909
0,0872
-0,0369
-0.0158
0.2105
0.0395
~0.1299
-0.,0655
~0.0191
-0, 3224
0.1355
0.1%68
0.0056
0.0323
-0, 3720
0.0096
0.0024
0.0223
~0.019NM
-0.0289

--0.,0000
—0.1044
-0,0609
0.0673
~-0.1016
0.0292
0.0292
-0.2105
=0,1118
0.0777
0.0430
-0.0430
0.3224
~0.,0570
-0:1445
0,0102
0.0102
00,0450
0.0194
0.0194
0.0021
0.0C21
-0.0289

0.065%
~0.009%
0.1016
~0.0673
0.0158
0.0369
0,0656
~-0,0777
0.1118
00,0991
0.0655
0.1240
~0. 1445
~0,0570
0.0323
0.0056
~0,0003%
0.,0024
0.0095
~0.0191
0.022%
0.0121

0.0458
0.0093

~-0,0872
0.0909
~0,02%1

0.129%2
-0.0395
~0.0667

0.1368
0.1855
0.0159
G.o45¢

-0.0194
‘=an/‘[+5



Table 1V.4

contin ued

100

Energy value (level)

A%omic orbital coefficients®

-0.2030(54) H(18)

c(28)

N(2s)
C(2PX)

N(2PX)
G(2Py)

-0.0015
0.0037
-0,0096
0.0040
~0.,0003%
0.0040
0.0819
~-0.0110
-0,0124
-0,0025
-0.0124
0.0088

~-0. 0559

~0.0013
~0,0000

00,0013
-0.0486

N(QPy) 0.0194

c(2p,)

~0.2116
-0,0000

0.2116
-0.2264

N(2P,) 0.1967

-0,0011
0.0151
0.0151

-0.,003%9

-0.00%2
0,0040
0.0154
0.0079
0,008
0.0083
0.0145
0.0160

~0,013%6

0.0010
00,0012
0.,0178
-0.0177
~-0,0089
0.2786
-0.2772
~0.267176
=0 1744
01374

-0.0053
-0.0096
0.0037
0.0042
0.0013%
-0.0066
-0,0066
0.0079
-0,0060
-0,0007
-0.0190
-0,0190

-0,0136

-0,0028
0.0032
00,0001

-0,0001
0.0089

~0. 0435

~0.1283

-0.1635
©.1635

~0e1374

-0.0011
-0.13574
0.001%
0.0042
00,0154
0.0060
-0.0110
-0,0007
-0,0060
0.0160
00145

~0.0559

-0,003%2
0.0028
0.017%

-0.0178

~0.0194
0.128%
0.1435
01744
0.2516

~0.1967

~0.0015
"'Oe/‘ 5‘74‘

-‘O o 0052
-0,0039
0.0819

0.0083
0.0081
0.0088

—-—

o~

-0.0012
-0.0010
0.0486

—

-

0.2772
0.2786
0.2264

—
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Table IV.,4 continued.

Energy value (level) Atomic orbital coefficients?

~0.1101(55) H(18) 0.0003 -0,0000 =-0.0000 0,0000 -0,0003
~0.00%38  0.0113 =-0,0005 =-0.0715  0.0715
0.0005 =-0.0113  0.0038 - -
~0.0050 0,0006 -0.0015 -0.0003 0.0012
~0.0000 -0.0012 0.0003 0.0015 -0.0006
0.0050 ~0,0051 -~0.0090 0.0135 0,0108

~0,0108 -0.1035 0.0090  0.0051 -
~0,0042 -0,0019  0.0019  0.0042 -
0,0072 -0,0014  0,0021  0.0000 -0,0014
~0.0000 00,0014 -0,0000 =-0.0021  0,0014
-0,0072  0.0074 =0.0044 0.0116  0.0121
~0.0121 -0.0116  0.0044 -0.0074 -
0.0287  0.0024 -0.0024 -0.0287 -
0.0045 ~0,0007  0.0007 0.0010 -0.0001
0.0004 =-0.0002 0.0010  0,0007 -0.0007
0.0045 ~0.0043 ~0,0058  0.0205 -0.0255
-0,0255  0.0205 -0.0058 -0.0043 -
0.0072  0.,0030 0.0030  0.0072 -
0.3613 0,0388 -0.0205 -0.0440  0.0099
0.4473  0,0099 -C.0440 -0.0205 0.0388
0.361% -0.0218 -0.0854 0.0207 0.0772
0.0772  0.0207 =-0.0854 -0.0218 -
~0,2592 -0.4195 ~C.4195 -0.2592 ~

/0 /}5’@



Table IV.4

continued.,

10%

Energy -vdlug(level)

Atomic orbital coefficients®

0.145% [ 56)

H(18)

c(es)

N(2PX)
C(2Py)

N(EPy)
C(EPZ)

-0,0001
~0.,000"
~-0.0062
0.0029
0.,0000
0.0029
0.0411
-0, 0004
~0.0040
~0,0000
-0 ,0040
0.0063
-0.0222
-0.0017
0.0000
0.0017
-0.,0238
0.,00C3
-0, 3609
0.0000
0. 36C9
-0,0986

N(EPZ) 0.2182

~0.0000
0.0088
0.0088
~0.0008
-0.0007
0.0018
0.0163
0.0014
0.0015
0.0012
0.0030
0.0107
~0.0016
~0.0002
0.,0003
0,005
~0.0171
~0.0014
0.1987
0.2849
0.0501
~0.0334
0.1883

-0.0007
-0,0062
-0.0001
0,0009
0.0000
-0,0046
-0.0046
0.0014
-0, 0011
0.0001
-0.0C43
~0.0C43
~0.0016
-~C . 0004
0.0005
0.0024
-0.0024
C. 0014
0.2782
0.2145
~0.1334
013354
~-0.1864

--0,0000
-0.0882
0,0000
0.0009
0.0163
0.00185
-0,0004
00,0000
~0.0012
0.0107
0.0030
-0.0222
~C . 0004
-050004
0,011
~0.0051
—-C.000%
-0.2145
-0,2782
0.0534
~-0.0501
-0.2182

-0.0001
-0,0882
-0.0007
-0,0008

00,0411

0.,0012
0.,0015
0.0063%

-0.0003%
0.00C2
0,0238

0.2849
~C.1987
0.0986




Table IV.4continued.

10¢

Energy value (level)

Atomic orbital coefficients®

0.2062(57) H(18)

c(as)

N(28)
c(2p,)

0.0001
-0,0075
0. 0040
-0.,0107
-0,0000
C.0107
0.0147
-0,0182
0.0113
0.0C00
~0.0113
~-0.0186

N(EPX) 0.043%

C(2Py) 0.0054

C,0CO1
C.0C54

0.C586

N(2P,) 0.0161

c(2P_) 0.1523

~C. %616
0.1523
0.0758

N(EPZ)nO°2951

- 0. 0001
0.0271
-0.0271
0.0C004
~-0,0C12
-0.0134
-060394
-0.0017
-0.0009
0.CC12

C.0075

-0.0298

0.0016
-0.,000C
C.0001
-0, CU94
0.C459
0.02253
-C.2554
0.1167
0.1735
-0.20C7
0.1021

0.,0000
-0,0040
0.0075
-0.0C16
0.0001
-G.0219
0.0219
C.0017
00,0019
0.,0001

0.0008
-0, 0045
0L, 0046

C.0023
-0, 2254

00,2849

0.0630

0.063%0

01021

0,000
~0. 1457

-0.0001 -

0.0016
0.0394
0.0134
.0182

-5 .0001

~0.0019
0.0298

~0.0075
~0.0L33
0,0008
C.0C06

~0.0007
0.1451

0.0012
-0.0004
—000/147

-*OoOO/]E
0.0009
C.0186

0.C001
-0.0000
~0.0586

0.1167
-0.2354
0.0758

v e



Table IV.4 continued.

104

Energy value (level)

Atomic orbital coefficientsa

0.2579(58) H(18) -0,0000
-0.0100
0.0082
c(28) ~0.0148
~0,0000
0.0148
0.0366
N(28) -0.0281
0.0133

-0,0000

o(2p,)

-0.013%
-0.0167
N(2P)  0.0510
0.0059

-C.0CC1

C(2Py)

0.0059

~0.0745
N(QPy) 0.0210
C(EPZ) -0.2079
0.1984
~0.2079
0.(589

N(2PZ)—O°1598

-0,0002
0.03%70
-0,03%70
0.0006
-0.0013
-0.0193
-0.0543
-0.0014
-0.,0005
0,0011
0.0071
-0.0380
0.C006
C.0007
0.00C2
-0.0114
0.0583
0.0C16
0.0928
~-0,0804
0.0793
-0, 3827
C.0128

0.,0000
-0,0082
0.0100
-0,0018
-0.0002
-0.0289
0.0289
0.0014
C.0016
0.0001
0.0048
-0.0C48
-0 .0006
C.0006
G.C008
-C.003%2
~C.003%2
00,0016
0.2065
-0,2C95
C.3188
C.3%188
C.0128

0.0002
~0.1724
0.0002
0.0018
0.,054%
0.0193
0.0281
-C.0001
-0,0016
0.038C
-0, 0071
-C.0510
0.0008
0.0006
C.058%
-C.C114
C.0210
-0,2C95
0.2065
-0, 3627
0.2793
- 1598

0.0000
0.1724
0.0013
-0,0006
~0.03%66

-0.0011
0,0005
0.0167

00,0002
C.000%
~-0.0745

-0. 0804
0.0928
0.0589




TableIV.4 continued.

Energy value (level)

Atomic orbital coefficients™

0.2941(59) H(18)

c(28)

N(28)
c(2P,)

N(2PX)
C(2Py)

N(EPy)
C(2PZ)

N(2PZ)

-0.0001
-0,0016
—-0,0335
0.0099
0.,0005
0.0099
0.1053
0.0126
~0.0090
0.0002
~0.,0090
0.0052
~0.,0608
-~0,0058
-0.0000
0.0058
-0.0626
~0.0154
0.0780
0.0000
-0.0780
~0.1973
00,2349

0.0002
0,034
0.0314
~0.0025
~0,0017
0,0028
0.0598
0.0024
0.0022
0,0019
0,0048
0.0232
-0.0011
-0.0013
0.0005
0,012
~0,0550
~0.0C17
0,0255
~0,0403
0.1151
0. 4177
-0.0590

-0.0012
~-0.0335
-0.0016

0.0020
-0.000%
~-0.0169
-0.0169

0.0024
-0.0018

0.0002
~0.0049
-0,0049
-0.0011

N "'O [ OOO8

0.0009
00,0091
-0.0091
0.0017
-0.0610
-0.0314
0.2793

~0.2792
0.0590

0.0002
-0.2617
-0.0003%

0.0020

0.0598

0.0028

0.0126

0.0002
-0.0018

0.0232

0.0048
-0,0608
~0,0009

0.,0008

0.0550
-0.0124

0. 0134

0.0314

0.0610
-0, 4177
~0.7151
-0.2849

-0.000M

-0.0017
0.1053%

0,0019
0.0022
0.0052

—

-0.0005
0.0013%
0.0626

0.0403%
-0.0255
0.1973%




Table IV.4

continued.

[,
o)
(!

Energy value (level)

tomic orbital coeffivientsa

0.3674(60) H(13)

c(as)

N(28)
C(EPX)

(2P, )
C
(2P.)

R(QPy)
C(2PZ)

N(2Pp,)

-0.0016
-0.0542
0.1229
-0.0493
-0.0000
0.0493
0. 3402
~0.0856
0.0274
0.,0000
~0.0274
-0.0930
0.1199
-0.0121
-0.0020
-0,0121
-0.1324
0.0442
-0,0054
0.0C7Y
-0 0054
-0.2264
0.0818

0.003%2
0.1921
-0.1921
-0,0040
-0.0041
-0.0215
~0,2833%
-0,0068
0.0002
0. 0041
~0,0325
~0.0530
0,0008
-0.0C18
-0.0002
~0.0377
0.1270
-0.0018
~-0.0095
-0.0040
0,0209
0.1497
0.0059

0.0000
-0.1229

0 0542

0.0024
0.0016
-0.1910
0.1910
0.0C68
~0.0029
0.0L17
-0.0690
-0.0690
-0.0008
-0, 0004
-0.0000
0.0405
0.0405
-0.0018
0.0154
-0.0107
-0.1034
~0.1034
0.0059

~0,0032
~0,1973
~0,0016
~0.0024
0.0833
0.0215
0.0856
-0.0017
0.0028
0.0530
0.0325
~0.1199
~0,0000
~0.,0004
0.1270
~-0.0377
0.0442
-0.0107
0,0154
0,0497
0.0209
0.0818

0.0016
0.1973
0,004
0.0040
-0, 3402

-

-0.,0041
-0.0002
0.0930

—

0.0002
~0.0018
‘054524

-0.,0040
-0.0095
-0, 2264

-




Table IV.4 continued,

energy value (level) Atomic orbital coefficients®

0.3912(61) H(1S) -0.0007 0.0087 0.0004  0.0087 ~0.0007
-0.0004 -0.0508 0.2351 0.0232 0,0232
0.2351 =-0,0508 -0.0004 = -
c(es) 0.0255 -0,013%2 0.0091 -0.0068 0.0001
0,0002 0.0001 -0,0068 0.0091 -0.0132
0.0255 ~0.0623 0.1021 -0.2381 0,051
0.0571 =0.238% 0.1021 -=0.0623 -
N(2s) 0.0049 -~-0.0026 -0.0026 0.0049 ¢
C(2PX) -0.0168 00,0052 -0. 0069 -0.0035 -0.0006
-0.0005 -~0.,0006 =0.0035 -0.0069 0.0052
-0.0168 0.0267 =0.03%21 0.1156 ~0.0632
-0.0632 0.1156 -=0.0321 0.0267 -
N(2P&) 0,0257 -0,0005 -0.0005 0.0257 -
C(EPy) -0,0141 -0.0071 -0.0035 -~0.0032 0.0002
0.0000 ~0.0002 0.0032 0.0035 0.0071
0.0141 0.003%6 0.Clise —-0.0310 -0.0626
0.0626 0.0310 -0.0186 -0.0C36 -
N(2Py) 0.0003 0.0017 0.0017 ~0.0002 -
C(EPZ) -0.0289 -0,2113 O.1642 -=0,0452 -0.12%5
0.0000 0.1235 0.0454 -0.1642 0.2113
00,0289 -0.3024  0.26€7 -0.1556 0.0304
~0.0305 0.1556 -0.2667 0. 3024 ~
N(ZPZ) -0.1610 0.1929 -0.1929 0.1610 -




10&

Table IV.4  continued.

Ensrgy value (level) Atomic orbital coefficients™

0.3944(62) H(18) 0.0019 -0.,0147 -C.0015 -0.,0147 0.0019
-0.0076 0.0222 -=0.3677 -0.003% ~0.003%3%

-0, 3677 0.0222 -0.0076 - -
Cc(28) =0.0334 0.0213 -0.0158 00,0115 -0.0006
0.0005 -0.0006 00,0115 -0.0158 0.0213
-0.,03%4 0.0781 -0.1140 0.%323 ~0.0899

-0.0899 0.%%23 -0.1140 0.0781 -

N(28) 0.0201 00,0047 0.,0047 0,0201 -
C(2PX) 0.0242 =0.0075 00,0116  0.0060 0.0013
0.0009 0.0013 0.0060 0.0116 -0.0C75
0.0242 -0.0%83% 0.0358 -0.2059 0.0552

0.0552 -0.2059 0.0358 ~0.,0%8% -

N(2PX) -0.0520 0,0009 0.0009 -0.0520 -
C(QPy) 0.0257 0.0116  0.0C55 +0.0054 -~0.000%
0.0000 00,0003 -0,0054 =-0.0054 -~0.0116
-0.0257 =0.0152 -0.,0583 +0.,0290 0.0709

-0.,0709 =0,0290 0.0583 0.0152 -

N(2Py} 0.0050 00,0036 -0.0036 =0.0030 -
C(2PZ) -0.0157 -0,1530 0.1155 -0.0%206 -0.0878
0.0000 0.0878 0.0306 ~0.1155 0.1530
0.0157 ~0.2096 0.1602 -0.0633 ~0.0537

0.055% 0.06%33 -0.1602 0.2096 -

N(EPZ) -0 1442 0,1378 «~0.1578 O 1442 -
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Table IV.4 continued.

Energy value (level) Atomic orbital coefficients?

O. 3948(63) H(18) 0.0010 -0,0035 0.0000 0.0935 -0.0010
' 0.0074 0.0024  0.0897 0.0051 ~0.0061

~-0.0897 ~0.0024 -0.0074 - -
c(28) ~0.0018 0.0047 -0.0041 0.0027 -0.0007
~0.0000 0,0007 -0,0027 0.0041 -0.0047
0.0018 -~0.0098 0.0198 -0.0764 0.0316

-0.0316 0.0764 -0.0198 0.0098 ~

N(28) 0.0132 0.,0016 -0.0016 -0.0182 -
C(2PX) 0.0032 -0,0011 0.0029 0.0014 00,0007
-0,0000 -0,0007 -0.0014  0.0029 0.0011
-0.0032 0.0092 -0.0073 0.0513 0., 0001

-0.0001 -0.051% 0.0C73 -0.0091 -

N(ZPX) -0.0226 0.0002 -0.0002 0.0226 -
O(EPy) 0,007 0,0026 0.0C10 C.0012 0.000C
0.0004 0.CC00 0.0012 0.0010 0.0026
0.,0077 0,006 0.0188 -0.,0080 0.0071

-0.0071 ~0,0080 0.0188 0.0067 -

N(ZPy) -040007 0,0013 0.0013 -0.0007 -
C(2PZ) -0.0529 -0.23%6 00,2800 =C.1874 ~0.0345
0.0645 —0.0345 -0.1874  0.2800 -0.233%6
-C.0529 0.%2617 -0.2970 0.1519 0.0191

0.0191 00,0519 -0.2970 0. 2617 -

N(EPZ) -0.,2042 0.1479 Co1479 =0.2042 -




Table IV.4 continued.

11C

Energy value (level)

Atomic orbital coefficients®

0.4010(64) H(1S)

c(2s)

N(2s)
c(2P)

N(2P_)
c(2P
(2P)

N(2Py)
c(er,)

N(2PZ)

-0.0022
0.0131
0.4395
0.0669
0.0000

~0.0669

-0.0762

-0,0168

-0.0406
0.,0000
0.0406

-0.0107
0.0512

-0.0263
0.0013

~-C.02063
0.1232

-0.0323

-0.0061
0.0099

-0.0061
0.0596

-0.0581

0.0209
~0.1752
0.1732
-0.0295
-0,0002
0.0933
~0,2677
~-0.00353
0.0108
-0.0002
-0.0240
0. 2534
-0.0015
-0.0150
0.0010
-0,0172
~0,0252
~0.00z7
~0.045%
-0.0C52
0.063%2
-0.0047
0.0278

-0.0000
~0.4395
~-0.0131
0.0210
0.0175
0.0198
-0.0198
0.0035
-0.0137
0.0086
-0.0254
0.0254
0.0015
~0.0074
~0.0070
C.1609
~0.16071
-0.0027
~0.,0512
~0.0339
~0.0334
-0.0354
0.0278

-0.0209

0.0569
-0.0175
~0.0210
~0.2677
~0,0933

0,0168
~0.0086

0.0138
~0.3324

0.0240
~0,0512
-0.0070
~0,0074
-0.0252
-0,0172
-0.0323
-0.0340

00,0512
-0.0047

0.0632
-0.0581

0.0022
~-0.0569
0.0002
0.0295
0.0762

0.0002
~=0,0108
0.0107

0.0010
-0.0150
0.123%2

“000052
-0, 0453
+0.0596




Table IV.4

continued.

111

Energy value (level)

Atomic orbital coefficientsa

0.4206(65) H(18)

c(28)

N(28)
c(2r,)

N(2r,)
C(EPy)

N(2Py)
C(QPZ)

N(EPZ)

0.0010
0.0091
0.1380
-~0,0070
-0.003%2
-0.0070
-0.0433
-0.0815
0. 0014
~0.0019
00,0014
0.0571
0.0759
~0.0030
-0.0000
0.0030
~-0.0700
~-0.0724
0.,0061
~0,0000
~0.0061
0.0359
-0.0296

0.0008
Q4509
0.4509
+0,0028
0.0022
0.0897
0.0384
-0.0040
-0,0015
-0.0022
-0,0524
01745
-0.0005
-0.0001
0.0002
0.0224
0.0313
-0.0006
-0.0277
0.0236
~-0.0221
-0,0072
+0.0276

0.0042
0.1380
0.009
-0.0013
0,000
-0, 3362
-0, 3362
0.0040
0.0000
~0.0009
0.1127
0.1127
-0.0005
~0.0003
~0.0002
0.2730
~0.2730
0.0006
0.0106
~0.0067
0.0117
~0.0117
~0.0276

0.0008
-0.0142

+0.0001
~0,0013
0.0384
0.0897
-0.0815
~0.0009
~0.0000
0.1745
~0.0524
0.0759
0,0002
0,0003
~0.0313
~0.0224
0.0725
0.0067
~0.0106
0,0172
0.0221
0.0296

0.0010
"o © 0142
0.0022
0.0028

e

-

-0.0022
0.0571

-0.0002
0.0001
0.0700

-0.0236
-0.0277
-0.0359

o

(The highest ten occupied levels and the lcwest ten vacant
levels are listed here, the cnergy values are in au ).

“The orbital coefficients are arranged as follows:
The hydrogen ae«o'sare listed first, next all the carbon

28 followed
orbitals of
The 2Py and.

o
hPZ

by vitrogen 23 are given. Thon follow 2P
all the carbon atoms a nd nitrogen atomss

orbitals are then labeled in the same way.
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Table IV. 5.

Fucleophilic Reactivity Parameters of Ccrrole trianidn.

Atcmic Fronticer electron Superdelocaliggbility
Centre density
PPP CNDO/2 PPP CNDO/2

12 0.1626 0.1545 1.0000 1,0000
1% 0,000 0,0077 0.6173 0.5854
14 0.0640 0.0688 0.7527 0.8072
15 0,005 0.0310 0.6687 0.7149
16 0.0692 00504 0.0727 0.4606
17 0.0000 0.0000 0.0761 0.5238
27 0.0520 0.0249 0.6999 0.5618
28 0,033 0.0423 0.6136 0,5692
29 0.0709 0.0568 0.7055 0.6221
20 0.0160 0,0119 0.5854 0,483
31 0.0041 0.0108 0426541 0.4879

32 0.0228 ©.0409 Oa 1417 0.3969
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Table IV. 6.
Electrophilic reactivity parameters for Corrole trianicn.

Atomic Frontier electron Superdelocalisability
center density
PPP CNDO/2 PFP CNDC/2

12 0.1321 0.0908 . 048225 0.5789
13 0.0336 0.0239 0.6721 0.5454
14 0.0158 0,0003 0.6937 0.4760
15 0.0456 0.0192 0.7559 0.5379
16 0.0026 0.0002 0.5%929 0.413%
17 0.1987 0.2305 1.0000 1.0000
27 0.0531 0.0257 0.7155 0.5969
28 0,013%2 0.0149 0.7478 0.6508
29 0.0526 0.0173 0.7666 0.6205
30 0.0074 0.0251 0,6802 0.6114
371 0.0161 0.0386 0.7642 0.7741

52 0,0402 0.1292 0.8282 0.9527
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Table IV. 7.

Mucleophilic Reactivity Parameter of Tetradehydro’
Corrin Anion.

Atomic Frontier electron Superdelocalisability
center density

PP CHDL/2 PPFP CNBC/2
14 0.0750 0.1302 0.5873 1.0000
15 0.0478 0.0395 0.6792 0.8892
16 0.0858 0.0774 0.6695 0.9939
17 0.0306 0.0460 1.0000 0.9320
18 O 1244 00,0811 0.7955 ©.9534
19 0.0000 0.0000 0.53%1 0.4853
29 0.0097 0.5194
30 0.0428 0.0011 0.7900 0.5220
37 0.0005 0.0178 0. 4571 0.8118
32 0,0634 0.,0025 0.8162 0.7356
33 0.0244 0.0254 0.1753 0.8620

S 00,0052 0.0355 0.1308 0.5018




Table 1IV.8.,
Blectrophilic Reactivity Parameters of Tetradehydro

Corrin Anicn.

Atomic Frontier electron Superdelocalisability
center density
Pr CNDL/2 PPP CNDL/2
14 0.1633 0.1305 0.9962 0.5024
15 0,0088 10,0015 0.4781 0.3100
16 0.0472 0.0042 0.68%5 0. 3546
17 0,.04C4 0.0019 00,7228 0. 35569
18 0.0184 0.0001 04369 0.2827
19 0.2060 0.1998 1.0000 0.6815
29 0.6060 0.1233
30 0.0378 0.0004 00,6486 0.3506
31 0.0149 0.0075% 0.7290 0.3683%
30 0.0248 0.0005 0. 3296 0. 3147
33 0.0172 0.0672 0.8202 0. 5491
0.0242 0.1760 0,7403 1 .0000
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The scope of the thesis is to find rational explanations.
for some of the observed physicochemical data on metallo-
porphyrins and related systems, using semi empirical molecular
orbital calculations. The thesis consists of four chapters

and an appendix,

In the first chapter a brief review is presented on the
status of molecular orbital calculations on porphyrins.
Zmphesis is laid on the literature that has appeared during
the past eight years. A comparative evaluation is made on
the various methods used for theoritical calculations, based
on how well the results of these calculations explain the
experimental data. Extended Huckel approach (EHT) and
Pariser-Parr-Pople 7 -electrom approach (PPP) have serious
limitations. In many situations, the correct ground state is
not obtained with these methods. Semi empirical all valence
electron methods like CNDO/2, CNDO/%S, INDO are more promising,
but the multiplicity of the approach is discouraging the
theoritical chemists and it is difficult to choose among the
plethora of various modifications of CNDO/2 and INDO formalisms.
SCF=-X- ¢ approach and ab initio calculations have yielded
good results. There are still many problems regarding the
physicochemical aspects of porphyrins which deserve, the
attention of theoretical chemists., Some of these are mentioned

at the end of Chapter I.
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One of the intriguing problems in porphyrins is that
the redox potentials of metalloporphyrins are very sensitive
to the nature of the metal ion but the optical spectra are
relatively independent of the metal ion. This aspect has
been dealt with in Chapter II. The influence of the effective
nuclear charge of the metal ion on the ¢ energy levels of
porphyrins is estimated using SCF perturbation theory. CNDO/2
and PPP wave functions of porphine dianion are used as
zeroeth order functions. The first order changes in the
ofbital energies of porphine dianion have been estimated
as a function of the perturbing positive charge. The energy
levels obtained by this coulombic perturbation are corrected
with the observed ionisation potential and redox potential
data. The calculations have indicated that the effective
nuclear charges of the metal ions in the metalloporphyrins
varying from Mg(II) porphyrin to Sn(IV) porphyrin are in the
range 1-1.6. The varia*tion in the charges in this range is
enough to change the oxidation potentials considerably; but

the excitation energies in this range are not affected much.

Many of the tetrapyrrole systems which have bioclogical
relevance and are related to porphyrins have not been
investigated by semi empirical all valence electron methods
or ab initio methods, Some of these systems have been
investigated in this thesis using CNDO/2 approach. Comparison

of the chemical reactivities of these systems is made with
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that of porphyrin. In Chapter III, CNDO/2 calculations on
phlorin trianion is presented. The CNDO/2 energy levels are
compared with those of porphine dianion. Good agreement is
obtained With observed trends in the redox potentials., The
reactivity parameters, namely frontier electron densities and
superdelocalisabilities have bee estimated for various
positions in the mdlecule: The reactivity parameters show

good agreement with the observed experimental data.

In Chapter IV CNDO/2 calculations are presented for
corrole and tetradehydrocorrin. These systems are related to

vitamin B The energy levels are checked with the trends

12°
in the redox potential data. The observed electrophilic and
- nucleophilic reactions of these molecules are rationalised

in terms of the reactivity parameters.

The listings of two computer programmes are presented
in the Appendix. These programmes are used to perform SCF
perturbation calculations using CNDO/2 or PPP data for the
zeroeth order level., The computer programmes are written in

Fortran IV language.

—— e o -
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Appendix

Computer programs used for performing SCF-perturbation

Calculationse.

The listing of two computer programmes written in

Fortran IV language

are presented here, which are used for

performing SCF perturbations calculations. One of the

programmes uses PPL
functions while the
starting point. The
first order changes

bond order. A brief

wave functions as the zeroeth order
other uses the CNDL/2 data as the
programmes can be used to calculaté
in orbital energies, total energy and

account of the method of SCF perturbation

calculations is presented in chapter II. The relevant

expressions are presented here for the sake of understanding

the computer programmes.

A.1.1.  SCF perturbation calculations using PPF data

as the starting point:

The perturbing Hamiltonian H(q) matrix is given by

2D

e

2
Ze (A.1.)

2

where/kt is the atomic centre, » is the distance of

centre/x from the perturbing positive ion with charge +z.

and

%Ul)z

¢ if /“47} (£.2.)

In the Y1 P method the elements of the first order Fock

matrix element F<1)

21 _ (D)

e

are:
1 (1) *’Z (1)
+ ? P d + F 2?
f7u %7A / #23 (;f 3.)
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E/L‘(;) _ ’jz‘ 1;&49) 3,3;»\- (1o &)
To start with F(/L)) is set equal to 1383 .
Then Fi'§/1> is calculated by the expression
DT ST @ 5 o) (ao5.)

iJ “ > 253 Y29
where the indices/ét and 1) refer to the atomic orbitals
and 1 and J refer to the energy levels.
Thus Fi§4> matrix is denoted by FMU(K,I) in the
program.

The elements of the matrix 4 are given by

Ay
1K

- F'gf{)/ (2, (- 5,9 (4.6.)
(1)

The first order chenge in the charge denmify matrix T

is now expressed in terms of 'A' matriz.

0Ce vac ,
1 _ L& a(0) (O L 4(0) o@D
3}9—221,.2/; Akl(/,clc))k+c/tftkc>)l)

(AaTs)

Now, the first order correction to the total energy

is given by

(D) _ §;<u> (0) , (D (1) 40
W <§>?§%”2;Z VICALVICA VORI WY f§¢;>}

(4.8.)
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also, the first order change in the orbital energies are
given by the diagonal elements of the F(1> matrix:

(1) _ (0 _ 5 7 (0) m(1) ~(0)
Foi /=By =/ OiF/LlJ)C))i (4. 9.)
JZE B
The 3&13 elements are now substituted in equation (4.1.)
for reevaluation of w(4> and E<1> and the cycle is repeated

till the self-consistency in the first order correction to

the total energy w<4) is reached.
A, T, 2. Uperation of the Program

SCHFPERIURBATIONY  program is written for calculation of
first order changes in bondorder, total energy and orbital
energies in PPP formalism. The input data for the calculation

ig given below:

Initially some files are read from the magnetic tape,
these files were created while performing PIFF calculations

for a molecule under consideration. These files are:

File No. 25 Title '"MATRIXV': It ccuntaing LCAC coefficients
of the zeroeth order wave

functions.
File No. 26 Title 'MATRIXE': It contains zeroeth order
orbital energies.
File No. 27 Title 'MATRIXR': It contains repulsion integrals.
File No. 29 Title '"MATRIXP3': It contalns zeroeth order

bond orders

File FNo. 29 Title 'MATRIXH' It contains core Hamiltonian
natrix in the PPF formalism;

the expression 1s given below.
(4,19 and n. 11.)
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B

The data to be read are:

First Card:

Second Card:

Na
NCCC
MUM

NCENT:

Third Card

MIXT

Tourth Csrd:

Fifth Card

Sixth Card

Scventh Cerd:

12%

(4.10.)

“Uppe™ 2

FCOI‘@ “ﬁ 7) (J.‘Ln/l/lq)

4 title card in a format containing any
identification for the molecule.

a series of control variables in I format,
The total number of pi-atomic orbitals.
The total numbcr of occupied pi-electron level.

The nurber of perturbation calculation to

be done.

The number of certres for which pcrturbation

calculetion is to be done.

Two veriables, TCL and MIXT in F and I format

respectively.

Self-consiscency limit i.e. the difference
in the total energies obtained from

successive cveless.

Yhe meximum numbzr of itereations to be performec.

a4

Co—-ordinate of all the atoms read in F format.

Co-ordinate of perturbing centre to be read in

F format.

The location of thc perturbing centre is

given by NP(LS im I format.

The charge of the perturbing centre is
read in F format.
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A. 2 .1. SCF perturbation calculation using CNDO/2 data:

In this method the perturbing Hamiltonian H(1> is same
as used in &.I.7.
In the CNDO/2 method the elements of the first order Fock

matrix F(q> is given by

2D g, Dy 1) 9
AR A VR

(Aa 12.)

(1) 1)y
B = - -- Ao 15,
Expressions for first order changes in the bond order

(1)
/AD

(E(q)) are same as uscd in A.T.1.

), total energy change (W<q)) and orbital energies

4o @ .2, Lperation of the program.

SCFEERTURBATIONZ2 program is wkitden for calculation of
first order changes in bond order, totel encrgy change and
orbital energies in CNIDU/2 formalism. The input data for

the calculation is given below:

Initially some files are read from the magnetic tape,
these files were created while performing CNDO/2 calculation
for a molecule under consideration. These files are:

File No. 7Y Title 'LCCATOM' : It contains thc atomic
number of all the atoms.
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File No. 80 Title 'HIJ' : It centains the off diagonal
elements of core Hamiltonian
matrix in CNDO/2 formalism;
the expression is given below
(Egn. A. T4)

File No., 81 Title 'HII! : Itovcontains the off diagconal
elements of core Hamiltomian
matrix in CNDO/2 formalism;
the expression is given below.
(Egn. A. 15)

File No. 83 Title 'GAMMA' : It contains the repulsion
integrals.
File No. 86 Title 'LCAO! : It contains the LCAO coefficients

nf the zeroeth order wave function.
File No. 87 Title 'ENERGY' : It contains the zeroeth order
orbital energies.
File No. 89 Title 'BONDORDER'
1t contains the zeroeth order bond

order,
p———— "~ \
H = -1 - 2B &l
i /2 (a; &)+ 1/2 XAA LB¢ SUBOAB (AL 1)
! 0
s
?mf /gAB %%Q (A. 15)
The data to be read are as follows:
Pirst Card : A title card in A format containing any

identification for the molecule.

Seccnd Card : A series of con’rol variables in I format, these
are NA, NATOMS, NOCC, NCUT, INDEX, NBOND. The
description of which are given in the program by
comment cards.

Third Card : Two variables, TOL and MIXT in CF and T format
respectively,
TOL : Self-consistency limit i.e. the difference in the

total energies obtained from successive cycles,

MIXT : The maximum number of itereations to be performed.
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Fourth Card : Co=-ordinates of all the atoms are read in
F format.
Fifth Card : Co-ordinates of the perturbing centre are

read in ¥ format.

Sixth Card : The charge of the perturbing centre is read in
F format,



COMPUTER PROGRAMS FOR SCF PERTURBATION
CALCULATIONS
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FILE 25CKIND®DISKe TITLE="MATRIXV™» FILEFYPEST)
FILE 26CKINDelISKsTETLER™H ATRIXE™» FILETYPERT)
FILE 27C¢KIHDOSDISKsTITLERTYATLIXR™» FYLEFYPE=T)
FILE 28(KInDsDISKsTITLES"HATPIXP3™» FILETYPE®RT)
FILE 29CKIMDRDISK» YITLES"HAYRIXH™» FILITYPEST)
FILE S(XINDeREADER)

FILE 6(KINDwPIINTER)

DIMENSIAN H1(35,35)»F1C35»35)s XL (35)»YL(35)»20(35),NIST(35)
DIMNENSLON FMOC(35»35)»C(355353»P1(35,35),A(35235)»R(35+35)»P(35+35)
DIMENSEOAN H(35235)2E(35)»G(35)»HI(3S)»TITLECL3)H»2E3TB(LT)

C
&
c FIRISY 3IRDER PERVURBADICON CALCULATIIN
¢ THIS PROGRAM CALCULAMES THE FIRST JROER CHANGES I'N EHNERGY Ad)D
L BONDORDER USING SeCeF PERTURBATIIN APPYGACH (REFS SANYRYeDePs
c IN ELECTRONIC STRUCTZIR OF PRDLYMER AWD MOLECULAR CRvSTALS.
C JsANDRE AND JaLADIKs EDSs HEWYURK 2LENUM PRESS 1975s )
c PPP WAVEFUNCTEIONS ARE USED AS fHE 2ERCTH DRDCZE FUNCYION
C THE PERTURBANION ARISES FRAX A SIM2LE CHULOMBIC [MMERACTIIN,
c
READ (Se38) TITLE
8 FORMAT(13 #6)
WRITE(629) TiTLE
9 FORMAT (L HL/36Xs 'PERTURBATIONDS Selof MaO CALCULATIONS'/iX»i3486//7)
READ (5»10) HA#SNGCCrYUM»ROENT
il FORMAT (414)

WRITE (6515) NA»NOGC»N UM»NCENY
15 FORMAT (3Xo™HASNCCCHNUMSNCENT™/» 4]'5)

FEAQC25) (LC(TI»J)sdulpNA)»inishA)
READ(26) (E(K)IsKuloNA) )
READ(27) CL(R(MoM)IslmioNA)» Meisiiid)
READC(28) ((PUlIsJ)r JnlirhA), TuisMi)
READ(29) ((H(XelL)» L3lsNa)» KaispNA)

TO CALCULATE HE(MUsHUI® =ZP(HUI/DISTO(HUI AND
SEYTING HI(MU»NUI® FLi(HUs¥U)

KA J§ THE TO[MAL NG OF PY AYGHIC IR3ITALS

HOLC 15 THE NO OF OCCUPTEDR PI ELECTRGY LEVELS

2 X e ErExEe+R T

READ (5-28¢) TDL,KIXT
20 FORMAT (Fl0a5»15)
WRETE (6,25) TELLMIXD
25 FORMAT (3 X»*TDLERANCE AMD MAXIMUM NQO OF IVEREATIINI*/» Fila5»75)
DO 35 KU = 1,MA
DG 30 NU = 31,HA
HI(MUs §UI BG4 D
FL(MU»NUInD LD



FMI(MU2NJ) = 0,0
3 CONTINUE
35 CORTINUE
READ(S240)CXCIMUI» YCCHUI» 20 CHU) »HUS L »HA)D
DO 36 MTR m 1,NCENT
READ (5240) (XP»sYP»ZP)
4 FORMAYT (3F15,8)
READ (5»1€) NPGS
WRITE (6941) MPR3rXPeYPsiP
4% FORMAT €7 /8% “THE FESTUBING CERTER IS=™»13,//8X» 7 HE CO=OVDIVATES
1 OF THE PERTURIMG CENTER 2REe™, 3Fi5.8)
READCS»45) (PERTB(I)r» IwisHUM)
45 FORMAY (8Ff1 0, 3)
DO 500 IXUM » 15 HUM
CRARGE = PERIB(IRUW)Y
DG SO HU = 21,HA _
DISTCHUY = SQRTCC (XC(HMU)I=XP)Y*x%x2) & ({YC(HUI=YP)x=x2) =+
1 (CZLCHUI=ZP)*x2))
Hi{ny»HY) = ={CHARGE = *4-3933)/071?(HU)
F1(HU»s HU) ™ HL CKUsMU)
50 CONTINUE
WRITE (56»55)
55 FORMAT (771X *DISTANCES 3F AJOMS FOHM PEXTUBING CENTER'/)
. HEETEC(H26M) (DISTCHU)» MUulsHA)
60 FOUMAT (S5Xe8F15.8)
HRITE (6,65) '
65 FORMAY {//iX> T HE CHARGE §3s /)
WRITE (6,70) CHARGE
FORMATI{SX» fiSeb)
KEETE (6575)
FOIRMATC/ /1 X» *THE FiNIGONAL MATRIXY/)
WREITE (6-85) (FL{MU»HU)» MURLI»NA)
FOAMAT (2Xe20F1la5)
Kouli 7w
KOUNTwRIONT 2%

oW W
S W o e

TC CALCULATE BJG F(K»I) FROM THT RELATION
SIGHA(HU)»SIGH@(NU) CCHEI(MUs IR (6) (HUs K)*FL(HU» )
NOCC I§& THE HUMBER CF GCLUPIED LEVEL

I IS QUCCUFIED DBRBITAL » K IS VACCANT CORBITAL
bR 95 I w1,MICC
00 95 K w» NOLC#i.NA
FHU(K»I) & 0.0

DG 103 MU = 1,44
DO 400 HU = LoNA ‘
FMI (Ko 1) & FMOCK»I) + C{KsHUW*FL(AUsNYI=C (I, NY)
160 CONTINUE
FHO(K» ) 8 FAGK»ID)/7CECT) = E£(K))

95 COHTINUE
DO 120 I = i,NA
FMICI1) = Gt

DO 121 HU = 184
DG 221 NU = L»NA

FUMICEs3) = FMOC(I»I) # CUIsHUI=FL{RILNUI*L (T Y)

iR T R AR



izi CONTINUE

120 CORTINUE

C

¢

C TO CALCULAYE PI(MUsNJ)Iw 2% SIGHMA I VO SCC SIGHMA K 10 val
C AKe IY(CCOI (HUTIXC(D ) (HUSK) + CHLOI(HU» KIS T(DI (I U»E))

DD 1402 MU = fe.dA

DO 240 U = MUsHA

F1 (HULNUD® Ba0

pg 145 I = 1.R0CC

DO 145 K = MICC+irfia

PACMUSNU) = PIIMUBUI42+F NG (Ko DI (LUK HUIXCLI» N 4L GG UI=C(ELHUY)
145 CONTINJUE

PL(NUL MUY = PL(MUsHU)
140 CONTINUE

[
o
¢ O CALCULATE FL(NUsMUIBHIC(HU»MUIE SIGMA HU T3 N PL(NU-NJ)*
C GARA(MUPNUDI™= QoSsPL(4U»MUI*GAMACH UL NU)
DO A73 MU = 1»NA
FLOMUsMU) & HI(MUSHUI=D5+P3 (MU»HU) *R{HU»MUY)
DO 175 NU = LsNA
F1CMU»uU) = TL(HU»MU) 4+ PL(NUsNUDI*R (MUsNY)
175 CONTINUE
C TG CALCULATE FL(MUHU)Y % =LaS5% PL(AU»NI) * GAMACHU»NY)

DO 1705 NU = MU+leNa
FLOYU»NU) » >RaS*PLLHULNUI*R (MUs 4 1)
FI{nU»HU) efF1i(NU.NU)

L78 CONTINUE

Y0 CALCULATE WAIFRDM VHE ELATIGN wWim D5 SIGMA HJ 110 NA 37GYA4
KU T0 HA (POOIMMUANUITHI (MUr BIDFFITHULRUI *HIMU248))
WI(KTUNT ) 20,0
Dt 195 MUm 1,MA
po 230 Hum 1,NA
WICKOUNT) » HI(KIURT) + (PCHUsNUI*XCHLICHUsKUDEFRCHUP NUYI) &
TPICHUS MU I*HCHU» KDY
200 CUNTINUE
195 COMTINUE
WECKIUNT) & 2o5xWi(KauNT)
. HRITE (6»210)
21 FORNAT (//71Xs THE KIUNTS AND WICKFUNTS)Y/)
WR{ TE (65215) KDUNE»WiC(KIUHT)
215 FOUMAT (2X» 15, Fli1.6)

e 0

c TC CALCULATE ECLIFRDOY THE RELATI AN E1¢i)sBIGF (I-1)
WRITE (6-225)
225 FORMAT (//i %X *THE Ei MAFRIX®/)
WRITE (6+230) (FMA(I»1)» Taishh)
230 FORMAT(2X,10F13.6)
KZNaKGUNT=1
IF (KMIND) 235,235,240
2 &4 DIFF » ABSCHWL (KDUNT)Y=HLCKMIN))



25
235
260
265
255
27y

275
280
285
290
295
296

560
36

IF (DIFF=YGL) 25592555250
IF (KOUNI=MIXT)235s260 2260

GG T3 90

WRITE (6»265)

FORMAT (1X» SUNABLE 10O REACH SELF

WRITE (60 270D

FORMAT (/71X

WRITE (62275) Wi(KOUNT)
FOUMAT (2X»F11.6)
WRITE (6528%)

FORMAT (V/71%»

*THE DRBITAL EHERGY
WRETE (6028%) (FHOCI»I)» Ivi,NA)

FORMAT (2Xs 46F11a6)
WRITE (6,290)
FORMAT (//iX»"THE BONDDRDER MAFRIX PLY)
DO 295 MU = f» NA

WRITE (62296) (PiC(HUsNU)» HUm

FOUMAT (2X» 17iF11a5)

CONTINUE
CONTINUE
END
Ceze2i03 43
0022023iEz2 ¢
02332iF1 4
021322481 ¢
002252223 2

I8 YHE
IS THE

LICATICN FOR
LOCATICH FOR

IS THE LOCATIDN FDR

'8 THE
£8 THE

LICATION FOR
LOCAYIoN FoR

*THE PEPTURB EHERGY wl'/)

Lo44)

EXSEPTLONAL
EXCEPTIDRAL
EXSEPTILRAL
EXSEPTIMKAL
EXCEPTIONAL

SUONSESTERCY ©)

ACTION ON
ACTIIN ON
ACTIGN Dk
ACTION OH
ACYIIN On

FIHE

Ll

THE

THZ
FHe

(73
£73
[/71
i7 3
L7/3

CORRESPOHDI'NG 70 FIRST 0IDERT/)

STAYEMENY
STATEMENT
STATEMENT
STATEMENT
STATYEMENY

bR N R S
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FILE
FILE"
FILE:
FILE

FILE

FILE
FILE:

G e &ane O

(-4

<

"
1]

29 "
25

86700 FORTRAN COHNPILATRION H
SLFPERTURA

A-R X
B A £ 1
CIR T S S S S R T B A o B ol b
79 (XIXD = DISKs FEITLE: m"LBCATN"s FILETYPEST)
81 (XIND = DISXe YITLE =™ iHyd™e FILETJYPExY)
82 {KIND & DIS¥e TIVLE w*HlI% FILLTYPEST)
83 (KINDeLISKs TITLERTGANNA"» FRLEIDYPEAT)
8€ (KIRD w- DISKs TiTAL . w™LLAU"™y FILETYPEsT)
87 (KIND » DISK, VEVLE -m=EENHEY s FILEJYPEST)
89 (KEWD .= DISXs» TSVLE =™ BONDURCER"» FILEYYPEaT)

DIMENSIOH HIC212) oF1C 1102310 IpKC LAY 32 YLL40 I» ZDCATIH DESTCLILD)
1FNGL65965)sCUIR10211002PLC1102125002R(60»50)0E1C120),P(110:110)s"
101952220, EC110)» WA (118),LBCATHL328) AV ITLECL3)

FIRSY QHDER. ALL VALENCE PEXTURBATION CALCULATION

THIS PROGREAN CALCULALES THE FIRSY GROERCHANGES IN ENERGY AND:
BOKDORDER USING SeCef. PERTURBATIUN APPROALH (REFS SANYRYeDaPs-
IN ELECUIDNIC STRULTER.CF PDLYMER AND MULECULAR- CRYSTALS. -
JoAKDRE AKD So LADIKe EDS. NEWVORK PLENUS PRESS 1975. )

CNOO/2 WANEFUNCTSONS ARE USED A$ FTHC ZCROYH URDER: FUNCTION
THE PESTURGAIION ARISES FRGM A-SIHPLE COULUMBIC IWNERACIIDN.:

"READ(S»8) . TRTLE

FORMAT(i346)
WRITEC(S29) TIVLE

2.9-110

FORMATLZHI/36 X2 *ALL ¥ALENCE PERTURBATIONS SCFMeD CALDULAT{UNS *21X

ir 13467/}

RELD (5s10) NASNATGNSeNOCCoNCUTH I NDEXoNBOUND
FORMAY(10.34) |

NA 1S 7HE YOTAL NUMBER:OF : VALENCE GRBITALS
NATUMS IS YHE TOTAL ND OF ATGNS

NCCC 15 ThE HUMBER OF OCCUPTED LEVEL

NCUY 15 FOR CUYTING BUT EMERSY LEVELS

INDEX = NA72 IF NA 15 EVEN

INDEX # §A=3/2 LF BA IS DD

NEOWD 15 FOR . CGNIROLLING EONOORDER: MATRIX

WHEN NBUYD = O BIMDDRDER HATRIX ['§ NOT. PRINTED
NHEM NSOND GREATEK THAN ZERO @UMDRRDER MATRIX IS PRINVED

WRITE C50215) NRe HATO NS »NOCL » NCUT » T RDE Xo NBOND

FORMAT - {3Xo *NAs?o13» 3Xo? AT QNS¢ »{"353Xre NOCLH 25 (3» I Ao INCUTH 2 I35 -

13X» ' 1HDEXS? 6135 3Xe 'NEGKDNS,33, /7))
SEAD (5220 TOL-MIXT:

FORMAY - (FliteS5s15) '

NRETE €6225) YOLMIXST-

FORNAT . {3 Xe "|OLERANCE AND MAXINUM NO OF ITEREATIONS */» F1325015)
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READ (79) CLOCATN(I)» I=lsNA)
D0 124 I w~JoNA~]
124 READ (81) (H(led)e Jnfeleold)
-READEL2) (HL{1+s1)2 xdlsNR)
READ(83) ({L(Isd)s Ix1sNATOHSE)» I'tvllfﬂﬂS)
PO 125 -1.w 1.0
izs READ €86) (C(I»33)s Jual.NA)
NEADC(BL) CE(i)» llloﬁ‘) .
gl 126 I = RoNA
‘126 PEAD (593 (P(la&)v-J'ﬂ:Hﬂ)

t THESE CARDS ARE INSERTED VO INVERT- YHE ORDERING OF CHNDQ ENERGY
e LEVELS AND ftHE CODRRESPONDING EIGEN VECTORS
"00.400.11»INDEX
: EE - -E(2)
INA = HA=gel .
EE1 = ECINA)
£¢§) »-EE£1
ECANA) » EE.
400  CONTINUE
) DD 459:% =-31-NA
G0 &SE 4 =~ 1+ INDEX
LA & jA=Je ]
C14 w [ {]led)
"CNA. »= LCIPLNA)
LUl o) mCHA
CClesiNA) = CIJ
ST CUNYINQE
TC CALCULATE H1(HUsNU)» ~IP{NUI/DIST(NU) AND

SETTING HI(HUvHU)' FiiNnUsBY)
AFTER READING FILE 81 AND FILES2 att ELEMENTS OF H COMPLEIED
DO 35 MU = 1,NA
04 36 NU. & 1sKA
H{NUsMU) - = HINMUAV)
k14 CONTIHUE
3s COKTLINGE
READ(S5040)CXCLHUI> YCAIMUI » ZCL HUD » HUSLLNAT B3NS )
READ (5,938) XPaYPe1P
a6 FORWAYL(3f 153 )
REAL (S5245) CHARGE
45 FORMAT  (F13.8)
U0 S¢ WU -= 1sNA
HUL - » LECATNI{NL)
DISTINY) & SARTULCXCINULI=XP I&22) . (LYCAINUI)~YPI222) +.
1 (CZCUHURI=ZP )2+ 2))
HI{NU) u-= (CHARGE = 0.529)/DISTINL)
FL (UBsHU) & H1(KH)
5L CONTEINUE -
HAITE . (62 55)
55 FORMATL/7/74X» *IRE DISYVANDES OF -ATDNIC ORBITALS FRON CRIGIN®*/)
WRETEC(S960) (DISTCHUIe NlsleNA)
6l FUANAT (S X 8F15.3)
WRITE €6»86%) CHARGE
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GO0 0w

402
405

it

T 1011
105

96

Iy

145
14¢
¢
C
C
[

:3?;3':;!?!;"THE CHARGE OF THE MEFAL CONSIDERED 13=%» F13:5)
»
FORHAZL/ 71Xe *THE FLDIGONAL MAYRIX®/)
WRLTYE(6285) [FACHU»NU) » NUBL-RA)
FUAMAY: (2X»15F81w6)
KQUNI®D .
KDUNTsXQUNRY #1

TO - CALOULATE BJIG F(Ks1) FRON THE RELAYION
SIGHACNU) »STGHAINU) CLBICHRU»II*CLD) (NUsKI*FI{ NU>RU)
MU AND NU ARE CGRBIVAL INDEX

115 VAt JHDEX FOR OCCUPLED LEVEL

J IS5 THE IHDEX Fu® UNQCCUPIED LEVEL.

NINL » NCUT .». 1

NFEL » NA- =_NQUT

00 95 1 = xINL.NGCC

NVAC. »s-NFJL =3 & NINL

if (NVAC‘LUHB)QDSﬁﬁOZD‘QZ

E1NYACIrLay

COBTINUE

00 96 K.» NOCCe1LNFIL

KX =X = )\ICC

FHOI(KKs 1) w (a0

00 100 MU = 1sNA

DL 105 NU = 19HA

FHUCKKeX) u-FNOC(KNT) & CONUSK)oF LT NULHUI=CC NUST)
IF (K = 4FIL) 100-101-105

E1CT) -« E1C1) ¢ C{HU» T »FLINUrNUI2CACNU L)

EF (HVAC: = .1UMDG) 100,1011.,1012

EACNVAL) - ELINVAD) ¢ CINUSKVAL) «FLEHUsNUI2C(NUsNVAL)
CONTX MUE

FHUCKK»T) & FHNOCKKST) FCELT) = ECK))

CONTI NUE

CORTENUE

70 CALCULATE PRiMUbNU)® 2= SEGHA I TD JCC SESMA X 1D VAL
ALK»EICCI I NU 21 D=CCH ) (NU»K) & CLO) IMUsKI*LL2ICNYL))

DO 140 MU ®-1,5A

DE 140 RU & AUsNA

P (HUsHU I (o0 .

00 145 I = NINL»NOCC

BE 145 K & NICC+1sNFIL

XK-=-K = NUCD.

PLICNUSNU) & PLINUSNU) ¢ 22FND(KIGTI3Ia (CINYs K)CC(B UsT) » L HU»K) »
1 CiMUeL))

CONYINUE

PICNULNU) - = PL (NU»NU)

CONTINUE

TG CALCULATE FA(NUsHU)ISHALC(AULMUI+- SIGMA NU TO N PLINU»NU)»
GANA (MUPNUI= CoS*PLIHULHUI*GANACNY> HU)



i75
170

76

OO

26t

195
21l
15

o3 TN

225

230

240

259
235
269
265
255

27

275
31

DO 170 -MU.- = -1»NA

TMUL = LOCATHANU)

FRLEMU»N¥U) s HICHU) ™ B85 = Pi¢NU»MII=R(NU1»M3}1)
00 175 NU = 1284
NUL .= LOQCATHINY)
FI{MULNU) = FLCHUPNY) & PLCNU2HU) =R HUL e ML)
CONTENUE-
CONTINUE.
TO CALCULATE FL(NUeNU) = =PaS5* PLINUsNI) * GAN
KNIN = NA =}
DG 176 MU . s $.NMIN
DO 176 NU = gleleNA
NUZ o LOCAYNCKU)
NUL = LGCAT#CNY)
FLIMULNU) = - =Bo5ep I HU»NU IR HUL»ND1)
FI(HU»HU) aFilHUsNU)
COLTINUE

TQ CALCULAYE WLIFROM THE RELATION NI 0.5 SIGMA MU 10 NA SI7~%

KU 70 NA (PLOICRU-NU) CHICHUs KUD FLLNU»NUI *HI(AUSNI))

HICKDUNT Jwge): .

DC 195 MUs 3.HA

HICKIUNT) = WACKDUNT) #C((P(HUsHUD +(HLLHUISFIINI>RUI)I) + (PLNULMW)

1 *H(HU»NU))I*Ca 5

GO0 200 NU = HUédsNA

HICKDUNT)Y = HLACKGUNE) o (PUHUsNUI +F1LHU-RU) ) +(PRCRAU-NBITHHU»NU))
CGNTINUE

CONVINUE

WRITE €(60210)

FORMAY (7 /1Xe °*THE KJUNTS AND Hl(ﬁﬂﬂﬂ'i)‘l)

WRITE - (60215) KOUNT» N2 {KDUNT)

FOYMAY (2X» {Se File6)

70 CALCULAIE EQ)HXFOn THE RELATION ELCIY=BIGF{ [=1D
HRITE. (6»22%)
FORMAT - K7 /5%Xs *THE Ei HAIRIX®*/)
HRLTE (6023U) (E1(I)» I®NINL NFIL)
FOURATI2 X»10F 210 6)
KNI NaKCUNT=2
IF (KniIN) 235023522480
DIFF »-ASCHL (XS UNTI=NLCKRIN)D)
1F (DIFF=T0L)2550255,250
IF (KOUNE=NIXTY 2235225802608 .
60 Y0 - 90.
HELYE (Be265)
FORMAY - (iXs *UNABLE TD RESCH SELF CONSISTENCY®)
WRITL . (60 270)
FUSMAT: (741%X» *THE PERTURB EMNERGY W1t'7)
WRITE (62275) HLCKQUNT)
FORMAT {2X2Fllab)
NRITE ¢69260)
FORWAT (7/5i%Xs *T'HE QRBIYAL ENERGY: QOIRES'ONDING 10 FIRSY ORDER*/)
HASTE (60285) (I»ELCT') » 1aNINLNFIL)
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