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PREFACE 

The scope of 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 = C]MDC/2 

method has been used in all the cases and where necessary, 

the results are compared with those obtained from Pariser 

Parr Pople - JTelectron approach = 

In the first chapter a brief review is presented on 

the present status of molecular orbital calculations on 

porphyrins^ Since earlier reviev/s are available up to 1977? 

the papers that have appeared after this period have been 

dealt with in detailo Some of the shortcomings of the 

calculu-tiuns that have appeared so far have been mentioned« 

home problems v/hich deserve the attention of theoretical 

chemists are e.lso mentionedo 

It has been observed that the redc.x potentials of 

metcillcporphyrins are very sensitive to the nature of the 

metal ion whereas the visible absorption spectrum is 

relp.tively unsensitive to the metal iouo This problem 

is handled in the framework of SOP perturbatiun appro^ch= 

The metal ion is considered to perturb the porphyrins 

through a Coulombic effect and the influence of the 

perturbation on the moO energy levels, ionisation 



and redox potentials is estimated.. The results are presented 

in Chapter II» 

Many of the reduced porphyrins have not drawn the 

attention of theoretical chemists and some of these systems 

have been investigated by CNDC-/2 methodo In Chapter III, 

GNJDC/2 calculations are presented for phlorin trianion 

which serves as a model for bilatriene type of bile pigments. 

The uhemical reactivity parameters (Frontier electron 

densities and.superdelocalisabilities) have also been 

calculatedo The results of CNDC/2 calculations on corrole 

and tetracdehydroccorrin are discussed in Chapter IV. 

The overall reactivity patterns of porphyrin, phlorins 

corrole and tetradehydroccorrin are co'mparedo 

Listings of the computer programs developed for the 

purpose of doing SGF perturbation calculations are presented 

in the Appendix^ 
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GaAJTER 

A BRIEF REVIEW OE THE THECRETICAL CALCULiiTIONS 

CK PORPHYRINS AND METALLOPURPHYRIFS 



I. 1o Introduction 

Porphyrins and related tetrapyrrole systems have 

attracted considerable attention of chemists, physicists 

1 2 and biologists in recent yearSo ' 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 so,, Qu8,ntum mechanical calculations on these systems 

have also been quite substantial, 8.nd have helped to 

rationalise the experimental results» In the present 

chapter, some important aspects of the theoretical calculations 

on porphyrins will be reviev/edo Gut of the reviews"^' '-̂  

that have appeared in the past, two are quite extensive= 

Chantrell et al have reviewed the status of molecular 

orbital calculcations on porphyrins and their metal complexes<> 

•The emphasis in this review is on the various '-; sthods of 

calculations. It covers the different aspects of calculations 

performed using free electron model, Hiickel, Pariser-Parr-

Pople (PPP) and the extended Huckel (Ê -T) methods» A few 

calculations that had been done using the semi empirical 

all valence electron SCF methods (CKDU/2) have also 

been mentioned in this v̂ ork. The later review by 
5 

Gouterm-an deals mostly with spectroscopic properties 

and includes the semi em.pirical ̂ - electron and all valence 

electron methods of calculations» During the last seven 

years* a large number of calculations have ap-̂ eared using 



the semi empirical all valence electron approach as well as 

ab initio methods» The aim of the review here v/ill be to 

cover the theoretical calculations that have appeared 

after 1977<' (̂ nly a brief mention will be made of the 

v/ork that has appeared earlier, for the sake of continuity,, 

The material in this chapter is classified broadly under 

three categories, namely, 7^ -electron calculations, 

semi empirical all valence electron calculations and 

ab initio calculations= 

The basic skeletons for porphyrins and related 

compounds are shovrn in figure 1 o1<, The termj porphyrin is ueê . 

where there are substituents on the pyrrole rings or on 

the methine bridges= The unsubstituted macrocyclic system 

is termed as porphine= The free base porphine has Dp, 

symmetry and its metal complexes possess D/.-. or C^ symmetryo 

In a metalloporphyrin with four fold sym-metry, the two 

highest occupied 7(^ -molecular orbitals (HOMO) are nearly 

degenerate and belong to the A^ and J.p representations = 

The lowest unoccupied molecular orbitals (LUMO) are 

degenerate and belong to the E representation under D̂ , 

symmetryo When the symmetry is reduced to Dp. or Op , 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 absorption spectra which are 

used as finger prints to identify the nature of the 
Zj. 

macrocycleo 
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The reactivity of a jiô pliŷ i-n can be extensively 

varied by either changing the central metal ion or by reducing 

the macrocycleo Thus the Pe(lll) & Fe(ll) porphyrins which 

form the chromophores of heme proteins, are involved in the 

activation of oxygen, oxidation and hydroxylation of substrate*: 

electron transfer reactions, decomposition of hydrogen 

peroxide, etCo In these reactions, the iron undergoes 

changes in its oxidation state with the porphyrin playing 

a secondary roloo On the other hand, reduced porphyrins like 

chlorins and tetrahydroporphyrins, in the form of their 

magnesium complexes are involved in the primary electron 

transfer processes in photosynthesiso In this case, the 

main reacting center is the porphyrin 7c -system which forms 

the radical cation.. The metal ion (io6o, Mg) plays onlj a 

secondary role by lowerjng the oxidation potential of the 

71. -systemo The large number of theoretical calculations 

that have been attempted so far have been aimed at under­

standing the electronic structure of porphyrins^ their 

electronic spectra, nature of excited states, chemical 

reactivitj'̂  and the nature of bonding of mets.l ions to the 

porphyrins ligand. Tv/o of the earlier reviev/s '"̂  deal 

exclusively with the optical spectra of porphyrins, Ilcuce, 

emphasis in this review v̂ ill be laid on. those theoretical 

calculations v;hich deal with the ground state properties 

and the chemical reactivity of metalloporphj^rinsn 
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"̂ 2 Summary of the prGyi_oû s_jreyj-CŴ s: 

Prom the results of the theorcticrl cc.lculations 

that have appeared ao fcr, a fairly clear picture of the 

electronic structure of porphyrins and their epectroscopic 

properties bas emcrpedo The e-̂ rlicst tboorics that provided 

8 simple and convincing model of the electronic states of 
C O p 

porphyrins Vi'cro proposed by Simpson , Kuhn end Plntt = 

The porphyrins with D̂ , symmetry is treated as a 16 memberod 

Cj'-clic polyene (4-n mcmbered) with 18 % -electrons. In the 

simple Huckel framework, the orbital energies arc obtainedo 

Ew, = oc + 2/S cos (2m 5c ) 

where oc and p are Huckel psrameters» The orbitals X'̂ îth 

m = 0, i 1, " 2 , ~ 3 and i 4 are filled with electrons in 

the ground state* The lowest energy transitions ore from the 

m - ~ 4 to m == ̂  5 orbitalso The transitions with the chanf,e 

in ongulr r mom.entum A.L = - 1 ere uilloi'ei and those with 

AL„ = -̂  9 arc forbiddcno By including configuration 

interaction, one obtains a lox/er energy trfnsition vjith 

/SL = ~ 9 c round 580 nm nnd higher energy transition vdth 

hh^ = - 1 around 390 nm (borct band)o A free base porphyrin 

with Dp, syL:metry can be considered ps a 18 membercd 

(4n •̂  2 membered) cyclic polyene with 16 'Ĵ  - electronso 

It has been shov/n by Pioffit that \/hilo going from a 4n 

mcmbered ring system to a 4n + 2 membered ring s;)'Stem5 the 
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degeneracy of the lower-energy singlet transition (AL = i 9) 

is lifted v/hilo the higher-energy transition (Soret band) is 

9 unaffected-̂ o (These predictions based on this simple model 

explain the observed optical spectra of metalloporphyrins 

(D̂ ,, ) and free base porphyrins (Dpu)" Though this model is 

very crude, it gives a fairly reasonable physical insight 

of the energy levels and optical transitions of the porphyrin 

systemo Yory extensive and ijioneering calculations have been 

made by Martin C-outeri/ian and his gr-oup-̂  on the ground and 

excited states of porphyrin using PJr-i' and extended Hiickel 

methodso On the be,sis of these celculations, G-outermian has 

10 11 proposed a four-orb3.tal model ' for motallocporphyrinSo 

He obtained that the two highest occupied molecular orbitale 

with the a^ and ap symmetries are nearly degenerate and 

the two lowest vacant molecular orbitals are truly degenerate 

having e symmetry^ All the other levels arc well-separated 
S 

from these four orbitals. Most of the electronic spectral 

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

model though certain finer aspects like relative intensities 

do require inclusion of extensive configuration interaction(CI' 

The properties of porphyrins studied in detail by 

Goutcrman's group include-"̂  singlet-singlet trarsitions by 

including extensive CI, triplet-triplet transitions, magnetic 

circular dichroism, angular momenta in the ground and 

excited states end mstal-porphyrin bindingo Very extensive 

calculations have been done in the EHT fram.cv/ork'̂ ^ (iterative 
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and 
EHT-inothod) for metalloporphyrins with alkali/alko.line earth 

metals, first and second rov; transition metals as well as some 

non-metals like i, AS etc» Thesu calculations provide reason­

able insight into the nature of the Metal-porphyrin binding 

but the EHT method is inadequate in rationalising the observed 

physicoc^cbcmical properties of metalloporphyrins. In the light 

of the above comments, v;e shall discuss the results of the 

theoretical calculations that he.ve appeared in recent yeeorSo 

12-20 
-̂° ̂  Fi electron calculations 

In recent years efforts are being directed towards 

calculating the wavefunctioDS for porphyrins using CNiX)/2 

and INDO methods or ab initio approacho Only a few meaning­

ful calculations have appeared using Pi'P-pi electron approacho 

Q?he interaction energy of two porphyrins molecules in a dimer 

in the ground state has been calculated using standard 

perturbation approacho ' The PPl' vjave 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 

dimero A similar t3''pe of calculation has been reported for 

the excited states of tho dimer with reference to the mixing 

22 

of exciton resonance and charge transfer stateso The 

calculations predict the apTsearance of a charge transfer 

transition on the long wavelength side of the Soret bando 

The reported calculations on the dimers, so far have paj?tly 

been in agreement with the experimental datao Detailed 
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calculations have been done on the ground and excited states 

of the Fe(ll) porphins-with imidazole as the fifth ligand 

in the framework of extended PPP formalisir (Peel method) J 

All the j^ -orbitals of the porphine and the imidazole, 
2 

one Sp hybridised sigma orbital pointing to the Ee 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 Pe 

atom. Some molecular integrals were adjusted using spectros­

copic datao Overall reasonable agreement was obtained with 

the'i magnetic properties, optical spectra and MGB spcctrao 

The main dravjback of this method, apart from the adjustmc"nl, 

of some important integrals, is the non-inclusion of the 

3s and 3p orbitals of the Pe atoms 

The spin densities and zero field splitting (ZP&) 

energies of the lowest triplet state of a light metal 

porphyrin ho-ve been determined by PPP method using the opo' 

shell SOP approach vjith configuration intcrdction.. 

The m̂ etal ion has not been included in the calculation^ 

Satisfactory agreofficnt has been obtained with the 

experimentally observed ZPS parameters and hyperfino couplings 

obtained for the zinc and magnesium porphine» The chemical 

shifts of protons, "̂C and -'̂N vjerc calculated for porphyrins 

in the PPP framcv/ork including the contributions from 

17 pi electron ring currents. ' The results are in good 

agreement .with the experimental nmr datao On the ba.sis of 
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the strength of pi electron ring currents an aromaticity 

scGle has been proposed for porphyrins and related systems» 

Considering the overall impact of the 7[ -electron 

calculations in the understanding of the physical and 

chemical aspects of porphyrins the following comments may 

be madoo 

1» The pi electron calculations le'id to a reasonable 

understanding of the spectroscopic properties of motallo-

porphyrins, whore the metal ion does not scriuusly influence 

the spectral behaviouro Those calculations are less useful 

for the reduced porphyrins like chlorin, tetrahydrozporphin 

corrins, corroles etCo 

2o Inclusion of the effect of metal in the ^' -electron 

calculations has a limited scope» It also involves extensive 

peromctrisation schem-os for coch motel ion and thus limiting 

the usefulness '~>f this approacho 

^"^^ AJLI:-JZgJr,QJL?-Q-, -!<jig-PĴ ô  methods: 

Io4o1o Extended, Huckel approach _(5HT) ; 

Very extensive calculations have been done on 

metalloporphyrins involving light and heavy metals, in the 

fre.mework of iterative extended HUckel approach..-^ These 

calculations ha.ve been reviewed in detail earlier? These 

calculations have throv/n some light on the nature of 

metal-liSi'and bonding, but suffer from, the inherent defects 

of the EHT methodo The relative ordering of the Jl -electron 
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energy levels and the d-electron energy levels in transition 

metal porphyrins has not been correctly predicted by this 

raethod in many situations., fciome recent calculations reported 

using this method include the electronic states of Co, Ni, 

Rh and Pd porphyrins -^^ iron(Il) porphin-pyridine complex , 

25 
nitric Gxide and carbon monoxide adducts of iron porphyrins -^ ^ 

26 
phosphorous complexes of porphin , an isostructural macro-

27 /and 
Of-

nitrogen 

Io4-o2. GKDO/2 and related methods 

cycle BgS^g '/porphyrins containing heteroatoros other than 

28 

The first calculations using GKDO/2 method on porphyrins 

29 Vi/ere done by Maggiora, on free base porphma^ porphme 

dianion^Mg(II) Porphine and aquo Mg(ll) Porphine.. The orbital 

energies were in good agreement with the ionisation potential 

datao Por the first time the HGPIO level was correctly 

predicted for Fg(Il) Porphine as â ô This is supported by 

the ssr hyperfino couplings for the radical cation of the 

Mg(II) Porphyrinso The electronic spectra of the porphine 

dianion, free base porphine and reduced porphines have been 

'studied by the modified CNDO/S m.ethodo' '-̂  An improved 

version called as CNI)C)/3S method-̂  '̂ -̂  leads to very good 

agreement of theoretical results v/ith the optical absorption 

spectra of porjjhyrins as well as with the UV photo-emission 

spectra^ The tautomorism in free base porphine has also been 

investigated by a ClSDO/2 method as well as by the INDO 

formalismo^^'^^ The calculations done in the GNDO/INDO 

framexfork have yielded better results in terms of the correct 
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ordering of energy levels and spectroscopic transition 

energies than those obtained from the extended Huckel 

method. But a systematic set of calculations over a large 

number of metalloporphyrins is lacking in the literature» 

This is perhaps due to two main reasons (i) The large 

amount of computer time involved for the GNDO calculation 

compared to the EFT approach and (ii) existence of at 

least half-a-dozen modifications in the formalisms, like 

CNDO/2, INDO, MIFDO/3, CWD0/5S etc. Each of these methods 

applied to limited number of systems has been claimed to 

give better results than others, ^^ The calculations 

reported using the GNDO, IRDO and related methods include 

those on the Li and Ka porphyrins , Cu porphyrin (esr 

parameters) , Fe(ll) porphine ' I'e(ll) porphine adducbs 

of dxoxygen and carbon monoxide ' , fcrryl porphine , nuclear 

spin couplings in porphine dianion and free base porphine , 

chlorins, bacteriochlorins , sirohydrochlorin -̂  and 
iLiL ZLC; 

azaporphyrms ' ̂ « 

l.^a Slater's SCg X --cC method^^ 

Two types of calculations have been made in the 

framework of the SGF X -ec modolo One involves all the elec-

trons in 'the molocu;j.e using muffin-tin approximation.. The 

other approach involves only the valence electrons, without 

employing muffin-tin or overlapping spheres approximation.. 
Zio 

Sambe and Felton ' used the latter approach to calculate 

the energy levels dnd wave functions for free bcise porphine. 
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All the other reported calculations have been done using the 

former approach, ioOo all the electrons are included using 

48 the muffin-tin spproximationo Case and Karplus have 

reported detailed cclculations on Gu(ll) porphyrin on the 

basis of spin-restricted and spin-unrestricted modelso 

The correct ordering of energy levels has been obtained 

in this approacho The ligand pi levels lie above the level 

of the unpaired d-electx'ono This is the correct order 

obtained on the basis of redox potentials and esr spectrao 

The earlier calcul od on the EHT £'.nd extended 

PPP- J(_ electron approaches predict that the unpaired 

d"Clcctron is in the highest occupied level, which is 

contrary to the oxperimantal findings» The SCF X—cC 

calculctions also lep.d an excellent agreement with the 

esr data (g-x'-alues, anisotropic hyperfine coupling constants 

etc.) for the Cu(II) porphinc Sirail-̂ r c^lculptions have 

been reported for the Mg(ll) and Fe(II) porphines = 

In general the formal atomic charges obt'-dncd by the 

SCP " X-^' method are --̂t varip̂ ice with those 'Obtained from 

other semi empirical models as vjell rs from eb initio 

calculations a Fo systcmictic calculations have been repcirted 

for a large number of nctalloporphj-rins and hence it is 

difficult to assess the relative suTD&riority of this 

approach over the other semi-empirical models so far as 

porphyrins rre concernedo Particular mention has tc be 

ra.idc on the >SCP-X-cc calculations rande on the Pc(II) 
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Porphine^^ and Fe(II) porphine-dioxygen adduct with imidazole 

as the axial ligand, by Case et al^'^, The results of these 

calculations will be discussed along uith similar calculations 

done in the ab initio f ormalismo Other SCF X-oc- calculations 

include those on Cu, Ag and Fe porphine using the discrete 

52 55 variational X-octechniqtie »'-'̂  

Io6o Ab Initio calculations 

Io6o1o Free base porphyrins 

The first ab initio moO calculation on porphine has 

been reported by Almlof using the linear combination of 

Gaussian orbitalso-^ Symmetry-adapted basis functions 

were used to simplify the computations= lonisation potentials 

were obtained by l^^SCF mothodo The energy level pattern is 
•5-5 

similar to that obtained by the CKD0/3S methodo -̂  In another 

set of calculations, Christoffarson and coworkers have 

employed the ab initio molecular fragment technique using 

55—60 
floating spherical Gaussian orbitals (FSGO)«•''̂ '̂  

54 In the case of free base porphing, the ordering of 

the tv/o highest occupied moO's is reverse com.pared to that 

54-reported by Almlof o"̂  The energy values obtained using the 

m.olecular fragment technique cannot be directly compared 

with those computed by using the extended basis, A linear 

fit has been made betv;een these tv/o values for a small 

molecule like pyrrole» The seime linear relationship has 

been used for porphyrins» In this way certain amount of 
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arbitrariness is introduced in the moO energy values obtained 

from molecular fragment technique» This method has been used 

56 

to calculate the ground states of free base porphme, 

chlorin,-^ ethyl phoophorbide and the corresponding JMg(II) 

complsxeso'^ The moO energies, charge densities, bond orders 

and the electrostatic isopotontial maps have been computed 

for these systems»' The calculations indicate that there 

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

pi orbitals and the role of Mg is essentially to provide a 

coulombic effect on the 7^-levels. The same authors have used 

limited configuration interaction to calculate the excitation 

energies of the free-base porphine, and chlorin as well as 

their Kg-complexoSo-''̂ '̂ ' Since the ground state orbital 

energies v/ere obtained by the molecular fragment method, 

the excitation energies C8̂ 1cula.ted for these systems cannot 

be directly compared with the experimental data., A linear 

fit is used to obtain the estimated transition energies fx-om 

the calculated energieso The estimotcd transition energies 

together with the calculated oscillator strengths yield good 

agreement with the spectroscopic data on these systems» 

Ab initio cnlculations have been reported by two 

groups' ' using contracted Gaussian tj^e orbitals (CGTO) 

for transition metals containing porphyrins» Different 

basis sets have been employed: minimal, minim,rl + diffuse, 

partial double zeta and double zetao The calculations on 
61 62 free base porphine ' are similar to those reported by 
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Almlofo The interesting aspect is that calculations of 

Almlbf and Ohno £t aJ. predict the same ordering of the 

levels for free base porphin C^^^y a^) while that of 

Christofferson et alP (molecular fragment technique) ijredicts 

a reverse ordering of these levels. In the ensuing discussion, 

a brief account of the results of eib initio calculations 

on some transition metal-porphyrins is presented.. 

I„6o2» Copper emd Cobalt porphines ' 

For Ct) porphine, a miiiimal basis of CG'TO's were used 

with augmented diffuse function= lonisation potentials were 

computed by i^ SCF procedure and excitation energies by 

limited 7C -CI calculationso The calculations clearly 

indicate that the ^ levels .are above the level of the 

unpaired d electron^ The ground state is correctly predicted 
2 

to be B^ o The first and second ionisations are expected to 

lead to the formation of the 7c cations and dications 

respectivelyo This is indeed observed experimentally, 

siipported by oxidation potentials and visible electron 

spectrumo It may be pointed out here that the only other 

calculation which reproduces the ab initio results is that 

reporred by Case and Karplus using SC'F - X-"*- model» 

The excitation energies calculated by the ab initio 7̂  - CI 

method arc highly overestimatedo The authors attribute this 

discrepancy to the ^ -- 7̂ . correlation which miay be im.por-tant 

in the lowei' excited states of metal porphines« 

l6lJ-^0 
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65 In the od.se of Co(Il) porphine, ""̂  a basis set of 

single ZGta for core and double zota for valence orbitals 

for the Co and N atoms v;as used- For carbon and hydrogen, 

minimal basis was used. Calculations had been done for the 

low-spin, high-spin and JX ionised states of the Co porphineo 
4. 

The ground state is obtained as B^ while the esr data on 
2g 

the Co(II)-TPP indicates ^A^ , (d,_ ^d ^d 2^) as the 
ig Vc xy z 

ground state= Four quartet states ( Bp , Ap , E ) lie 
2 

below the expected Ay, state. The improvement of electron 

correlation by inclusion of CI also leads to the situation 

v/here a quartet state has a lower energy (O08 eV) than the 
2 

doublet state, A^ „ In the opinion of the reviev/er, this 

ncod not be taken ci.s being at variance with the experimental 

data.. It is very difficult to obtain pure Co(ll) porphyrin 

v/ithout any axial ligand= Even a weakly coordinc^ted axial 

ligand may raise the energy of tho d 2 level and consequently 

change tho spin state of the Co(Il)<, 

A very careful sample proparrtion is required for 

obtaining tho esr spectrum of a purely four coordinated 

Co(Il) porphyrino The ab initio calculations indicate that 

(i) The bonding between Co and porphine is essentially ionico 

(ii) The net charge distribution in the four quirtet states 

and doublet state is almost independent of the state of the 

systemo (iii) The highest occupied orbitals are the 7^orbitals. 

This result is again in contradiction to tho experimental 

http://od.se
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findingso One-electron oxidation of Co(II) Porphyrin leads 

to the formation of COCIIDP"^; Subsequent oxidation leads 

to a 7t "dication radical, /Co(lII)P^ "*"''<. Again, axial 

ligands might influence this behaviouro In fact, the photo-

electron spectroscopic studies of Co(ll) and EeCll) 

octaethylporphyrins indicate that the ±?ing oxidation takes 

place before the metal oxidationo Since PICS studies are 

done in the vapour phase, influence of the medium is not 

present, -The molecular species is truly a foiir coordinated 

one= It has been observed in the ab initio calculations on 

the transition metal, porphyrins that Koopmnns' theorem 

can be applied only when the ionisation involves a ,77 -electron. 

The reorganisation energy is quite small« When an electron 

is reffiOved from the d-orbital of the metal atom, it is 

noticed from the A-SCP calculations, that the reorganisation 

energy is quite large« Hence Eoopm.ans' theorem is not 

applicable in this situation., 

I o 6 o 3 = Iron and iyimi££aie_se_J^^J^IJ^J^j^S'^S.,^,^^!^ 

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 proxim.al 

histidine residue» The Pe~oton is displaced out of the 

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

theoretical models developed to explain the cooporativity 
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5q„72 
in the binding of oxygen in hemoglobino ' When oxygen 

binds to deoxyhemoglobin, the iron moves into the plane of 

the porphyrin r'ing and becomes low spine The proximal 

histidine residue moves v;ith the irono 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 oxygon bindingo 

A large body of experimental data has becom.o accessible to 

theoretical studies, obtained from vfirious physical techniques 

like X-ray crystallograpfeiy, EXAFS study,'̂ ^ NM,'^^"'^^ 

77 78 

Mbssbauer spectra , and Resonance Ram.an spoctroscopyo 

A number of ab initio calculations have been reported on 

iron porphyrins and related systems to rationalise the 

observed experimental data and a brief account of the results 

of these calculations is presented herco 

I o 6o 3o 1 Four coordinated I''e(ll) ond Ĵ nXljIJ_,PQ̂ phiyrins: 

A number of ab initio calculations have been reported 

for the four coordinated Fe(II) porphinc, using m.inim.al 

62 79 80 basis set, partial doublc-zcta and double zotp basis sets- ^'^^ 

All the calculations leod to similar results., The ground 

state is predicted to be either the "'AO (d d-- d 2 ) or 
•̂  2g ^ xy 't 2 ^ 

the -̂ Ê  (d,„, d^-^ d „2)o Even the inclusion of configuration g ^ xy >L - z -̂  ^ 
• • 5 

mixing does not lead to a clear choice between the Ap and 

E since these two levels lie very close to each othero 

Theoretical analysis of Mdssbauer data using the ab initio 

wavefunctions lead to the conclusion that the ground state is 
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•? 'E o Magnetic susceptibility measurements, NMR contact shifts 

and Resonance Raman data point to the triplet ground state 

for this systemo Energy levels and wave functions have been 

obtained for the Mn(ll) Porphine ufing minimal as well as 

partial double zeta (minimal for inner ,she3.1s and •.d.A]̂ '̂!® 2&ta for 

6 
v<3leiYce sh-e.l-ls)--basis' sets- for the A,| ground state o 

I»5o3=2, Eive-GQordinated FG(II) porphineX^eP)* 

In the five coordinated system, the metal orbital, d 2 

is dostabiliscd through the interaction with the axial 

ligBnd» The iron atom'in the deoxyheme is high-spin (S=2), 

with the iron atom being out-of-plane of the porphyrin ringo. 

Calculations on the Ee PClNlH:̂;) and Ec P(Pyridinc) lead 

to the configuration, dl^ "̂̂ xẑ yz-̂  z^ ^ x^-y^" ^ detailed 

theoretical analysis of the observed Mossbauer parameters, 

namely the isomer shift, the qundrupole splitting and the 

asymmetry parameter also confirmed the above configuration 

for the ground st.̂ tOo 

Io6o4 Th_o_ qxy_sy_stems of Ti, Fn, Co and Eo 

The detailed nature of the metal-oxygon bond in the 

oxyhemoglobin end other dioxygen complexes of metalloporphyrins 

has been the subject of discussion for a long time„ VHiether 

the correct formulation is M(11)00 (neutral dioxygen) or 

M(5:i)0. - (SupLiroxide) has been the point of controversy» 

The experimental data on this problem may be summrrised 
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as follows: 

(i) In the TiPOg system, the bond length 0-0 is 1o445 1 and 

the compound is diamagnctic (pcroxo typo of bond is 

indicated)^^'^^ 

(ii) For the Cr02 TPP (Pyridine)^^ (TPP : tetraphenyl 

porphyrin), a magnetic moment of 2o7 Bohr magneton a.nd the 

IR band at- 1142 cm" . ( "A-. „) ho.ve been observed, A suporoxo 

formulation has boon proposedo 

(iii) WhPOp ; A spin state S = 3/2 has been assigned on the 

basis of epr datao The system has been formulated as 

tfa(l¥̂  (02^~) on the basis of epr datao^^"^^ 

(iv) FePOo system: 0-0 bond length is between 1<.16 - 1=23 A 

-1 \ 

and ";he IR band at 1159'cm corresponding to the '^Q_r) has 

been reported. - The system is diamagnetic,' The superoxide 

formulation is proposed mainly on the basis of IR data, 
N -1 

f^Qn i"or the free superoxide ion is at 114-5 cm )<, 

(v) Co(lII)PC2 : A spin state S = 1/2 has been assigned on 

the basis of esr datao "-^ On the basis of esr and IR data 

the superoxide formulation, Co(lll) Op~ is proposedo 
Io6=4=1„ TiPOp system (P = Porphine) 

91 Ab initio calculations have been reported for TiPOp? 

FinPOp,̂ ^ FeP02(NH^)'^^, PePOpIm,'^^ and CoPCpCNH^)^^, For 

TiPOp, the perpendicular structure was found to be more 

stable than a bent structure by 83 kcal/molco. This is in 

agreement with the X-ray crystal structure datao This 

structure corresponds to the poroxo formulation, Ti(lV)P02 • 
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loGo'^oSo MnPGp system 

Oh QC 

Regarding IlnPCp system, the experimental assignment 

(esr data) is d 7c.„ ( X„- antibending'P'moo of 0p molecule) 

with the Mn(IV)Up configuration» But the theoretical 

calculations, involving perpendicular orientation of Cp 
Q2 

moiety,-̂  predict that this structure is about 1 eV higher 

than the d jr^ configuration with hn(III) intermediate 

spin (d , S = 1) stateo Perhaps more extensive CI or a 

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

to* obtain the correct ground state, for this systemo 

Io6»4o3o 'Fe POp system 

Ab initio calculations have been done for the 

i'e POp(l\iH-,) and Fe POp (Imidazole) system_s with NH^ as the 
q2 o,x 6 2 

axial ligandSo ' A singlet state with d 7̂  configuration 

has been predicted for the ground state with the bent 

structure of Op moiety (Pauling structure)o A low lying 

triplet state in the vicinity of ground state haa also been 

predictedo The totally spin-paired ground state provides a 

satisfactory explanation for the observed transition energies 

and tbo electronic absorption spectra of oxymyoglobin and 
51 oxyhemoglobin» I'he ibCP X->9Ccalculations by Case and Karplus-^ 

for the PePUp (imidazole) and lEDC-ibCP-CI calculations of 

41 Herman and Locv/ also lead to the conclusion that the 

ground state is diam.agnetic-o The bCP-X—OC calculations 

indicate that the ground str-.te contains equal contributions 
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from the d^^^/ (d^, S = 0,^6^, S = 0) i.nd d ^ ^ / (d^, S = 1, 
O b & 

2 
TCo- ? S = 1), configurations „ The charge distributions as 

obtained from the ab initio calculations indicate that the 

moiety -y'eUg is neutral» The ciiarge transfer from I'e to Op 

through sigma bond is compensated by pi--back~donation=. Thus 

the system is clearly Fe(II) lUp(]>"iH;,), as proposed, by Paulingo 

This model is at variance with the superoxo formalism, 

Fe(III) Op" based on the interpretation of the 0-0 stretching 

frequency in the IR spectrum. In recent years it has been 

shovm that thtg frequency is insensitive to ligand and metal 

variation and hence insensitive to the amount of electron 

transfer^ The exi-erimental shift (̂ =̂ 4oO cm ) of the 0-0 

frequency in Op to the dioxygen complex of picket-fence 

porphyrin is well-reproduced in the ab initio calculationso 

I<.6o4ô o The Co l-Op (KH^) system: 

Q2 
I'rom the ab initio calculations of Dedieu et_ a^; the 

ground state configuration for the bent structure (which is 

more stable) has been found to be d TC 5 which corresponds 

to Co(III) Op" superoxo-type configuration,. This is in 

agreement with the knov./n experimental data, 

The results of the calculations and experimental data 

for Ti, Mn, I'e and Co porphyrin-dioxo coffiplexcs can be 
62 

rat.ionalised, follov/ing the arguments of Dedieu ̂ t _al_o 

The electron population on the Op unit is 16=66 and decreases 

as we go to MnPOp and FePUp, systems => In Tip, the metal 
1 

d orbital is at a much higher energy level than the ' % level 
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of O2 and hence the peroxo-type Ti(Y)02 configurationo 

In Ee, the energy gap between the metal d-orbital and the 

7c level is very small<. Hence there is no net charge 

transfer from Fe to Op (electron population: 15»98)o In the 

case of CoPOp systems, the additional electron has the 

choice "betvjeen --one of the e orbitals of Co or the jf 

orbital of Ope tJinco the e orbital is at a much higher 

energy level, the electron goes to 5̂  , loading tc the 

suporoxo formalism, Go(III)P027 Regarding the choice between 

a bent structure (Pauling) and a parallel structure 

(Griffith) one must consider the interaction between the 

metal d-> orbital and the 71 orbital of Opo Th© interaction 

leads to a bonding and antibonding level (See figure "1.2 )» 

This interaction is stronger for the perpendicular structure 

than for the bent structure.. In TiPOp, only the lower banding 

level is filled and hence a perpendicular structure leads to 

high stabilityo In Pe, and Co, the bonding and antibonding 

orbitals are both filled completely'" lê .̂ding to some destabili-

sationso Hence the bent structure is favoured to minimise 

the d̂ ^ - ^ ^ interactiono The situation in the case of 

MnPOo is not clear-cut» More detailed calculations involving 

variations in the geometry and also extensive CI may be 

necessary to understand its propertieso 

Ab initio calculations have also been reported for 
07. 

the CGJ?bon moncxide adduct of iron porphineo -̂  Recent studies 

94 include the calculations on oxo iron porphyrins which are 
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proposed as models for the active sites of peroxidase and 

catalase enzymes. On the bcisis of experimental data 

(optical spectroscopy, esr, magnetic susceptibility) the 

active site has been proposed as ( Pe = 0)P with Fe in the 

oxidation state IV (S = 1)o The ab initio calculations 

indicate that the forryl structure (3?c = 0) is loss, stable 

than a structure in which an oxygen â tom is inserted between 

Fe atom and one of the pyrrole nitrogens<, The oxygen is 

bonded to the Fe atom and the nitrogen of the pyrrole, 

keeping the Fe in the oxidation state of +2 with S = 1 <, 

Thus more experimental data are required to understand the 

active species respunsiblo for the reacti^.ns of peroxidase 

aaid cat alas Co 

In this review an attempt has been made to consider 

the various aspects of the thov^retical calculations that 

have been reported on porphyrins in recent years» In spite 

cf extensive calculations that have appeared, there is no 

systematic calculations un -̂  largo number of metalloporphins ' 

using the more sophisticated semi cm_pirica.l methods like 

INDO, CNDG/3S or SCF - J.~cc. The only systematic calculations 

tha.t are still available have boon dene in tho EHT framowwrk 

-nd f..r many situations, this mtthod has not predicted the 

correct ground state = A sccend problem, that crops up is 

that, the various semi empirica.l methods (INDC', SCF - X-ocetc) 

as V7oll as the ab initio calculations pr&uict a wide range 

of charges on a metal in a motalloporphyrino This aspect 

again requires r̂  systematic study of a number cf metalloporphyrins, 
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A related 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 

metalo Theoretical calculations on the above aspects are 

needed to rationalise the experiffiental 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 poriohyrins like phlorins, open-chain tetrapyrrole 

systems like bilatrienes and for the modified macrocyclic 

systems like corroles -and tetradchydro;corrins related to 

Vitamin B̂ p= 

In tho present work some of the above-mentioned 

problems are handled in the framework of CKDO/2 approach= 

We have investigated using the SCP - perturbation approach 

(i) the insensitivity of the electronic spectrum of 

motalloporphyrins on the nature of the metal ion (ii) the 

strong dependence of the porphyrin ligand rodox potentials 

on the metalo Both tit and CNDO/? vmvefunctions are used 

as the zero-order functionso This aspect is discussed in 

in Chapter 11= 

In Chapter III CNDO/2 calculations are presented for 

phlorin trianion.. The reactivity parameters for this system 

arc compared with those of porphyrins, 

CNDC./2 calculations are presented for corrole and 

tetradehydroircorrin in Chapter IV. The emphasis here again 

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

these systemso 

A summary of the work presented in the thesis appears 

at the end highlighting the results of the various 

calculationso 

Computer programs vjritten for the purpose of SCF 

perturbation calculations in the PI'P and CNDG/2 framework 

rxo presented in the appendix.. 
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The past tv^enty yccrs have vyitnossed accumulation of 

extensive data un the £)hysicochemical properties on porphyrins 

and related s3/stemSo ' trOoress on parellel lines hes also 

tal'en plê ce in the theoretical calcnlatiens ct varying levels 

of sophistication on the ground &nd excited states of 

5-10 
porphyrins, A considerable volume cf experimental 

observations have been rationalised by these calculations; 

yet a fev/ basic problems reraaining close to the heart of 

porphyrin chemists have eluded the theoretical modelso 

It has been noticed that in the inetalloporphyrins, the redox 

potentials are very sensitive to the nature of metal ion, 

but the visible electrc-nic sj-ectrum is relatively independent 

i1'-1 -5 
of the metal ion, barring a fev.r exceptions« This 

behaviour has been qualitatively interpreted as arising due 

to the Coulombic perturbation of the pi-electron levels of 

the x^orphyrin ligand by the metal iouo ' ̂  Eecent results 

on the photoelecfcrun spectrosccpic studies on porphyrins have 

also been interpreted on tloisbasis» An &tbei;ipt has been 

made in this work to investigate this loroblem ouantitativelyo 

'I'he metel ior is assumed to perturb the energy levels of the 

porphyrin ligand» A simple perturbation of the type, 

E' = (" Ze /r) is used v/here Ze is the effective chcrge on 

the metal iono We have used ttie bCF perturbation theory tc 

obtain the fi3?st order changes in the energy levels arising out 



as 

of the Coulombic perturbation, -̂ ' The wave functions for 

the unperturbed system have been calculated by PPP-pi electron 

'17 

method as well as by CNDO/2 methodo ' The results are 

encouraging and we have obtained good correlations between 

the oxidation potential of the pi ligand and the charge on 

the metal iono 

II.2o Methods of Calculation; 

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 

used for a wide range of problems, "• Though this method 

is well documented, ^^ for the sake of completeness, a brief 

account of this approach rolevent to the present work is 

outlined here. The method aims at calculating the first order 

changes in the energy and the charge density matrices of a 

molecule arising from a perturbation, H^ ô The Fock, 

overlap and coefficient matrices are given by 

C = C^^^ + Q.^^^ (II.1o) 
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The superscript (0) refers to the operators in the 

unperturbed systecic Starting v/ith Roothaan's equation, 

FC = SCE (IIo 2) 

it is expanded in a perturbation series to first ordero 

Since cur zeroeth order wave functions have been obtained 

using zero differential overlap approximation, (PFP and 

Ci\!D0/2 ffiethods) , vje can ignore S » Expanding IIo2 to 

first order and collecting terms by the order, we get 

;p(0) ̂ (0) ^ 3(0) ̂ (0) ̂ (0) ^jj^ 3^ 

p(i) c(o) + p(o) (.(1) ^ g(o) ̂ (0) ̂ (1) ̂  

S^O) Ĉ '̂ ^ E^^) (II» 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 

orderso Ĉ  ^ is expanded in terms of C^ '̂  as 

Q(^) ^ Q(0) ^^ (II o 5) 

where A is the matrix of mixing coefficients. Substituting 

'^(0') 11,5 in 11^4 and premultiplying by C^ -̂, we get, 

/ O ) +E^°>A^ Ê -l̂  1- AE^°) (II.6) 

where 

E ' O ) , c"(̂ >i?('') c(°) (11.7) 
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The elements of F ^ '̂  matrix sre given by, 

/ ^ 9 = y y G^"^} i^^\ G^% (11=8.) 

where the indices JU cind x) refer to the atomic orhitals 

and i and ĵ refer to the energy levels» 

The first order change in the orbital energies are 

given by the diagonal elements of the p "• ̂  matrxXo 

/^v = Ts^v = r y ĉ °̂  ^^'i c(« 
11 1 1 -Z__ U l yUV" X>1 /U -)> (II-90 

The elements of the A matrix are: 

The first order change in the charge density matrix, P^ -̂  

is nov/ expressed in term,s of the elements of 'A' matrix: 

^ o ' L^l_ ^ki ^ ^ i ^^k + ^/xk ^ i ) i ^ 

( i i « i i ) 

A nice feature of this expression is that only those 

jy.. terms are involved for v/hich i is occupied and k is 

vacant= Any problems arising out of the degeneracy of the 

occupied levels (or vacant levels) is avoidedo The first-order 
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correction to the total energy is given by, 

W^ -̂  is calculated by an iterative procedure using the 

dependence of F^ ^ on P^ ^ «, The H^ ^ matrix is given 

by 

H^^^ = ( - Z/Exx) 

m aoUo 

and 

H^^^ = 0 (for^^^ >> ) (II»13) 

where Rwis the distance of the atomic orbital, M , from 

the central metal ion., In the PPP method, the elements of 

F^ ^ are given by 

(11=14)0 

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

'̂  ^ (11,16). 

pf'̂ ? =. (-1/2) P ^^^ i (II»17) 
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The zeroeth order functions have been obtained for porphyrin 

dianion with D̂ , symmetry, using the coordinates given by 

Zerner and Gouteri&an, (fig 2o1)o In the first cycle of 

SCF perturbation calculations, P^ ^ is set equal to H^ -̂  

and P^ -̂  matrix is computed= F^ ̂  is then reevaluated using 

equations (IIo14) and (11.15) or (11.15) and (11.1?)= The 

cycles are repeated to the desired accuracy (10~ eV)» Computer 

programs written for doing the SCF perturbation calculations 

using the PPP and CNDO/2 v/ave functions are presented in 

-̂ .pDendiXo 

II.3» Results and Discussion 

The aim of the SCF perturbation 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 on the metal arises out of the ionic 

character of the sigma bonds formed by the metal ion and the 

nitrogen atoms. Thus, in a crude model, the metalloporphyrin 

pi levels are considered to arise out of the perturbation 

of the pi levels of the dianion by the residual charge 

on the metal. This approach requires a reliable set of 

energy levels and wave functions for the pi electrons in 

porphin dianion. We have taken the result of Cl\''DC'/2 calculation 

on porphin dianion as the starting point. The changes m 

the pi m.o energies (eqn. II.9) and the total energy of the 

system (eqn. 11.12) as functions of perturbing charge were 

(O) (1) calculated. The total orbital energies, E .'•'̂  + E^ 



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 LUMO 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 explicitlyo In choosing the "standard 

parameters" for PPP-calculations on a metalloporphyrin, 

Weiss £t _al adjusted the nitrogen parameters to obtaim the 

19 best fit with the electronic spectrum of zinc porphyrin. 

Taking the GKDO/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 GNDO/2 results. Perturbation calculations 

were performed using these PPP energy levels» A graph of 

the orbital energy, Ê .-̂  + E^ ^ vs the perturbing charge 

using the PPP-data is presented in figure 23.The results of 

the perturbation calculations indicate (i) that the outermost 

energy levels, a- (7f ) ^o^XT^) ^^^ ®g- (^) are affected to 

different extents by the point charge perturbation, 

(ii) â  and ap levels cross in the neighbourhood of a 

perturbing charge equal to +1 unit. The crossing of Sî  

and ap levels has an experimental basis,. It has been 

noticed that the visible electronic spectra of perchlorate 

and brom.ide 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 



2.0 2.5 Perturbing Charge* 
Pig.2^ Energies of HOMO and LUMO levels of.Porphin dianion 

obtained by SCP perturbation method using PPPwavefunctions 
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1.0 1,5 2.0 
^. ^ _, Perturbing Charge 
Pig.2.3 Energies of HOMO and LUMO levels of Porphin dianion 

obtained by SCF perturbation method using CNDO/2 
wavefunctions 
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?0 Pi 
""̂ lu '^^'^^ P̂u-̂ " ' "̂ ®̂ presence of the counterion changes 

the residual charge on the metal ion and the electrostatic 

effect explains the situation^ 

The energy levels obtained from above perturbation 

calculations may be correlated with ionisation potentials 

i4 and redox potentials, Kitagawa e_t a_l have observed a 

linear correlation of the experimental ionisation potentials 

and oxidation potentials of metallooctaethyl porphyrinso 

Hence vie have fitted the available ionisation potential 

values of metallooctaethyl porphyrins v/ith their corresponding 

']'/? values as follows: 

IP ( eV) = 5^896 + 0,5766 E^^^^ ., (11.18). 

with a standard deviation of 0.036 eV and linear correlation 

coefficient of 0o922o 

From the ionisation potential values' (experimental 

or estim_ated eccording to eqno II<.1S, using Koopmans' 
, Table II.1. 

theorem, v/e have obtained the cherges/on the metal ions in 

various metalloporphyrins, using figures2.1and 2.^AS pointed 

out earlier these charges may be considered as residual 

charges on the metal ion„ A value of loj-^ (PPF) and 1,5 

(CHDO/2) for Mg leads to an ionic character of 65/̂  to 

75?̂  in the Mg-F 6"-bond. On the basis of electronegativity 

difference between Mg and F v/e expect an ionic charsctcr 

of 55/̂ » Hence these numbers are not unreasonable» Ke do 

not ascribe much importance to the absolute 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 datao The interoBting point that 

emerges out in these calculations is that from Mg(II) 

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

is only O0I3 to O0I6 eV, This small range will lead only 

to marginal differences in the energy gaps between the 

occupied and the unoccupied 7{_ -m<.o levels<, Hence one does 

not expect much of a dependence of the electronic spectral 

transition energies on the metal in the metelloporphyrins, 

On the other hand, this small range of residual charge 

leads to an amplified range of oxidation potentials 

(Oc5^ V - 1o40 V vs SCE)o 

The conclusions of the SCF perturbation calculations 

depend very much on the reasonableness of the fitting of 

the ionisation potentials and oxidation potentialso 

To check this, we have fitted '^'^r o-srid̂ ti" on potentials 

of a large number of aromatic hydrocarbons with the 

corresponding E^^ ŷ  values. The following expression is 

obtained with standard deviation and linear correlation 

coefficient being 0=15^ and 0o978 respectivelyo 

IP ( eV) = 1o4453 E^^/^ + 6»1880 (IIo19) 

where E^^ /p 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 largo number of metalloporphyrins, since 

most of these systems are non-voletileo Of tho limited 

22--2 5 number of papers reporting PES data on porphyrins ^^ 
ALL 

only the results of Kitagawa et al appear to be consistent 

and give good fit ijith 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 docs explain the observed trends in the 

electronic spectra and oxidation potentials of metalloporphyrins, 

The computer programme for GNDO/2 calculations was 

kindly supplied by Prof» D=Po bantry, McM&stors University, 

Ontario, Canada, The progrcLmme 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 c2 (Bloor and Gilson, 197^) obtained from (̂ ê antum 

Chemistry Programmie exchange» 

111 the computations v̂ ere done at the Regional Computer 

Centre, Jadavpur, Calcutta, using the computer Burroughs 6700. 



44 

Table II. 1 

a CoriE?elation of oxidation potential (E^ /p values), ionisation 

potentials and the charges obtained .from the SCP perturbation 

calculations» (The experimental data are for metal octaethyl-

porphyrins 5 OEP) = 

System 

MgdDOEP 

Zn(ll)OEP 

Ni(lI)OEP 

HpOEP 

Ag(iI)OEP 

A1(III)0EP(0H) 

Sn(lV)0EP(0H)2 

I 
f 

pharge 

! (PPP) 
1 
1 
t 

1a 30 

1o31 

1o32 

1 = 34 

1c. 38 

1,36 

1o43 

Charge 

(CNDl;/2) 

1c 52 

1o56 

1o58 

1c59 

1.63 

1,61 

I068 

^^1/2 ^^^^^ 

(vs SCE) 

0o54 

0o63 

Oo73 

0,81 

I0IO 

0 = 95 

1o40 

1 

ŝ  
1 
I 
I 

I 
I 

IP 

6o21 

6 = 26 

6o32 

60 36 

6 = 53 

6 = 44^ 

6 = 70^ 

1/2 "^^l^®^ '̂ ®̂ taken from reference(11) 

IP values are estimated using equation (11=18) in the text, 

Other values are experim^ental data from reference (1^) = 
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GE£PTm . II-I 

CNDO/2 GiiLGUIiATIONS ON PilLORIK TRIANICN : 

CHi.RGE DltDTRIBUKOKS MtB REACTIVITY PARAMETERS, 
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III 1o Introduction 

Phlorins are obtained by reversible hydrogenation 

of methine bridge in a porphyrin peripheryo (figure 3»'1) 

They were characterised independently by Woodward and 

1 2 Hauzerall» ' Phlorins are reduced to porphomethanes and 

2-4-
dimethanes 8.nd are easily oxidised to porphyrins.. 

On the basis of kinetic and spectral evidence, phlorins 

have been postulated as the first intermedi ates lormed 

2 

during photoreductions of porphyrinso Pulse radiolytxc 

studies of reduction of hematoporphyrin and its zinc 

complex by anion radicals had revealed that the primary 

reduction product is of a phlorin tj'pe^' Phlorins are 

highly reactive intermediates and can -be stabilised by 
5 the presence of bulky groups,. The electronic spectra of 

phlorins and their meta.l complexes generally consist of 

two bands of nearly equal oscille^tor strengths occuring 

around 44-0 and 880 nmo The visible absorption spectrum is 

nearly identical to that of ring-oijened bilatrinoo (figure 3<'^} 

Hence phlorin serves as a model system for a bilatriene in 

a cis-cis configuration.. Gloss and Gloss generated zinc 

tetraphenyl phlorin anion v/hich was converted fast into the 
n 

corresponding chlorine Whitcock has converted chlorins 

into a phlorin by heating in tetrahydrofuran-potassium 

tertiary but oxide-tertiary butanol miedium.. All the chemical 

dĉ ta indicate that phlorin is highly reactive compared to 

a porphyrino We have performed G]̂TIx:./2 calculation on phlorin 



P H L 0 R I N 

R = VINYL 

R = PHENYL 

B I L I V E R D I N 

B I L A T R I E K E 

Fig 5«1 
SKEJ.ETON FOR PHLORIN, BILIVERDIN AND BILATRINE 
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trianion in order to understand its electronic structure in 

comparison with a porphyrin dianion<.̂ rio3.i) 

PPP calculations do not distinguish between a phlorin 

cind bilatrienoo CNDO/2 calculations point to the participation 

of the CHp group in the pi systeirio The phlorin trianion is 

chosen here because of its highly symmetric nature. It is 

easy to compare the behaviour of phlorin trianion and 

porphin dianion, 

IIIo 2„ Methods of Galculati^ons 

SOP calculations on phlorins in the PPP -- TT framework 
Q 

have already been reported. The saturated methylene group 

v/as not in«luded in the PPP calculations. In the present 

calculations, CKDO/2 formalism is used= The phlorin trianion 

has Cp symmetry. Since no crystal structure data is available 

for this system, the coordinates are taken to bo the same as 
10 those for porphin di£inion= The saturated methylene group 

is taken to lie in the (^ plane. The CKDu/2 energy levels 

and wavefunctions are listed in Table III»1o 

111,3" ,Rc_s_ults and Discussion 

1o The energy levels obtained from CNI)G/2 method for 

porphyrin dianion and phlorin trianion sre compared in 

Table 111,2, The disruption of conjugation in the porphyrin 

macrocycle leads to the lifting of the near--degeneracy of 



Fig. 3.2 

SKELETON FOR P H L O R I N TRIAIMION 
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the HOKO and the true depenaracy of the LUriO levels. In 

comparison v;ith a porphyrin dianion, the HOKO and LUMO of 

phlorin trianion are raised.. Hence a phlorin trianion is 

expected to have a lower oxidation potentirl and e, higher 

reduction potential than the corresponding values of a 

porphyrin= This pattern of energy levels for phlorin 

trianion is different from v/hat has been obtained from 

PPP calculationso 

In the PPP calc 

parameters are taken 

pyrrolic and one pyri 

the nitrogen p 

pyrrolic and two pyri 

are identical for phi 

if one compares the e 

phlorin (02-^), the ho 

lumo level is lower t 

porphyrin. Support fo 

experimental data on 

than those of metalio 

a terminal carbonyl g 

alottions for phlorins, the nitrogen 

xS the average of those for three 

line type nitrogen atoms» In a porphyrin 

rs are the average of those for two 

dine nitrogen atoms o L ther param_eters 

orin and porphyrin., Under this condition, 

nergy levels of porphyrin (Dziv,) £̂ <̂i 

tno level for phlorin is highor and the 

ban those of the corresponding values of 

r this pattern is indirect from the 

biliverdins 11 The oxidation and reduction 

potentials for metallobiliverdins are respectively lower 

porphyrins= But the biliverdins have 

roups and they do not truely represent 

a phlorin or a typical bilatriene<. The crbitariness in the 

choice of nitrogen palrameters in PPP calculations should not 

be oveflookedo The results of CHDO/2 ctilculations on phlorin 

trianion and j)orphin dia.nion are free from the rrbitrariness 
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of PPP calculationso Regarding the oxidation potentials, 

both these methods predict that a phlorin system is more 

easily oxidised than a porphyrino This prediction is 

supported by experimental data. The first oxidation potential 

for Zn TPP (tctraphenyl porphyrin) is Oc.80 V ws SCE whereas 

the corresponding phlorin anion is oxidised to a porphyrin 

12 at a potential of -0,45 V SCEo Regarding the case of 

reductions the results of these calculations predict opposite 

trendso PPP calculations indicate that a phlorin has a lower 

reduction potential than that of a porphyrin, while 

according to CNIXD/2 results phlorin trianion should have 

a higher reduction potential than that of a porphyrino 

There are tv;o experimental evidences in support of 

the results of CNDO/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 onion at -1=55 V vs SCE while the corresponding 

phlorin anion, ZnTPPH" is reduced to its radical dianion, 

ZnTPPH^" at a potential -1c85 V vs SCE=^^ Additional support 

comes from photoreduction studies on metalloporphyrinso 

The photoreduction of porphyrins leading to phlorins and 

further hydrogenated products occurs only in acidic medium 

and not in alkaline medium.. Further reduction of phlorin is 

1 -5 14 

very slow compared to porphyrin —-^ phlorin step„ -̂^ 

These observations strongly support our calculations 

indicating that phlorins are more difficult to reduce 

than porphyrins. 
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More experimental data on bilatrienes and. stable 

phlorins are required to understand the relative reactivities 

of porphyrins and phlorins.. Regarding the charge distributions, 

there is very little difference between the results of PIl 

and CKDO/2 calculations» The saturated methylene group is 

at the nodal plane of the LUMO-wave function. In the wave 

function corresponding to the HUMO level, the 2p ~ JTcharge 

density of the methylene carbon is very sm.all. Thus the 

methylene group has very little interaction v/ith the J[ frame­

work of the phlorin molecule and essentially disrupts the 

conjugation in the macrocyclic systemo 

V/e have compiled the reactivity parameters for phlorin 

trianiouo The frontier orbital charge densities and super-

delocalisabilities -̂  obtained frum PPP and CKJX//2 wavefunctions 

are listed in Tables Til = 3 and III.,4-, The superdelocalisa-

bilities are normalised with respect to the centre having the 

highest reactivity veaueo There are only slight differences 

betv/een the charge densities obtained by PIP and CFDC/2 

methods= Bgsod un the charge densities in the HOMO level 

obtained by both the methods, the first three centers of 

high elcctrophilic reactivity in the decreasing order, are 

22>35>'17 (PPP) and 22 > 17.;- 33 (CLlDO/2). Based on super-

delocalisabilitics, the order of electrophilic reactivities 

are: 55 "'- 22 >14 (PPP) and 22 > 35 > 33 (CNricy2)o 
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Summing up, the overall prediction of the order of 

olectropbilic reactivity can be v/ritten as 22>17^^33« 

i^egardmg the nucleophilic reactivities, there is a good 

agreement between the CKIXJ/2 and PPP - charge densities 

for the LUMO level« The superdelccalisabilities also predict 

the same trends as the frontier oleccron densities, The 

predicted order of nucleophilic reactivity is 17' 19'-21o 

The limited experimental data on the reactivity of bile 

pigments support .the above prodcitionso 

In the porphin dianion, the charge density 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 HOMO and at 

position 17 iî  the LUMOo Hence the eloctrophilic and 

nucleophilic reactivities are higher for phlorin than what 

is observed for a porphino 

In summery, we have noticed that the PPP method 

predicts a phlorin to have lower oxidation and reduction 

potentials than those uf a porphin; v/hile the CKDO/2 

calculations indicate that a phlorin should have a lower 

Lxidation potential and a higher reductiop potential than 

the corresponding values of a porphino The CNIXJ/2 results 

are supported by experimental data. Both the methods predict 

the same pattern o:f charge density distribution and 

reactivity parameters. 
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Table III.l 

LCAO coefficients in the CNDO/2 wave functions for Phlorin 

trianion (only the 7£ orbital functions are included) 

Atomic 
Center 

Energy levels 

21(-Oo5383) 

(energy values in a„'io in Paranthesis) 

22(--0,4941) 23(-0c4676) 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

-0o217^ 

-0.1872 

-0..2104 

-0,1468 

-0.1468 

-0.1142 

-0,1123 

-0.1332 

-0.1161 

-0.1332 

-0,1123 

-0.1142 

-0,1468 

-0.1468 

-0,2104 

-0,1872 

-0.2174 

-0.3032 

-0,3931 

-0,3032 

-0,2039 

-0,1147 

-0.1147 

-0,2039 

Q.1046 

0.0606 

O0OI9O 

-0,0957 

-0.2300 

-0,2357 

-0,2644 

-0,3228 

-0.2999 

-0.3228 

-0.2644 

-0.2357 

-0,2300 

-0.0957 

0,0190 

0.0606 

0,1046 

0,1650 

0,2563 

0,1650 

0,0761 

-0.2379 

-0,2379 

0.0761 

-0.1687 

-0,1987 

-0,2583 

-0.2476 

-0.2862 

-0.2368 

-0,2096 

-O.I7I6 

0,0000 

0,1716 

0.2096 

0,2368 

0,2862 

0.2476 

0.2583 

0,1987 

0,1687 

0.1495 

-0,0000 

-0.1495 

-0.1729 

-0.2011 

0.2011 

0,1729 
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Table I I I . 1 continued 

Atomic 
Center 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

53 

34 

35 

36 

37 

Enefgy level 
29(--0.3883) 

0.2592 

0.2589 

0o2273 

6.0168 

-0,1799 

-0,S347 

-0.2437 

-0,1924 

0.0000 

0.1924 

0.2437 

0.2447 

0.1799 

-0.0168 

-0.2273 

-0.2589 

-C.2592 

~0.2248 

0,0000 

0.2248 

0.2415 

-0.1852 

0,1852 

-0,2125 

-s (energy values 
32(-0.3229) 

-0.1314 

-0.2474 

-0.3980 

-0.2236 

-0.0934 

0.0113 

OoQ877 

0,1475 

0.1860 

0.1475 

0,0877 

0.0113 

-0.0934 

-0.2236 

-0.3080 

-0.2474 

-0.1314 

0.0290 

0.4281 

0.0290 

-0.1450 

0.0337 

0,0337 

-0.1450 

in a .u . in pa ran thes i s ) 
38(-0.1826) 

0.1994 

0,1663 

-0.0014 

-0.2380 

=0.3000 

-0.2247 

-0.0212 

0.2682 

0.4';?+2 

0.2682 

0.0212 

-0,2247 

-0.3000 

-0.2380 

-0.0014 

0.1663 

0,1994 

0.0901 

-0,1643 

0.0901 

0.0649 

-0,0125 

-0,0125 

0,0649 
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Table III.1 continued. 

Atomic Energy levels (energy values in BOU., in paranthesis 
Center ^3(--Oo1190) ^7(-C,075G) 50 (~C = 0107) 

14 

15 

16 

1? 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

"51 

-0.2717 

-0»1012 

Oo2043 

Oo3fi01 

0.2311 

-0»134& 

-r„3002 

-0o1649 

0.0000 

0,1649 

0.3003 

0o1348 

-0,2311 

-0,3801 

-0 c 2043 

0,1013 

0,2717 

0,1994 

0,0000 

-0,1994 

~0o0023 

0,0313 

"0,0313 

0,0023 

0.2080 

0.^114 

-0,1318 

-0,2135 

"0,1071 

0.3550 

O0.3671 

-0.1065 

-0,2283 

-0.1065 

0.3671 

0,3550 

-0,1071 

-0.2135 

«0c1316 

0,1114 

0.2080 

0.0836 

-0.0729 

0,0836 

"0,0470 

-0,2283 

•̂ 0,2283 

-O0O47O 

-0,1328 

-0.0553 

0,1188 

0,0875 

-0.0677 

0,3236 

0.2441 

-0.2455 

0,0000 

0,2455 

-0,2441 

-0,3236 

0,0677 

-0,0875 

-0,1188 

0,0553 

0.1328 

0,0386 

"0,0000 

-C,038C 

0,0857 

-0,4686 

0,4686 

0,0857 
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Table III. 

ii-tomic 

Center 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 • 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

.1 continued, 

Energy levels 

51(0=OC58) 

0.3055 

0=2995 

"O0I58O 

-G»0C22 

O0I366 

"O0O6O7 

-0.1317 

-O0OII6 

-0.0988 

"0,0116 

-0,1317 

-0,0607 

0,1366 

"0,0022 

-0.1580 

0,2995 

0,3053 

^0,1482 

0,0439 

"0.1482 

-0,4232 

0,1949 

0,1949 

-0,4232 

3 

(energy values 

53(0,0136) 

0,2371 

0,3626 

--0c0386 

0,0772 

0,0652 

0,0666 

-0,0130 

-0,0972 

-0,0000 

0,0972 

0,0130 

-0,0666 

-=0,0652 

-0,0772 

0,0386 

-~0-3626 

-0,2371 

0,2771 

-0,0000 

-0,2771 

-0.4502 

-0,0842 

0,0842 

0,4502 

in a,u, in paranthe 

56(0,0519) 

-0,1192 

0.1899 

0,2472 

0,1672 

-0,1506 

-0,0295 

0,1122 

0,0227 

0,2736 

0,0227 

0,1122 

0,0295 

-0,1508 

C,1672 

0,2472 

0,1899 

--0,1192 

-0,3109 

0,0998 

--0,3109 

-0,1661 

-0,3397 

-0,3397 

-0,1661 
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Table I I I . 1 continued. 

Atomic 
c e n t e r 

14-

15 

16 

17 

I S 

19 

20 

21 

22 

25 

24 

25 

26 

27 

28 

29 

50 

51 

32 

53 

34 

55 • 

36 

37 

Energy l e v e l s 

57(0 .1102) 

-0 .2122 

0.1803 

0,3299 

-0„0514 

-0=3065 

-0.157Q 

0„1771 

0 .2674 

0»0000 

-0c2674 

-0 ,1771 

O0I578 

0o3065 

0=0514 

"-0=3299 

"0 ,1803 

0,2122 

0,2942 

0,0000 

-0 .2942 

0.0409 

0,0320 

-0 .0320 

-0 .0409 

(energy va lue s 

5S(0o2082) 

-0 .1644 

0,1647 

0.2118 

-0 .2546 

"0,1847 

-0 ,0578 

0,1505 

0,0649 

-0 ,4380 

0,0649 

0,1505 

-0 ,0578 

-0 ,1847 

-0 ,2546 

0,2118 

0.1646 

-U.1644 

-0 ,1990 

0,0112 

-0 ,1990 

+0,1173 

0,3300 

0,3300 

0„1173 

i n a . u . i n p a r a n t h e s i s 

59(0 .4412) 

0 ,1463 

-0 .2053 

-0«0734 

0,4013 

-0 ,1057 

- 0 . 2 7 2 3 

0 ,1894 

0,2317 

--O0OOOO 

-0 ,2317 

-0 .1894 

0,2723 

0,1057 

"0 ,4013 

0,0730 

0,2053 

-0 ,1463 

-0 ,1501 

OoOcOO 

0,1501 

".0,1790 

-"0,2015 

0,2015 

0,1790 
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Table lll,l continued. 

Atomic Energy levels (energy values in a^u, in paranthesis) 

center 50(0.4824) 61(Go6404) 62(0»6697) 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

" 0 . 0 9 7 2 

0=1640 

0 . 0 0 7 0 

•"0o32AL5 

0 , 1 6 8 4 

0 , 3 2 4 2 

-0=3242 

- 0 . 1 3 7 6 

0=3213 

- C»1376 

-0=3242 

0 = 3242 

0=1684 

- 0 . 3 2 4 5 

0=0070 

0=1640 

-Oc0972 

• - 0 . 1 i 3 2 

~O.Oo71 

"0=1139 

0 , 1 7 2 4 

-0=0021 

-•0 = 0021 

0 , 1 7 2 4 

0=3482 

-0o2061 

^Oc0799 

0=0244 

0=055$ 

- 0 . 0 7 5 0 

O0O528 

0=0032 

~Q.Q0G>7 

0=0032 

Oc0528 

-0=0750 

0=0554 

0=0244 

-0=0799 

-0=2061 

0=3482 

0 , 2 3 2 3 

- 0 , 3 5 4 1 

- -0 ,2823 

0=2744 

" 0 , 0 3 9 1 

-0=0391 

0=2744 

0 , 0 1 9 2 

-0=0294 

0=0260 

0=0096 

-0=0612 

0 , 3 0 5 7 

- 0 . 4 1 8 1 

0=4229 

-Q.QQQQ 

-0=4229 

0 = 4181 

™0=3057 

0=0612 

- 0 = 0 0 9 6 

-0=0260 

0=0294 

-0=0192 

--0 = 0021 

-0=0000 

-0=0021 

-O0OI79 

-0=0165 

0=2165 

0=0179 
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Table III. 1 continued. 

Atomic Energy levels (energy values in aoU„ in paranthesis) 
center ^^^.Q^^^^^^ 64(0.6780) 69(0o6940) 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

3C 

31 

32 

33 

34 

35 

36 

37 

0=2014 

-0=2984 

0o2644 

0=0502 

~0o3128 

0o3133 

" 0 „ 2 1 6 9 

0 , 0 2 7 4 

"Oo0065 

0=0274 

-0=2169 

0=3133 

• •0o3128 

0 = 0502 

0=2644 

-0=2984 

0 . 2 0 1 4 

-0=0013 

0 . 0 1 0 1 

-0=0013 

-0=1746 

0=1531 

0=1531 

-0=1746 

0 = 2417 

-0=3293 

0=2754 

0=0415 

"0=3020 

0=2009 

-0=0489 

-0=1609 

-0=0000 

0=1609 

0=0489 

-0=2009 

0=3020 

-0=0415 

-0=2754 

0=3293 

- 0 . 2 4 1 7 

0=0368 

0=0000 

-0=0368 

-0=1588 

0=2631 

- 0 , 2 6 3 1 

0=1588 

"0=3599 

0 = 1810 

0=0673 

0=0402 

-O0 I503 

0=0832 

-0=0268 

- 0 . 0 4 7 9 

0=0000 

0=0479 

0=0268 

-0=0836 

0=1303 

- 0 . 0 4 0 2 

" 0 . 0 6 7 3 

- 0 . 1 8 1 0 

0=3599 

0 . 4 3 5 6 

-0=0000 

0=4356 

- 0 . 3 2 4 4 

0=0977 

--0 = 0977 

•0 .3244 
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'I'able III.1 continued, 

i i t omic 
c e n t e r 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

2 ? 

23 

29 

50 

31 

32 

33 

34 

35 

36 

37 

E n e r g y l e v e l s ^ e n e r g y 

7 8 ( 0 o 7 4 5 3 ) 7 9 ( 0 , 7 7 1 2 ) 

- 0 . 0 8 5 0 

0 ,1501 

"0o2208 

0=1668 

- 0 „ 1 1 3 8 

0=1686 

- 0 . 2 5 1 7 

0 = 4161 

-0=3808 

0 = 4161 

- 0 , 2 5 1 7 

0=1686 

-0=1138 

0=1668 

-0=2208 

O0I5OI 

-O0O85O 

O0CI3I 

" 0 , 0 9 4 3 

0 = 0131 

0=1099 

- 0 . 1 5 1 5 

- O 0 I 5 I 5 

C=1099 

-0o04i^2 

0=1788 

-Qo359l 

0=3364 

- 0 . 3 2 6 3 

0 , 1 4 7 5 

-0=0410 

-0=0663 

-0=0000 

0=0663 

0=0410 

"-0 = 1475 

0=3263 

- 0 = 3 3 6 4 

0=3591 

-0=1738 

0=0442 

0=0939 

0 , 0 0 0 0 

-0=0939 

0=2245 

0=1743 

- 0 = 1 7 4 3 

- 0 . 2 2 4 5 

v a l u e s i n a=Uo 

8 0 ( 0 . 7 7 2 0 ) 

- 0 „ 1 0 3 9 

0 . 1 6 1 9 

- 0 . 2 6 0 3 

0=2813 

- 0 . 3 0 4 5 

O0O94I 

0 = 0606 

0=2733 

0 . 2 4 4 4 

- 0 . 2 7 3 3 

0=0606 

O0O94I 

•^0.3045 

0 = 2613 

- 0 . 2 6 0 3 

0 , 1 6 1 9 

- 0 , 1 0 3 9 

0=0611 

-0=1868 

0 .C611 

0=0919 

0=2556 

0=2556 

0 , 0 9 1 9 

i n p a r a n t h e s i i 

8 4 ( 0 = 8 0 4 5 ) 

- 0 . 1 3 3 4 

0 . 0 0 1 8 

0=1390 

- 0 = 0 9 4 4 

0 . 0 7 0 0 

- 0 . 0 2 5 9 

0 . 0 0 2 5 

0=0244 

- 0 . 0 2 2 1 

0=0245 

0 . 0 0 2 5 

-0=0259 

0.0700 

-0.0944 

0.1390 

0.0018 

-0=1334 

0.3317 

-0.6177 

0.3317 

-0.2209 

-0=0363 

-0=0363 

-0.2209 

a: only the 2p of carbon and nitrogen orbital coefficients 
are includea= 
The highest occupied orbital belongs to bhe level no= 58, 
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Table IIIo 2, 

CNIKj/2 molecular orbital energies of phlorin trianion 

amd porphin dianion. 

Phlorin tri 

orbital noo 

63 

62 

61 

60 

59 (LUMO) 

58 (HOMO) 

57 

56 

anion 

energy 
(aoUo) 

0,6754 

0.6697 

0.6̂ 1-04 

0c4824 

0o4412 

0,2082 

0,1102 

0,0519 

Porphin 

orbital no, 

63^ 

62)'S 

61 

60 

5̂ ") LUMO 

58J ĝ 

57 (HOPD 

dianion 

1) 

56 (HOMO 2) 

energy 
(aoUo) 

Oo5351 

0,5284 

0,3809 

0,2876 

0,0166 

-0.0096 
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Table IIIo 3< 

Wucleopiiilic RGactivity parameters of phlorin trianion 

Atomic 
center 

Frontier electron 
density 

PPP CNDO/2 

Superdelocallsability 

PPP CFD(j/2 

14 

15 

16 

17 

18 

19 

20 

21 

22 

33 

34 

35 

O0OO51 

e»0575 

O0O024 

0=1777 

Oc0035 

Oc0733 

0.0086 

0=0854 

0,0000 

0=0494 

0e0142 

0,0226 

O0O214 

O0O422 

O0OO54 

O0I6IO 

O0OII2 

O0O74I 

0=0559 

O0O537 

OoOOOO 

0=0225 

O0O32O 

0=0460 

0.43 

0,62 

0 = 43 

I0OO 

0 = 50 

0o71 

0 = 55 

0o71 

0 = 55 

0 = 64 

0o25 

0 = 21 

0.72 

0=74 

0066 

1=00 

0 = 77 

0o94 

0c82 

0.9" 

0 = 55 

0 = 71 

0 = 72 

Oo53 

•VcTC-

SuperdGlocalisability (Nucleophilic) = \ 
02 

E. 
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Table IIIo ô 

Electrcphilic Reacticity Parameters of Phlorin trianion. 

Atomic 
center 

14 

15 

16 

17 

18 

19 

20 

21 

22 

33 

34 

35 

Frontier Electron 
density 

PPP 

O0OO94 

O0O49O 

0»0330 

0c0883 

0»05C0 

0=0074 

Oc0518 

O0OOI9 

0„2056 

0„0610 

Oc0039 

O0O405 

CNDO/2 

0c0270 

O0O27O 

O0O449 

0o0648 

0,0341 

0.0033 

O0O226 

0,0042 

O0I9I8 

0»0396 

0,0137 

0,1089 

Superdel 

PPP 

0.81 

0.77 

0,76 

0,68 

0,71 

0o71 

0.77 

0»60 

0,92 

0,74 

0,94 

1c 00 

ocalisability 

CNDG/2 

0.62 

0,59 

0,63 

Oo53 

0,53 

0o43 

0,51 

0.39 

1,00 

0,64 

0,60 

0.89 

Superdelocalisabmlity (Electrcphilic) ^ V 
OCC p 4 

E. 
X 
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CHAPTER IV 

CNDO/2 CALCULATIONS OJM CGERULES lJ:W 

TETRADEIirDEOCOREIITS 



6? 

IV c 1o Introduction 

Corroles and tetradehydrocorrins are related to 

"1 2 

vitamin B^p system, ' Gorrole is P macrocyclic conjugated 

system which contains one methine bridge less than porphyrins 

(figure 4o1, ^.2, ^.5)° Similar to the porphyrin, a corrole can 

be visualised as 18 membered anwulene sjî stem. The optical 

absorption spectrum supports this view. An intense, 'Soret band' 

is observed around 400 nm and a weai: 'visible' band is observed 

at 500-500 nm rangeo"̂  The nmr data is also indicative of the 

• aromatic character of corroleo However, X-ray structure of 
n, 5 

corrole has showa appreciable deviation from, planarityo ' 

Corroles form complexes with a number of metals like Cu, 

Ni, Co, Pd etCo ' Divalent metal ions form N protonated 

neutral metallocorroleSo Complexes of corroles with Fi(II) 

and Pd(II) are non-aromatic with one of the potentially 

tautom.eric hydrogen atoms being displaced from nitrogen 

to carbon in such a x/ay as to interrupt the macroccyclic 

conjugation of the chrom-ophore= The localtion of the displaced 

proton is still unresolvedo The Fi(Il) and rd(ll) com.plexes 
7 

are paramagnetic' This paramagnetism is due to the presence 

of radical species in the complexes v;hich arise from, the 

loss of the blocking hydrogen atomo The free radical formed 

in this manner is a delocalised metallocorrole radical. 

The metalloGorroles can also be easily deprotonated to 

yield the corresponding aromatic anionso ' Co(III) corrole 



^^-4.] 
SKELETON FOR CORROLE TRiANION 



S^4 

Fis. 4.2 

SKELirrON FOR TETRApEHYDROCOÎ IN MONOANtON 



C O R R O L f i P K B E B B A S E 

N - P R O T 0 N ^ T E D N i ( V ] ) C O M P L E X 

N i ( l l ) - C O R R O L E M O i f O A N l O l f 

Fig°iu'5 
SKELETON FOR CORROLE FREE BASE, N-PROTONATED 

Ni(Ii) COMPLEX, Ni(Il) CORROLE MONOANION 
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which is a neutral species ., has been reduced to Co(II) 

corrole aniono The electronic spectra, of the metallocorrole 

anions are very similar to the corresponding metallo-

porphyrins, indicating the aromatic character of the 

macrocycle. ibCF -IT electron calculations have been done 

in the PPP framework, including configuration interaction 

for corrole trianion* The effect of metal was considered 

9-11 indirectly by changing the nitrogen parameters,' 

Reasonable agreement has been obtained between experimental 

spBctra and the results of PPl calculation 

The macrocyclic conjugation in corrole is brcH:©n 

dovm b3̂  introducing tv̂ o hydrogen atoms, to form a tetra-

dehydrocorriUo The structural relationship between a 

corrole and tetradohydrocorrin is similar to that between 

a porphyrin and phlorin. The non-aromatic nature of 

tetradohydrocorrin macrocycle is emphasised by the compara-

tivoly high X~ values of the signals duo to meso protons.. 

The visible electronic spectrum of a ]̂ 'i(II) tetradehydro-

corrin salt is similar to that of a metallophlorino The 

bands at 350 nm and 550 nm have comparable extinction 

coefficients,, Stable Co(ll) and I\'i(ll) salts have been 

obtained for 1, 19 dialkyl tetradehydrocorrin systems-

12 Electrochemical and ESS studies have indicated that 

Ni(II) salts are reduced to the radical anions and dianions; 

vjhereas Co(Il) tetradehydrocorrins are reduced to Co(I) 

systems and Co(ll) dianionso Further studies have shown 
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that in Co(ll) corrole anion and Co(Il) tetradehydrocorrin 

cation, the central cobalt atom has different electronic 

13 
o round states» 

IVo2. Fethodg of Calculation 

To our knowledge, calculations beyond the PPP level 

have not appeared in the literature for corroles and 

tetradehydrocorrinso ¥e report here CNDO/2 calculations on 

the ground states of corrole trianion and tetradehydrocorrin 

anion, which have the same symmetry of their metal complexes 

(fig, 4-el and 4 = 2) o Idealised geometry has been used for 

these two systemso V/hile the FPP and CFDO/2 energy levels and 

v/ave functions for corrole trianion are presented in Table IV. 1 

and IVo2 respectively, the corresponding energy levels and 

v/ave functions for tetradehydrocorrin mono anion are summarised 

in Tables IVo3 B-nd IVo4o The reactivity parameters have been 

computed in the same manner as we have done for phlorino 

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

IV.3o Results and Discussion 

A comparison of the energy levels of porphine dianion, 

phlorin trianion, corrole trianion and tetradehydrocorrin 

mono anion is made in Table IV.. 9<> Though the charges 

on these ions are different they are taken prototypes 

for their corresponding metal complexes with bivalent metal 

ionso Thus the corresponding M(ll) metal com_plexes are: 

K(II) porphyrin, M(II) phlorin anion, H(II) corrole anion, 

r'l(lT) tetradehydrocorrin cation= The effect of VC on the 

orbital energy of the ligand mr?y not be the sane for all 
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these fpur 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 v/ith this point of viewo bince 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. Fi,(ll) porphyrin 

and M(II) tetradehydrocorrin have similar reduction 

potentials, (-1.50 V and -1,60 V vs SCE respectively). 

Mi(II) corrole is reduced at a much higher value 

(-2.3̂  V vs bCE).^^ Though the data for Fi(II) phlorin is 

not available, metallophlorins undergo one-electron reduction 

around -1.90 V vs SGE.'̂ ^ The orbital energies for LUMO 

levels for these four ligands also reflect the same trend. 

The LUMO energy value for corrole trianion and phlorin 

trianion are high compe-red with the corresponding values 

of porphine dianion and tetradehydrocorrin mono aniono 

Thus the relative orbital energies obtained for these four 

systems appear to be reasonable, 

The reactivity parameters, namely frontier electron 

density, and superdelocalisability for corrole trianion and 

tetradehydrocorrin anion obtained from FPP and CFDC/2 methods 

are compared in Tables IV, 5-So Regarding the centers for 

the highest electrophilic or nucleophilic reactivity there 

is no ambiguity in the reactivity parameters. Thus in the 

case of corrole trianion, for electrophilic reactivity, 
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both the PPP and CNDO/2 data point to position 1? as the 

most probable centre. Regarding the centres of next priority 

for electrophilic reactivity_, superdelocalisabilities and 

frontier electron densities obtained from the same method 

(PPP or C]\Tro/2) do not agreeo Considering both the CW]X)/2 

and PPF-data together we have four reactivity- parameters 

for each center for each type of reactivity. The overall 

order of electrophilic ree^ctivity m.ay be summarised for 

corrole trianion as f oî -ows; The centre of highest reactivity 

is predicted to be the position '17'o Other centers of 

comparable reactivities correspond to positions 32, 3̂  ̂  "12 

and 29.. The limited data on electrophilic substitution 

reactions in corroles indicate'' that slkylation occurs 

at positions 32, 31 and 29o No alkylation has been reported 

in the position 17° No data is available for the nucleophilic 

reactivity of corroleso Analysis of the reactivity parameters 

indicates that position 12 is the most probcblo centre for 

nuclecphilic reactivity.. Other centres which are likely 

to undergo nucleophilic addition correspond to positions 

14, 15 and 29= 

In the case of totradehydrcccorrin^high -electrophilic 

reactivity is predicted at positions 19 and 14o This is 

observed experimentallyo Bromination occurs at positions 

14 and 22 leading to the dibromio derivativeo Nitration 

occurs at positions 14, 19 t̂ nd 24o Mono- di- and trinitro 

derivatives are knowno ~ Pormylaticn 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 GV.m/2 methodo Experimental data appears to 

support the CNJXy2 calculations» The highest nucleophilic 

reactivity is predicted at positions 1A- and 24 (CNID/2), 

which is observed experimentally^ 

IVc '̂o Conclusion 

In conclusion it can be pointed out that CNDO/2 

calcula.tions lead to correct ordering of energy levels for 

corrole and tetradehydro corrin» The relative orbital 

energies of the HOMO and LUMO levels of porphinoj phlorin, 

corrole and tetradehydroocorrin also appear to be in the 

right direction as indicated by the redox potential data., 

The overall reactivities are also predicted better by the 

CNDO/2 method than by the PPP approach.. It should also be 

pointed out here that the semi empirical methods in the 

ZLO frameV'/ork have severe limitations, particularly when 

.••'f - " interactions are strongo More sophisticated methods 

arc required to treat systems like corrole and tetradehydro-

corrins, and related systemso 
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Table IV. 1 

LCAO coefficients in the PPP wave function for corrole 
trianion. 

i tornic 
y e n t e r 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

E n e r g y l e v e l . 

1 ( - 1 6 o 3 2 8 4 ) 

0„13b6 

0=1681 

O0O8II 

O0O783 

0 . 1 5 6 8 

0=1028 

Oc1568 

0 , 0 7 8 3 

O0O8II 

0 . 1 6 6 1 

0 . 1 3 8 6 

0 . 2 4 1 2 

O0I21I 

O0I332 

Oc2S93 

0=2893 

O0I532 

0=1211 

0 , 2 4 1 2 

0 . 4 1 4 5 

0 , 2 5 2 8 

0=2528 

0 . 4 1 4 5 

s ( e n e r g y v a l u e s i n '.^u ih ' 

2(-16<.0158) 

0 , 0 3 6 3 

0=2178 

0=1213 

0 , 1 3 7 0 

0=2815 

O0I941 

0=2815 

O0I37O 

0 = 1213 

0=2178 

0=0363 

- 0 . 1 1 7 8 

-Oc0702 

"0=0932 

•=•0 = 2062 

" 0 , 2 0 6 2 

-0=0932 

"0=0702 

-0=1178 

- 0 . 2 7 2 9 

0=4186 

0=4186 

-̂0 = 2729 

3C"15o8849) 

"•O.I7O8 

- 0 „ 2 8 5 9 

- 0 , 1 4 2 8 

-O0I258 

-0=2201 

0 . 0 0 0 0 

0=2201 

0=1258 

0=1428 

0=2859 

0=1708 

0=1857 

0=0834 

0=0587 

0=0898 

-0=0898 

-^0 = 0587 

-0=0834 

-0=1857 

-0=2432 

-0=4386 

0=4386 

0=2432 

;r r. . n t h e s i s ) 

4 ( - 1 5 . 3 9 1 3 ) 

- 0 . 0 5 6 3 

0=1242 

0.0768 

0 , 0 8 4 0 

O0I5O6 

-0=0000 

-0=1506 

"0=0840 

-0=0768 

- 0 c 1 2 4 2 

0=0562 

0=2765 

O0I43O 

0=1176 

0=1845 

-0=1845 

-0=1176 

-0=1430 

-0=2765 

-0=4738 

0=2767 

-0=2767 

0=4738 
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Table IV.1 continued^ 

Atomic Energy levels (energy values in '.•:..u in par-nthesis) 

Center 5(„i2o4890) 6(-11»5601) 7(-11,3784) -8(-11,1171) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2i|-

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

0o3341 

Oo3002 

0=1109 

-O0IO6O 

-0.2967 

-0o3648 

"00 2967 

~0c1060 

O0IIO9 

Oe3002 

0.3341 

0.2269 

0„0880 

-0»0S07 

-0„2254 

-0.2254 

-0,0807 

0=0880 

0.2260 

-0=0597 

0.0120 

0.0120 

"0.0597 

0 

0, 

„c 

-0, 

-0 

-0. 

-0, 

0, 

0, 

0, 

0, 

0 = 

-Oc 

-Oc 

-0, 

-0. 

0„ 

0, 

-0. 

0. 

0, 

-0. 

.3349 

.3002 

.1109 

.1060 

.2967 

.3648 

.2967 

,1060 

»1109 

.3002 

= 3341 

,2269 

,0880 

,0807 

,2254 

,2254 

,0807 

1880 

2269 

.0597 

.0120 

0120 

0597 

"•0.1110 

0.0475 

-0.2630 

-0.3502 

-0.1708 

-0.2831 

-0.1708 

-0.3502 

-0.2630 

C.0475 

-0.1110 

-0.1784 

-0.0646 

0.0877 

0,1802 

0.1802 

0.0877 

-0.0646 

-0.1784 

-O0O302 

0.3838 

0.3838 

-0.C302 

0.0102 

0.0702 

0.1398 

0.0932 

-0.0361 

-0.0544 

-0.0363 

0.0922 

Q.i389 

O0O702 

0.0104 

-O.O7O8 

0.3131 

0.4352 

0,2098 

0.2098 

0.4347 

0.3125 

-O0O709 

-0.3513 

-0.0579 

-0.0673 

-0.3517 
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Tatle IV. 1 continued. 

Atomic Energy levels (energy values in [-^.-i-n--Ih' r; i'-ahthesis) 
center ,̂ ,̂ „̂ ^ ̂ ^̂ ĵ.̂ ) 10(--10<,8665) 11(-10o8331) 12(-8c7614) 

12 

13 

14 

15 

16 

17 

I S 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

2S 

30 

31 

32 

33 

34 

0.0714 

Oc0032 

-Oc3693 

-0 ,4118 

-O0IOOI 

-O0OOOI 

O0IOOO 

0o4121 

0o3697 

"0 ,0050 

-O0O713 

" O 0 O 8 I 2 

•-0o2137 

-0 ,1722 

0=0119 

- 0 . 0 1 1 4 

0=1733 

0 ,2145 

0,0810 

-0 ,1722 

-0 .2582 

"0 ,2584 

0 ,1714 

-0,0761 

0,1836 

0,3436 

0,1963 

-0,1507 

-0,2744 

-0,1507 

0,1963 

0,3436 

0,1836 

-0,0761 

-0,2768 

-0,3100 

-O0O775 

0,2293 

0,2293 

-0,0775 

-0,3100 

-0,2768 

0.0920 

-0,0620 

-0,0620 

0,0920 

-0,2034 

-0,1767 

0,0738 

0,2366 

0,1890 

0,0000 

-0,1890 

-0,2366 

-0.0738 

0,1767 

0,2034 

0,3780 

-0,3415 

-0,4136 

-0,1217 

0,1217 

0.4136 

0,3415 

r-0.3780 

-0.1587 

•=•0.0335 

0,0335 

0.1587 

-Oc0950 

0,2765 

0c1854 

-0.1476 

-0.2890 

0.0000 

0,2890 

0,14?6 

-0«1854 

-0.2765 

0„0949 

Oo3382 

0.1118 

-0.2642 

-0.2705 

0.2705 

0.2642 

-0,1118 

-0.3382 

0,0676 

0.0200 

-0,0200 

-0.0676 
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Table IV. 1 con t inued 

Atomic 
c a n t e r 

Energy l e v e l s (Energy v a l u e s i n - .u i n ' j j p r a n t h e s i s ) 

13 ( -8 .0867) 14 ( -5 = 797^) 15(-3o21ii-5) l 6 ( - 0 , 8 8 3 8 ) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

35 

34 

Go 3654 

0.1834 

-0»1237 

-0 .2136 

0.0620 

0.4458 

0o0620 

-0 .2136 

"0 ,1257 

0,1834 

0.3634 

-0„0862 

-0^2294 

-O0OI32 

0.2305 

0.2505 

- 0 . 0 1 3 2 

-0„2294 

-0»0862 

-0 .1268 

-0„2005 

- 0 . 2 0 0 5 

-0 ,1268 

0.4032 

- 0 . 0 1 1 5 

-0 .2531 

0n0713 

0,2630 

0.0000 

-0o2630 

- 0 . 0 7 1 3 

0.2531 

0.0116 

- 0 . 4 0 3 2 

0 .1264 

0 .2263 

-0„1820 

-0 .2281 

0.2281 

0.1820 

- 0 . 2 6 6 3 

-0 .1264 

-0 .0638 

-0 .1511 

0.1511 

0„0638 

0.2760 

-0 .2465 

-0 .2242 

0.30?'; 

0 .1048 

-0 .4378 

0o1048 

0.3086 

- 0 . 2 2 4 2 

- 0 . 2 4 6 4 

0.2760 

0 .1253 

~0o1493 

-O.O672 

0.1828 

0.1828 

-0 .0672 

-0„1493 

O0I253 

- O . I 7 I 6 

0=0726 

0.0726 

- O 0 I 7 I 6 

- 0 , 1 6 3 4 

-0 ,1950 

0.2127 

- 0 . 1 3 5 ^ 

- 0 . 0 7 8 5 

0,1450 

- 0 , 0 7 8 5 

- 0 . 1 3 5 ^ 

0 .2127 

-0.0949 

-0 .1634 

0.2849 

O0O88I 

- 0 . 3 6 8 7 

0 .3084 

0.3084 

-0.3687 

0.0881 

0.2849 

-0 -2432 

0.0721 

0.0721 

-0-2432 
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Table IV.1 continued = 

Atomic 
c e n t e r 

12 

13 

1^ 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

Energy va lue s (energy 1 

l 7 ( -Oc3 l79 ) 18(0=3657) 

-0.Q996 

0.3224 

-0„0584 

-0„2097 

0o3586 

-0 ,0000 

- 0 . 3 5 8 6 

0=2097 

0o0684 

- 0 . 3 2 2 4 

0o0996 

0 .2044 

-0=2370 

0c0892 

0,1328 

"C=1328 

- 0 , 0 8 9 2 

0o2370 

- 0 , 2 0 4 4 

O0I312 

-0 ,2611 

0,2611 

-0 ,1312 

0,0657 

-0 ,2898 

0,2770 

-0 .1390 

-O0O87I 

0 ,1226 

-0 ,0871 

-0 ,1390 

0,2770 

- 0 . 2 8 9 8 

0,0657 

0,1982 

-0 ,3560 

0o3220 

-0 ,1106 

-0 ,1106 

0.3220 

-0 .3560 

0,1982 

"0 ,0330 

O0I322 

0,1322 

-0 ,1330 

eve I s i n n .u 

19(0 ,4619) 

-0 ,0571 

- 0 , 1 3 5 8 

0,3570 

-0 ,4049 

0,2597 

- 0 , 0 0 0 0 

- 0 . 2 5 9 7 

0,4^49 

-0 ,3570 

0 ,1358 

0»0571 

-0 .2270 

0,1930 

- 0 , 0 6 4 2 

- 0 , 1 0 4 3 

0,10^13 

0 ,1643 

- 0 , 1 9 3 0 

0,2270 

-0 ,1170 

- 0 , 0 4 4 3 

0 .0443 

0.1170 

i n ' o a f a n t h e s i s 

20(1 .4865) 

-0 ,1140 

0 .1147 

- 0 , 0 8 2 3 

0,0449 

0,0020 

0,0000 

-0 .0020 

-0 ,1449 

0 ,0823 

- 0 , 1 1 4 7 

0,1140 

- 0 . 1 1 1 3 

-0^1340 

0 ,3523 

-0 .5180 

0,5180 

-0.3523 

0,13^0 

0 ,1113 

-Oc2022 

-0 ,0369 

0,0369 

0,2022 
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Table IV. 1 continued. 

Atomic Energy values (energy levels in "̂'.u in'pafdrithesis) 

center 21(1.5675) 22(1.5728) 23(1-5962) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

0„2784 

- 0 . 2 7 2 3 

0 . 2 6 5 0 

- 0 . 2 4 5 7 

0 . 2 0 2 9 

- 0 ^ 2 0 3 2 

0 . 2 0 2 9 

- 0 . 2 4 5 8 

Oo2650 

- 0 0 2 7 2 3 

0 . 2 7 8 6 

- 0 o 2 9 2 8 

Oo2170 

~0o1200 

0^0038 

0 . 0 0 3 8 

- 0 . 1 2 0 0 

Q.2170 

- 0 . 2 9 2 8 

000909 

O0O202 

O0O202 

0 . 0 9 0 9 

- 0 . 3 1 5 8 

0 . 3 1 0 4 

- 0 . 2 1 3 0 

0 . 1 1 3 3 

0 . 0 0 3 3 

0 . 0 0 0 0 

-O.CO33 

- 0 . 1 1 3 3 

0 , 2 1 3 0 

- 0 . 3 1 0 4 

Q.'5^'5Q 

- 0 . 3 2 9 1 

0o2769 

- 0 . 1 9 5 6 

0 . 0 8 4 6 

- 0 ^ 0 8 4 6 

O0I957 

- 0 . 2 7 6 9 

0 . 3 2 9 1 

- 0 , 0 7 5 s 

- 0 , 0 9 7 9 

0 . 0 9 7 9 

0 . 0 7 5 8 

0 , 1 8 1 1 

- 0 , 1 ? 8 1 

- 0 . 0 3 7 9 

0 . 2 3 5 0 

- 0 . 4 3 0 4 

0 . 4 3 9 ^ 

- 0 . 4 3 0 4 

0 . 2 3 5 0 

- 0 . 0 3 7 9 

- 0 , 1 7 8 1 

0 , 1 8 1 1 

- 0 . 1 8 3 8 

0 . 1 3 ^ 2 

- 0 . 0 7 3 9 

0 . 0 0 2 0 

0^0020 

- 0 , 0 7 3 9 

0 . 1 3 4 2 

- 0 . 1 8 3 8 

O.Q'^b^ 

0 . 1 9 1 0 

0 , 1 9 1 0 

0 . 0 5 6 7 
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Table IV.2 

LCJ-IO coefficients in the CNDO/2 wave functions for Corrole 

(only the pi orbital functions are included) a 

Atomic 

Center 

12 

13 

1^ 

15 

16 

1? 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

50 

31 

32 

33 

34 

Energy 1 

20(-0o5187) 

-0.2093 

-0.2428 

-0.1906 

-0.1904 

-0.2262 

-0o1876 

-0o2262 

-0.1904 

-0=1906 

-0.2428 

-0.2092 

-0.2402 

-0.1794 

-O0I723 

-0.2300 

-0.2300 

-0.1723 

-0.1794 

-0.2402 

-0.2048 

-0o2038 

0.2038 

"0.2048 

eve I s (energy 

22(-0c4648) 

-0,2656 

-0.3150 

-0.2470 

-0.2151 

-0,1836 

-0.0000 

0.1836 

0.2151 

0.2470 

0.3150 

0,2656 

0.2512 

0.1702 

0.1205 

0.0882 

-0,0882 

-0.1205 

-0.1702 

-0.2512 

-0,1552 

-0.2253 

-0.2253 

0.1552 

values in a, 

24(-0.4609) 

-0,0122 

-0.1510 

0,1803 

0.2151 

0.2664 

0,2412 

0,2664 

0.2161 

0.1803 

0.1510 

-0,0122 

-0,1898 

-0.1937 

-0.2202 

-0.2964 

-0.2964 

-0,2202 

-0,1937 

-0.1898 

-0.2235 

0.1947 

0.1947 

-0,2235 

,u in" paranthesis) 

29(-0.3640 

0.0693 

-0.1464 

-0,2106 

-0,2271 

-0,1872 

0,0000 

0,1872 

0,2271 

0.2106 

0,1464 

-0.0693 

-0.2946 

-0.2866 

-0,2405 

-0.1652 

0,1652 

0.2405 

0,2866 

0,2946 

0.2381 

-0.1791 

0.1791 

-0,2381 
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Table IV.2 continued 

Atomic Energy levels 

Center 33(-0,2151) 4o(' 

(energy values in a.u in paranthesis) 

-O0IOI6) 4Z}.(-0.0809) î 7(-0<.0253) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34-

0»3499 

Oc2913 

O0II27 

-0 .0913 

-0o2719 

-0 ,3889 

-0 .2719 

-0 .0913 

0,1127 

0„2913 

0,3499 

0.1043 

0.0156 

~0o1504 

-0 .2491 

-0o2491 

-0 .1504 

0.0156 

0.1843 

-0 .0557 

-0 .0123 

-0 .0123 

•-O.O557 

0.3704 

0.2498 

- 0 . 1 1 3 8 

-0 .3019 

-0 ,1938 

0.0000 

0,1938 

0,3019 

0.1138 

-0 ,2498 

-0a 3704 

-0 .1252 

0 .1753 

0.2995 

Oo1^79 

-0 .1479 

-0 .2995 

- 0 . 1 7 5 3 

0.1252 

-0 .0245 

§.0128 

"0 .0128 

0.0245 

~9»1311 

0,0681 

0.3841 

0.2746 

-0 ,1825 

-0 .3631 

-0 .1825 

0.2746 

0c3841 

Q0O68I 

-0 .1311 

-0 .2236 

-0 .1502 

0,0666 

0.2379 

0,2379 

0.0666 

-0 .1502 

-0 .2236 

0 ,0255 

-0 .1474 

- 0 . 1 4 7 4 

C.0255 

-e»0505 

- 0 . 1 5 0 1 

0 ,1494 

0.2146 

0.0040 

0.0587 

0.0040 

0.2146 

0.1494 

-0 .1501 

-0 .0505 

0,1086 

0.3958 

0.2094 

-0 .2612 

"0 .2612 

0o2094 

0.3958 

0.1085 

-0 .2478 

-0 .2508 

-O.25O8 

-0 .2478 
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Table IV.2 continued 

Atomic Energy levels (energy values in CM in r^aranthesis) 

Center 50(-Oc0099) 52(Oo0185) 53(0„0324) 54(0o14435) 

12 

13 

1-4-

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34-

0,0796 

-Oc0297 

0,3545 

0=2398 

-0o2381 

OoOOOO 

0.2381 

-0«2398 

~0o3545 

O0O297 

-O0O796 

-O0O728 

O0O430 

OolOO^ 

0»0333 

"O0O333 

-0.1001 

-0»0430 

0.0728 

O0O362 

-0 = 4830 

0.4830 

-0o0362 

-O0O6I5 

0=1957 

-Oc0726 

-0.1835 

-0.0418 

-0.2025 

-0.0418 

-0.1835 

QO0O726 

O0I957 

-0.0615 

-0,2493 

0.1567 

0,3301 

0,0585 

0,0585 

0.3301 

0.1567 

-0.2493 

-0.3035 

0.3248 

0,5248 

-0,3035 

0,0942 

O0I528 

0,0661 

-OcOe^o 

"0.1345 

0.0000 

001345 

o.or "0 

-0,0661 

-0,1528 

-0.0942 

0,1202 

-0,2944 

-Go 2755 

0.1370 

-0.1370 

0,2755 

0.2944 

-0,1202 

-0.4895 

-0,0504 

0,0504 

0,4895 

O0O545 

-0,2618 

-0,1456 

0,1688 

0,2226 

0,0000 

-0,2226 

-0,1688 

0,1456 

0,2618 

-0,0545 

-a3098 

~0o2194 

0o2425 

0,3096 

-0,3096 

-0,2425 

0,2194 

0,3098 

-0,1734 

^-0o02iq 

0,0219 

0.1734 
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Table IV.2 cont inued 

ii-tomic 

C e n t e r 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

E n e r g y I s 

5 5 ( 0 » 1 8 2 0 ) 

0 . 3 0 1 3 

Oo15^5 

O0OO59 

- 0 , 1 3 8 6 

-O0OI38 

0 , 4 8 0 1 

- 0 . 0 1 3 8 

-O0I385 

O0OO59 

0 , 1 5 4 5 

Oo3013 

. - 0 , 1 5 8 3 

- 0 o 1 3 1 ^ 

0 c 1 2 l 9 

0 , 1 6 0 3 

0 , 1 6 0 3 

0 , 1 2 1 9 

- 0 , 1 3 1 4 

- 0 , 1 5 8 3 

- 0 , 1 9 6 3 

" 0 . 3 5 9 5 

- 0 , 3 5 9 5 

- 0 . 1 9 6 3 

; v e l s ( e n e r g y 

5 6 ( 0 . 4 3 6 6 ) 

- 0 . 3 9 3 1 

0 . 0 8 7 9 

0 , 2 6 2 3 

- 0 , 1 7 5 9 

- 0 , 2 2 4 6 

OoOOOO 

0 , 2 2 4 6 

0 , 1 7 5 9 

- 0 , 2 6 2 3 

- 0 , 0 8 7 9 

0 , 3 9 3 1 

-O0IO90 

- 0 , 2 3 8 2 

0 , 2 0 5 7 

0 , 1 5 7 8 

- 0 , 1 5 7 8 

- 0 . 2 0 5 7 

0 , 2 3 8 2 

0 , 1 0 9 0 

0 , 1 0 3 9 

0 , 2 0 2 3 

- 0 , 2 0 2 3 

- 0 , 1 0 3 9 

v a l u e s i n a . y 

5 7 ( 0 , 4 7 3 ^ ) 

- 0 , 3 2 0 9 

0 . 2 0 5 8 

0 , 2 9 6 2 

- 0 , 3 2 8 9 

- 0 , 1 2 2 6 

0o3537 

- 0 , 1 2 2 6 

- 0 , 3 2 8 9 

0 , 2 9 6 2 

0 , 2 0 5 8 

- 0 , 3 2 0 9 

- 0 , 0 2 5 6 

0 , 1 3 5 6 

- 0 , 0 4 9 3 

- 0 , 1 2 2 7 

- 0 , 1 2 2 7 

- 0 , 0 4 9 3 

0 , 1 3 9 6 

- 0 , 0 2 5 6 

- 0 . 2 0 6 3 

- 0 , 0 3 1 9 

- 0 , 0 3 1 9 

0 , 2 0 6 3 

in' p_qj33.nthe£ 

5 8 ( 0 , 6 3 2 5 ) 

- 0 , 0 4 9 5 

- 0 , 1 0 9 3 

0 , 1 5 6 5 

-00^078 

- 0 , 0 2 4 6 

0 , 0 4 5 2 

- 0 , 0 2 4 6 

- 0 , 1 0 7 8 

0 , 1 5 6 5 

- 0 , 1 0 9 3 

- 0 , 0 4 9 5 

0 , 1 8 2 0 

0»1463 

- 0 , 3 6 6 8 

0 , 3 4 7 0 

0 , 3 4 7 0 

- 0 , 3 6 6 8 

0 , 1 4 6 3 

0 , 1 8 2 0 

- 0 , 3 6 2 9 

0 , 0 8 1 8 

0 , 0 8 1 8 

- 0 , 3 6 2 9 
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Table IV.2 continued 

Atomic Energy levels (energy values ine.u in paranthesis) 

Center 59(0,6656) 60(0c6729) 61(0,6309) 72(0=7537) 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2/1-

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

0.0920 

-0o3476 

0o2044 

-0,0100 

-0,2189 

OoOOOO 

0 , 2 1 8 9 

OcOlOO 

- 0 , 2 0 4 4 

0 , 3 4 7 6 

- 0 , 0 9 2 0 

" 0 , 2 3 8 5 

0 , 2 7 1 9 

- 0 , 1 5 8 1 

- 0 , 0 5 3 2 

0 , 0 5 3 2 

0 , 1 5 8 1 

- 0 , 2 7 1 9 

0 , 2 3 8 5 

-O0I8O2 

0 , 2 9 9 7 

- 0 , 2 9 9 7 

0 , 1 8 0 2 

Co0798 

- 0 , 3 1 5 2 

0 , 3 0 1 2 

- 0 » 1 8 9 2 

"O0O270 

O0O540 

- 0 , 0 2 7 0 

- 0 , 1 8 9 2 

0 , 3 0 1 2 

- 0 , 3 1 5 2 

0 , 0 7 9 8 

0 , 2 1 1 4 

- 0 , 3 2 4 1 

0 , 2 7 5 2 

- 0 , 0 8 5 6 

- 0 , 0 8 5 6 

0 , 2 7 5 2 

- 0 , 3 2 4 1 

0 , 2 1 1 4 

- 0 , 0 7 1 9 

0 , 1 6 6 1 

0 , 1 6 6 1 

- 0 . 0 7 1 9 

- 0 , 0 0 3 4 

-O0O77O 

0 , 3 ^ 0 2 

- 0 , 4 2 7 8 

0 , 4 1 2 1 

0 , 0 0 0 0 

- 0 , 4 1 2 1 

0 , 4 2 7 8 

- 0 , 3 1 0 2 

0 , 0 7 7 0 

0 , 0 0 3 4 

- 0 , 0 7 0 9 

0 . 0 6 7 7 

" 0 c 0 3 7 3 

- 0 , 0 1 2 3 

0 , 0 1 2 3 

0 , 0 3 7 3 

- 0 , 0 6 7 7 

0 , 0 7 0 9 

- 0 , 0 4 3 0 

- 0 , 1 7 8 8 

0 , 1 7 8 3 

0 , 0 4 3 0 

- 0 , 3 1 8 9 

0 , 2 8 5 5 

- 0 , 1 8 5 6 

0 , 1 5 3 7 

- 0 , 0 8 8 7 

O0O8O8 

- 0 . 0 8 8 7 

0 , 1 5 3 7 

- 0 , 1 8 5 6 

0 , 2 8 5 5 

- 0 . 3 1 8 9 

0 , 3 7 4 7 

- 0 , 2 7 8 1 

0 , 1 1 8 6 

0 , 0 2 0 3 

0 , 0 2 0 3 

0 , 1 1 8 6 

- 0 . 2 4 8 1 

0 . 3 7 4 7 

" 0 , 1 7 9 3 

- 0 . 0 6 9 0 

- 0 . 0 6 9 0 

- 0 , 1 7 9 3 
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Table IV,2 

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

Center 73(0„75^1) 75(0.7771) 76(0o7807) 

0.0765 

-0,09^6 

-0o0767 

0o2469 

-0o4-94^ 

0c4605 

-0c49^4 

0o2469 

-Oc0767 

-Oo0946 

0=0765 

-0,0663 

0,0385 

-0,0172 

-0,0027 

"0,6027 

-0,0172 

0,0385 

-0,0663 

0,0265 

0,2470 

0,2470 

0,0265 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

0,3115 

-0,2900 

0,1496 

-0.0582 

-0,0339 

0.0000 

0,0339 

0.0582 

-0,1496 

0,2900 

-0,3115 

0,3539 

-0,2851 

0,2089 

-0,1181 

0,1181 

-0,2089 

0,2851 

-0,3539 

0,1034 

0,1309 

-0,1309 

-0,1034 

-0,0960 

0,0745 

-0,0355 

0.0136 

0,0070 

0,0000 

-O0OO7O 

-0,0136 

0,0355 

-0,0745 

0.0960 

-0,1404 

-0.0705 

0,2844 

-0,5344 

0,5344 

-0,2844 

0,0706 

0,1404 

-0,3030 

-0,0289 

0,0289 

0,3030 

Aa: Only the 2P of carbon and nitrogen orbital 

coefficients are included, 

The highest occupied orbital belongs to the 

level no,55= 
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•Table IV.3 

LCAO coefficients in the PPP wave function for Tetradehydro 

Corrin •nonoanion. 

Atomic Energy levels (energy values in -.u in parenthesis) 

Center ^(„^5^6Q97) 2(--16 = ̂ 577) 3(-=15C0935) 

1^ 0=0938 -O0IO75 0»1302 

15 0=2435 . -0„2633 0,0222 

16 O0II54 -0.1218 O0OOI9 

17 0„1234 -0 = 1140 -0..0202 

is 0,2759 -0=2300 -O0O556 

19 0=1734 -OoOOOO -0=0440 

20 0=2759 0,2300 -0,0556 

21 0,1234 0 = 1140 -̂ 0,0202 

22 O 0 I I 5 4 0 , 1 2 1 8 O0OOI9 

23 0=2435 0 , 2 6 5 3 0 . 0 2 2 2 

24 0=0938 0=1075 0 ,1301 

25 0 , 0 4 9 9 0=0621 0 , 3 3 6 1 

26 0=0171 0=0217 O0I478 

27 0 , 0 0 6 1 O0OO74 0 , 0 6 1 8 

30 0 , 0 0 6 1 " 0 , 0 0 7 4 0 , 0 6 1 8 

31 0 , 0 1 7 1 "Co 0217 0 , 1 4 7 8 

32 0 , 0 4 9 9 - 0 , 0 6 2 1 0 , 3 3 6 1 

33 0 , 0 4 6 2 - 0 , 0 5 9 4 0 , 5 7 7 6 

34 0 , 5 5 4 3 - 0 , 5 7 4 8 - 0 , 0 7 6 7 

35 0,5543 0,5748 "0=0767 

36 0,0462 0,0594 0,5776 
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Table IV.3 continued, 

jTitomic 
center 

1̂4-

15 

16 

17 

18 

19 

20 

21 

22 

23 

24-

25 

26 

27 

30 

3-1 

32 

33 

34 

35 

36 

Energy levels 

4(-"15o0737) 

-0=1259 

-o„0072 

0 0 00^^5 

0c0201 

OoOA-86 

-OoOOOO 

-0»04S6 

-0„0201 

~0o0045 

O0OO72 

O0I26O 

Oo3358 

0»1472 

0=0605 

~0o0605 

^0=1^72 

-0„3357 

-0.5764 

0o1046 

™0o1046 

0.5765 

(energy value; 

5("1108453) 

-O0I729 

~ 0,1841 

O0I376 

0o3268 

0o5293 

O.45C6 

0o3293 

0o3268 

O0I376 

-0,1841 

-0=1729 

-0,0671 

-0,1127 

-0,0891 

-0„0891 

-0„1127 

~0o0671 

0=1532 

-Oo2279 

-0«2279 

0.1531 

s in a .u .in .paranthesis) 

6(-11=6943) 

Oc2393 

Oo2083 

0=3488 

0=2564 

-0=0343 

-0.0417 

-0=0343 

0=2565 

0.3490 

0=2083 

Oo2393 

O0I212 

0.2235 

O0I791 

0=1791 

0=2235 

0=1212 

-0=2375 

-0.2380 

-0=2381 

-0=2375 
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Table IV.3 continued. 

j^ tomic 
c e n t e r 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

30 

31 

52 

33 

34 

35 

36 

E n e r g y l e v e l s 

7 ( - 1 1 = 6 8 4 1 ) 

0 . 2 1 1 4 

- o „ i a i 3 

- 0 . 5 7 2 3 

-0=2987 

+0c0022 

0»0000 

- 0 „ 0 0 2 2 

0„2986 

0„3722 

0o1883 

0c2114 

O0IO56 

0=2010 

C.1627 

-O0I627 

~0„2011 

- 0 , 1 0 5 6 

0 , 2 1 2 9 

0„2622 

• 0 . 2 6 2 1 

- 0 , 2 1 2 9 

( e n e r g y v a l u e s 

8 ( " 1 1 o 3 5 1 2 ) 

- 0 o 1 0 4 6 

-O0OO87 

0o2525 

0o2665 

0„1025 

0=0000 

=0=1023 

"0o2965 

-0=2525 

0=0087 

0=1046 

0=1360 

C=3727 

0=5194 

- 0 = 5 1 9 4 

"C=3727 

- 0 . 1 3 6 0 

0=2299 

"0=1206 

0=1206 

"0=2299 

i n a . u i n p a r a n t h e s i s ) 

9 ( - 1 1 o 0 8 5 2 ) 

" 0 , 1 0 6 7 

"0=2045 

-0=2393 

- 0 . 0 9 0 7 

0=1695 

0o2755 

0=1695 

-O0O907 

-0=2393 

- 0 . 2 0 4 5 

-0=1067 

0c08S6 

0..3961 

0=3603 

0=3603 

0=3981 

0 . 0 8 8 6 

-0=1307 

0 . 0 3 7 2 

-0=0372 

-0=1307 
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Table iv.3 continued. 

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

10(-10o1909) 11(-8=8561) 12 (-4.6932) 

14 

^5 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

30 

31 

32 

33 

34 

35 

36 

Oo3G54 

Oo3b21 

- 0 . 0 1 6 4 

~0<,2596 

0o2464 

OoOOOO 

0o2464 

0o2596 

0o0164 

- 0 - 3 0 2 1 

- 0 „ 3 S 5 4 

-OX'611 

0=2362 

o„2547 

-Oo2547 

"-0o2363 

O0O6II 

~0„C744 

- 0 , 0 4 3 6 

O0O436 

0„0744 

0=4042 

0 . 0 9 4 0 

-0o2172 

- 0 . 2 0 1 0 

0=1355 

0 . 4 5 3 9 

O0I355 

- 0 . 2 0 1 0 

- 0 . 2 1 7 2 

0 . 0 9 4 0 

0 . 4 0 4 1 

0 . 1 5 7 5 

•-O0I22O 

-0o194^ 

- 0 , 1 9 4 4 

-0 . -1220 

- 0 , 1 5 7 6 

^•0. 1310 

" 0 . 1 5 5 6 

- 0 . 1556 

-O.131O 

0 . 2 7 3 9 

- 0 . 2 1 8 6 

- 0 . 2 9 3 0 

0 . 1 7 5 0 

0 , 5 5 2 7 

- 0 . 0 0 0 0 

- 0 ^ 3 5 2 7 

-O0I750 

0 . 2 9 3 0 

0 . 2 1 P 6 

- 0 . 2 7 4 0 

" 0 . 2 5 1 8 

0 . 0 2 1 6 

0 . 2 0 7 0 

" 0 . 2 0 7 0 

- -0 .0216 

O . 2 5 I 8 

- 0 . 1 5 6 2 

- 0 . 0 7 2 4 

O0O724 

0 , 1 5 6 2 
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Table IV.3 con t inued . 

ji-tomic Energy l e v e l s ( energy fealues i n r..u i n TO-rrn taes is ) 

Center ^^^^^^^^^^^ 14-(=-2,C894) 15(-1o725"i) 

14 

15 

16 

17 

18 

19 

2C 

21 

2? 

23 

2^ 

25 

26 

27 

30 

31 

32 

33 

3^ 

35 

36 

Oo0798 

-0o2974 

-0o1596 

0^2763 

0=0657 

-0„3872 

0=0657 

0o2563 

-Co 1596 

-C=2974 

0„0793 

0.3C6S 

0=071C 

"0=2807 

"0=2807 

0=0710 

0=3068 

"0=1577 

0.0987 

0,0987 

"0„1577 

-0=2324 

-0.1160 

0=1873 

"OoC295 

-0=1981 

-OcOOOO 

0=1981 

0=0295 

-0=1873 

0=1160 

0=2324 

-0=2^57 

-0=2476 

J=4199 

-̂-0 = 4199 

0.2476 

0=2957 

-0=1336 

0 = 1200 

'̂ 0 = 1200 

0=1336 

0=2817 

-0=0306 

-0o2662 

0=2339 

0=0961 

-Co2513 

0=0061 

0=2339 

-0=2662 

-O0O3O6 

0«28:17 

^0=19^3 

•-0 = 2642 

0=3716 

0=3716 

-0=2642 

"0 = 19̂ i-2 

0=0840 

-0=0249 

-0=0249 

0,0840 
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Table IV.3 continued. 

Atomic Energy levels (energy values in {̂ .iUiiji'raî anthesis) 

center ^5(„0o0196) 17(0o^08S) 16(0= 6186) 

14-

15 

16 

17 

18 

19 

20 

21 

22 

23 

2 ^ 

25 

26 

27 

30 

31 

32 

33 

34-

35 

36 

-O0I225 

0 c 2944 

O0OCO8 

-~0o257^ 

Oo3G75 

OoOOOO 

-Oo3B75 

Oo2573 

"0=0008 

-Oo 294-4 

0 . 1 2 2 5 

O 0 I 5 I O 

- 0 c 2 6 2 0 

0o2C67 

" 0 , 2 0 6 7 

G 0 2 6 2 0 

~0„1510 

0„0510 

- 0 o 2 1 2 3 

0 , 2 1 2 3 

-O0O5IO 

0 . 0 3 5 8 

-0=3182 

0»2888 

-O0I474 

=-0o0838 

O 0 I I 9 4 

-Oc083& 

- 0 0 1 4 7 4 

0o2888 

-0„3'182 

OoU358 

0o2825 

- 0 = 34-24 

0=2415 

0=2415 

--0=3^24 

0=2825 

- 0 , 0 9 2 2 

0=1196 

0=1195 

-0=0922 

--O0O232 

- 0 = 1901 

0=3438 

-0=3654 

0 = 2443 

0,0000 

- 0 = 2 4 4 3 

0 . 3 6 5 4 

-0=3438 

0 = 1901 

0=0233 

-0=2356 

0=2501 

- 0 = 1 6 6 8 

0=1668 

-0=2501 

0=2356 

-0=0760 

-0=0171 

0=0171 

0 = (?760 
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Table IV.3 continued. 

t̂ tc-ic Energy levels (energy values in a.u.in pa rant he sis) 

center ^9(^^3032) 20(1=8369) 21 (1,8422) 

14 0,1027 -0,3519 0,3389 

15 =-0,1004 0,3̂ 461 -0,3340 

16 0 , 2 0 5 4 -^0,2085 0 , 1 4 1 3 

17 - 0 , 3 1 4 1 0 , 1 0 4 1 0 , 0 1 6 9 

18 0 , 4 5 3 4 0 , 6 0 5 6 - 0 , 1 Q 4 8 

19 -0=4621 - 0 , 0 0 0 0 0 , 2 0 1 2 

20 0 , 4 5 3 4 - 0 , 0 0 5 7 - 0 . 1 9 4 8 

21 - 0 , 3 1 4 1 - 0 , 1 0 4 1 0=0169 

22 0 , 2 0 4 5 0 , 2 0 8 5 0 , 1 4 1 4 

23 - 0 = 1004 - 0 = 3^^61 - 0 , 3 3 4 0 

24 0 , 1 0 2 7 0 , 3 5 1 8 0 , 3 3 8 9 

25 - 0 , 1 0 5 0 - 0 , 3 4 7 6 - 0 „ 3 3 1 6 

26 0 , 0 6 7 9 0 , 2 2 3 0 0 . 2 1 2 5 

27 - 0 ^ 0 3 5 0 - 0 , 1 1 4 9 - 0 , 1 0 9 7 

30 - 0 , 0 3 5 0 0 , 1 1 4 9 - 0 , 1 0 0 7 

31 0.0679 -0,2230 0,2125 

32 - 0 , 1 0 5 0 0 , 3 4 7 7 - 0 . 3 3 1 6 

33 0=0301 - 0 , 0 9 9 2 0 , 0 9 4 2 

3-+ - 0 , 0 9 4 1 - 0 , 0 9 1 8 0 , 1 3 8 3 

35 - 0 . 0 9 4 1 0 , 0 9 1 8 0 , 1 3 8 4 

36 0 , 0 3 0 1 0 , 0 9 9 2 0 , 0 9 4 2 
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Table IV.if 

LCAO coefficients in the CNDO/2 v/ave function for Tetra-

dehydro Corrin monoanion. 

(The highest ten occupied levels and the lowest ten vacant 

levels are listed here),. 

Energy value ( l e v e l ) 

-0.3370(46) H(1S) 

G{2i6) 

N(2S) 

C(2P^) 

N(2Py) 

C(2?y) 

N(2Py) 

C(2P^) 

1^(2?^) 

Atomic o r b i t a l c o e f f i c i e n t s 

0 . 0 0 6 3 

0 . 0 1 2 0 

0 , 0 0 7 8 

0 . 0 0 2 2 

- 0 . 0 0 0 0 

- 0 . 0 0 2 2 

- 0 , 0 0 9 7 

0 , 0 0 6 9 

0 , 0 1 8 9 

G.OOOO 

-Oo0189 

0 , 0 0 6 7 

0 , 0 1 9 4 

- 0 . 0 0 9 0 

- 0 . 0 1 9 8 

- 0 . 0 0 9 0 

- 0 1 0 1 

- 0 , 0 2 2 9 

0 . 1 4 6 6 

0 . 2 5 7 8 

0 , 1 1 6 6 

0 . 0 2 9 1 

0 . 2 8 5 9 

- 0 , 0 0 7 3 

0 , 0 1 6 2 

- 0 , 0 1 6 2 

- 0 . 0 0 2 1 

- 0 , 0 0 4 8 

0„0007 

- 0 . 0 0 0 4 

- 0 . 0 0 3 4 

- 0 , 0 2 2 5 

0 . 0 0 7 2 

0 . 0 1 8 9 

- 0 . 0 0 6 2 

0 , 0 0 9 2 

0 .0081 

0 . 0 1 8 5 

O0OI35 

O0OO7I 

- 0 . 0 0 7 1 

- 0 . 0 1 7 1 

0 . 1 2 5 4 

0 , 1 5 3 5 

- 0 . 3 1 3 8 

0 . 1 3 7 6 

0 . 0 0 0 0 

- 0 , 0 0 7 8 

- 0 , 0 1 2 0 

- 0 , 0 0 5 8 

- 0 , 0 0 7 1 

- 0 , 0 0 9 0 

0 , 0 0 9 0 

0 , 0 0 3 4 

0 . 0 1 1 0 

0 , 0 0 8 5 

- 0 , 0 1 8 5 

0 , 0 1 8 5 

- 0 , 0 0 9 2 

0 , 0 0 7 4 

- 0 , 0 1 0 0 

- 0 , 0 1 0 1 

- 0 , 0 1 0 1 

- 0 , 0 0 7 1 

- 0 . 3 0 7 8 

- 0 , 2 4 8 5 

- 0 , 2 2 7 7 

- 0 , 2 2 7 7 

0 , 1 3 7 6 

0 , 0 0 7 3 

- 0 , 0 1 2 9 

-

0 ,0071 

0 , 0 0 5 8 

- 0 , 0 0 0 4 

- 0 , 0 0 0 7 

- 0 . 0 0 6 9 

- 0 . 0 0 8 5 

- 0 , 0 1 1 0 

0 , 0 0 6 2 

- 0 , 0 1 8 9 

- 0 , 0 1 9 4 

- 0 . 0 1 0 0 

0 , 0 0 7 4 

0 . 0 0 7 1 

0 , 0 1 3 5 

- 0 . 0 2 2 9 

- 0 , 2 4 8 5 

- 0 , 3 0 7 8 

- 0 , 3 1 3 8 

0 . 1 5 3 5 

0 , 2 8 5 9 

- 0 . 0 0 6 3 

0 . 0 1 2 9 

-

0 , 0 0 4 8 

0 , 0 0 2 1 

0 , 0 0 9 7 

-

_ 

- 0 . 0 0 7 2 

0 , 0 2 2 5 

0 , 0 0 6 7 

-

-

0 , 0 1 8 5 

0 ,0081 

- 0 , 0 1 0 1 

„ 

-

0 . 1 2 5 4 

- 0 . 0 1 7 1 

0 , 0 2 9 1 

-

^ 
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Table IV.4 continuedo 

Energy value (leve! 

-0„3318(47) H(1S) 

C(2S) 

N(2.S) 

C(2P^) 

N(2P^) 

c(2ry) 

N(2Py) 

C(2P^) 

K(2P ) 

I) Atomic orbit 

-O0O77O 

-0..2058 

-O0O332 

O0O27I 

-0,0730 

O0O27I 

0=0210 

0=0820 

O0O647 

0 = 2001 

0o05^7 

~Oo0529 

O0I717 

-0»1608 

-0.0000 

0,1608 

0.1051 

-Oo2737 

-O0O339 

"OoOOOO 

O0O339 

-0.0^08 

-0,0^97 

0.0105 

-0.05^0 

-0.05^0 

-000242 

-0.0C32 

"O0OI52 

O0O7IO 

0o9453 

•"Oo07?2 

"0,1227 

-0,0132 

0,0785 

0,0785 

0,2272 

-0.0764 

"0,1873 

"0,07^2 

-0.2713 

-0,0250 

-0,0156 

O0OO24 

0,0620 

0,0094 

al coeffi 

0,1950 

-0,0332 

-0,2058 

0.0089 

0.03^0 

0,0409 

0,0409 

0,0453 

-0,0326 

-0,0245 

0,0884 

0,0884 

0,0785 

-0.0512 

-0.0128 

0,0301 

-0,0301 

0,2713 

0.0153 

-0,0304 

-0,0827 

0,0827 

0,0094 

cients 

0,0105 

-0,0495 

-

0,0340 

0.0089 

0,0710 

-0.0152 

0,0820 

-0,0245 

-0,0326 

0,0785 

-0,0132 

0,1717 

0,0128 

0,0512 

0,0742 

0,1673 

0,2737 

0,0304 

-O0OI53 

-0,0620 

-0,0024 

0,0497 

-O0O77O 

-0,0495 

-

-0,0032 

-0.0242 

-0,0210 

-

-

-0,1227 

-0,0772 

-0,0529 

-

_ 

0,0764 

-0,2272 

-0,1051 

-

-

0,0136 

0,0250 

0,0408 

-

-
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Table IV.4 continued 

Energy value (level) Atomic orbital coefricients 

-C3099(48) H(1S) -0c0068 0„0429 OoOOOO -0.0429 O0OO68 

"0c0946 --0 0 0959 -O0O636 -O0O205 0.0205 

O0O636 0 . 0 9 5 9 0 . 0 9 4 6 

C(2S) 0 . 0 0 9 1 O0O213 Oc0167 - 0 . 0 5 8 0 - 0 . 0 1 3 1 

- 0 . 0 0 0 0 0 . 0 1 3 1 0 . 0 5 8 0 - 0 . 0 1 6 7 - 0 . 0 2 1 3 

-0=0091 - 0 . 0 4 2 3 0 . 0 9 4 4 0 . 0 7 7 4 - 0 , 0 2 7 5 

0 . 0 2 7 5 -O0O774 - 0 . 0 9 4 4 0 . 0 4 2 3 

N(2S) - 0 . 1 5 9 1 - 0 . 0 1 1 4 0 , 0 1 1 4 0 . 1 5 9 1 

C(2P^) - 0 . 1 1 1 1 0 . 1 1 0 3 - 0 . 0 2 7 3 0„0569 0 . 0 2 3 4 

0 . 0 0 0 0 - 0 . 0 2 3 4 - 0 . 0 5 6 9 0 . 0 2 7 3 - 0 . 1 1 0 3 

0 . 1 1 1 1 - 0 . 1 1 2 9 0 . 1 3 6 9 0 . 0 9 5 9 - 0 , 1 6 5 3 

0 , 1 6 5 3 -O0O939 - 0 . 1 3 6 9 0 . 1 1 2 9 

N(2P^) - 0 . 3 9 5 7 0 .0C48 -0.00^8 0 . 3 9 5 7 -

C ( 2 r y ) 0 . 0 4 8 9 - 0 . 1 0 2 2 - 0 . 0 1 4 2 0 , 0 7 0 8 - 0 . 1 1 5 0 

0 , 1 3 1 4 - 0 , 1 1 4 6 O.O7O8 - 0 . 0 1 4 2 - 0 , 1 0 2 2 

0 . 0 4 8 9 - 0 , 1 5 2 7 0 , 0 7 7 4 0 , 0 6 1 8 0 , 0 3 8 9 

0 , 0 3 8 9 0 . 0 6 1 8 0 , 0 7 7 4 - 0 . 1 5 2 7 

N(2Py.) 0 . 2 7 8 7 0 . 1 2 3 5 0 . 1 2 3 5 0 , 2 7 8 7 -

C(2P^) 0 . 0 2 7 7 0 . 0 1 6 6 - 0 . 0 4 5 3 - 0 . 0 4 2 2 O . O I I 5 

0 . 0 2 2 8 0 . 0 1 1 5 - 0 , 0 4 6 6 - 0 . 0 4 5 3 0 . 0 1 6 6 

0 . 0 2 7 7 0 , 0 0 6 7 - 0 , 0 0 6 7 - 0 . 0 1 0 6 - 0 . 0 0 6 5 

- 0 . 0 0 6 5 - 0 . 0 1 0 6 - 0 , 0 0 6 7 0 . 0 0 6 7 

N(2P ) "•^•"^223 0 , 0 3 4 2 0 . 0 5 4 2 - 0 , 0 2 2 3 
Z ' 
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Table IV.^ continued 

Energy value (level) Atomic orbita 

-0,3057{^3) H(1S) 0.0149 

0.0500 

-0,0178 

G(2S) 0,0057 

0.0119 

0.0057 

0.0954 

N(2S) -0.0119 

C(2P^)-0.0150 

-0.0050 

-0.0150 

-0.0044 

N(2P^)-0.0703 

G(2Py) 0,0145 

-0.0000 

-0.0145 

-0.0654 

NC2P )0„0492 

C(2P2)0,0389 

-0.0000 

-0.0389 

-0.2637 

N(2P^0,4098 

0c0179 

0.0260 

0.0260 

O0O26O 

O0OO52 

O0OOI6 

O0OO44 

0c0047 

-0.0219 

0.0130 

-0.0189 

0.0224 

0,0160 

0,0422 

-0.0388 

0,0098 

0.0431 

-0c0087 

0,0636 

0,0302 

0,0255 

0.0091 

0,2536 

1 coefficients 

0.0061 

-0.0178 

0,0300 

-0.0101 

-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 

-0.0030 

0,0075 

0,0166 

-0,3692 

0,3592 

0,0151 

0.0179 

-0.1383 

-

-0,0158 

-0,0101 

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 

•rO.2563. 

-0.0091 

0,4098 

0.0149 

-0.1583 

-

0.0016 

0.0052 

0.0954 

-

-

-0.0189 

0,0130 

-0.0044 

-

-

-0.0098 

0,0388 

0,0654 

-

-

-0.0255 

-0,0302 

-0J2637 

-

" 
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T a b l e I V , 4 

Energy v a l u e ( l e Y e l ) Atomic o r b i t a l c o e f f i c i e n t s 

Y 

- 0 . 2 7 0 7 ( 5 0 ) H(1S) - 0 . 0 6 9 1 - 0 . 0 7 6 2 -0.1^1-33 - 0 . 0 7 6 2 - 0 . 0 6 9 1 

-0,0265 O0OI87 O0OO55 0.0225 0.0225 

0.0055 O0OI87 -0,0265 

G(2S) -0.02^8 -0.055-4- 0.0940 0.0724 -0.0494 

-0o0364 -0.0494 O0O724 0,0940 -0.0554 

-0«0248 0.0324 -0.0346 -0,0086 0.0214 

0,02-14 -0.0086 -0.0346 0,0324 

N(2S) -0.0685 0,1763 0,1763 -0,0685 

C(2P^)-0»0974 0,0887 "0.1107 -0,0740 0,2129 

-0.0646 0,2129 -0,0740 -0,1107 0,0887 

-0.0974 0.0747 -0.0549 -0,0106 Q,0497 

0,0497 -0,0106 -0,0549 0,0747 

N(2P^) -0,1047 -0.3750 -0.3730 -0,1047 

C(2Py) -0,0045 -0,1281 -0,9926 -0,0913 -0.0015 

0,0000 -O0OOI5 0,0913 0,0926 -0,1281 

0,0045 0,e045 -0,0150 -0,0209 -0.0200 

0 , 0 2 0 0 0 , 0 2 0 9 0 , 0 1 5 0 - 0 , 0 0 4 5 

]\T(2P ) 0 , 0 6 7 1 - 0 , 3 0 9 0 0 . 3 0 9 0 - 0 , 0 6 7 1 

G(ZP) 0 , 0 2 3 6 0 , 0 4 9 0 - 0 , 0 8 1 6 - 0 . 0 8 7 5 O0O29O z 

0 , 0 0 0 0 - 0 , 0 2 9 0 0 , 0 8 7 5 0 , 0 8 1 6 - 0 , 0 4 9 0 

- 0 , 0 2 3 6 O0O372 - 0 , 0 1 1 2 - 0 , 0 3 9 7 - 0 , 0 0 3 3 

0 , 0 0 3 3 0 . 0 3 9 7 0 , 0 1 1 2 - 0 , 0 3 7 2 

N ( 2 P „ ) - 0 o 0 7 0 2 0 , 1 1 1 1 - 0 , 1 1 1 1 0 , 0 7 0 2 
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Table IV.Zf continued< 

Energy value (leve! 

-0.2691(51) H(1S) 

C(2S) 

K(2S) 

0(2P^) 

NC2P^) 

G(2Py) 

N(2Py) 

C(2P^) 

N(2P^) 

1) Atomic orbital 

-0„0036 

OoOOil-7 

-0.0056 

-0,0050 

-OoOOOO 

0,0060 

-0o0126 

0.0057 

0,0072 

-0.0000 

-O0OO72 

~0o0229 

O0O437 

0.0018 

-0«0205 

0.0018 

-0.0166 

-0.0060 

O0IO95 

-0.0745 

0.1095 

0.0588 

-0.3036 

-0.0089 

0.0115 

-O0OII5 

-0.0092 

0.0067 

-0.0028 

-0o0C26 

0=0187 

-0.0031 

-0.0007 

0.0086 

O0OOO3 

-0,0293 

0.0207 

0,0185 

O0OO59 

0.0090 

-0,0375 

0,2388 

"0,0033 

-0,1969 

0,1969 

0,3^26 

coefficients 

-0.0000 

0.0056 

-0.0047 

0.0039 

-0.0121 

-0,0100 

0,0100 

-0,0187 

-0.0064 

0,0106 

-0.0094 

0.0094 

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 

-0,0039 

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 

0,0031 

0,0229 

-

-

0.0185 

0.9207 

-0.0166 

-

-

-0.0033 

0.2388 

0,0588 

-

-
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Table IV. it- continued, 

Energy value ( l eve l ) 

-0»2651(52) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

N(2P^) 

C(2P^) 

N(2Py) 

C(2P^) 

N(2P^) 

j i t o m i c 

•Oo0169 

O0OI27 

-O0OOI5 

0 . 0 0 4 7 

0 . 0 0 8 4 

0 , 0 0 4 7 

- 0 , 0 3 5 7 

0 . 0 2 4 9 

0 , 0 3 0 1 

Oc0172 

O0O3OI 

- 0 , 0 1 7 8 

0 . 0 5 1 0 

0 , 0 0 0 1 

-OoOOOO 

--0,0001 

0 , 0 1 4 7 

0 . 0 3 1 1 

0 , 0 1 1 6 

"OoOOOO 

0 , 0 1 1 6 

0 . 0 8 0 0 

- 0 . 0 5 3 9 

o r b i t a l 

0 , 0 1 8 0 

- 0 , 0 1 1 5 

0 , 0 1 1 5 

0 . 0 1 5 0 

0 . 0 1 3 6 

- 0 „ 0 1 1 3 

- 0 , 0 0 1 0 

'-O0O458 

- 0 , 0 2 6 5 

- 0 , 0 5 4 0 

- 0 , 0 2 6 5 

- 0 , 0 0 1 3 

0 , 0 9 6 1 

- 0 , 0 2 9 8 

- 0 , 0 0 0 8 

- 0 , 0 1 1 6 

- 0 , 0 0 1 6 

0 , 0 7 6 3 

0 , 1 0 5 9 

- 0 , 1 8 1 7 

0 , 1 1 2 9 

0 , 0 3 3 5 

0 , 4 5 3 8 

c o e f f i c i e n t s 

0 , 0 3 7 1 

0 , 0 0 1 5 

0 , 0 0 2 7 

- 0 , 0 2 4 4 

- 0 . 0 1 7 4 

0 , 0 1 2 0 

0 , 0 1 2 0 

0 , 0 4 5 8 

0 , 0 2 9 8 

0 , 0 1 7 0 

0 , 0 2 3 8 

0 , 0 2 3 9 

0 , 0 9 6 1 

0 , 0 2 3 1 

- 0 , 0 2 3 2 

0 „ 0 0 4 8 

0 , 0 0 4 8 

- 0 , 0 7 6 5 

- 0 , 3 2 2 6 

0 , 2 7 9 4 

0 , 0 3 4 6 

- 0 , 0 3 4 6 

- 0 , 4 5 3 8 

0 , 0 1 8 0 

0 , 0 0 9 7 

-

- 0 . 0 1 7 4 

- 0 , 0 2 4 4 

0 , 0 0 1 0 

- 0 , 0 1 1 3 

0 . 0 2 4 9 

0 , 0 1 7 1 

0 , 0 2 9 9 

- 0 , 0 0 1 3 

- 0 , 0 2 6 0 

0 , 0 5 1 0 

0 , 0 2 3 2 

- 0 , 0 2 3 1 

0 , 0 0 1 6 

0 , 0 1 1 6 

0 , 0 3 1 1 

- 0 , 2 7 9 4 

0 , 3 2 2 6 

- 0 , 0 8 3 5 

- 0 , 1 1 2 9 

o^5"3^' 

0,0169 

0.0397 

-

0,0136 

0.0150 

-0.0357 

-

-

-0,0549 

-0,0265 

-0,0178 

-

-

0,0008 

0.0298 

-0,0147 

-

-

0,181'7 

-0,1059 

-0,0800 

-

-
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Table IV,if cont inued^ 

Energy va lue ( l e v e l ) Atomic o r b i t 

"0„2459(53) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

N(2P,J 

G(2Py) 

N(2Py) 

C(2P^) 

^(2-P^) 

-O0OAL58 

. 0 . 0 6 0 9 

0 , 0 1 4 4 

-OoOO^V 

-OoOOOO 

0 . 0 0 7 7 

O0O23I 

- 0 „ 0 6 5 6 

~-0o0647 

- 0 , 0 0 0 0 

0 , 0 6 4 7 

0 , 0 6 6 7 

- 0 . 1 2 4 0 

••-O0O324 

- 0 , 1 5 8 8 

- 0 , 0 3 2 4 

0 , 0 1 5 9 

- 0 , 3 7 2 0 

- 0 , 0 1 9 4 

0 , 0 1 3 1 

- 0 . 0 0 0 3 

- 0 , 0 1 4 5 

0 . 0 1 2 1 

- 0 , 0 6 5 3 

- 0 , 0 1 9 0 

0 , 0 1 0 0 

- 0 , 0 9 0 9 

0 , 0 8 7 2 

^-0,0369 

" 0 , 0 1 5 8 

0o2105 

0 , 0 3 9 5 

- -0 ,1299 

- 0 , 0 6 5 5 

- 0 , 0 1 9 1 

- 0 , 3 2 2 4 

0 , 1 3 5 5 

0 , 1 3 6 8 

0 . 0 0 5 6 

0 , 0 3 2 3 

- 0 , 3 7 2 0 

0 , 0 0 9 6 

0 , 0 0 2 4 

0 . 0 2 2 3 

- 0 . 0 1 9 1 

- 0 . 0 2 8 9 

pi 

a l c o e f f i c i e n t s 

"0„0000 

- 0 , 1 0 4 4 

- 0 , 0 6 0 9 

0 , 0 6 7 3 

- 0 , 1 0 1 6 

0 , 0 2 9 2 

O0O292 

- 0 , 2 1 0 5 

- 0 , 1 1 1 8 

0 , 0 7 7 7 

0 , 0 4 3 0 

- 0 , 0 4 3 0 

0 , 3 2 2 4 

- 0 , 0 5 7 0 

- 0 . 1 4 4 5 

0 , 0 1 0 2 

0 , 0 1 0 2 

0 , 0 4 5 0 

0 , 0 1 9 4 

0 , 0 1 9 4 

0 . 0 0 2 1 

0 , 0 0 2 1 

- 0 , 0 2 8 9 

0 , 0 6 5 3 

-•0 ,0093 

-

0 . 1 0 1 6 

- 0 , 0 6 7 3 

0 , 0 1 5 8 

0 , 0 3 6 9 

0 , 0 6 5 6 

- 0 , 0 7 7 7 

O 0 I I I 8 

0 , 0 9 9 1 

0 , 0 6 5 5 

0 , 1 2 4 0 

- 0 . 1 4 4 5 

- 0 , 0 5 7 0 

0 . 0 3 2 3 

O0OO56 

- 0 , 0 0 0 3 

0 , 0 0 2 4 

0 , 0 0 9 5 

- 0 . 0 1 9 1 

0 . 0 2 2 3 

0 , 0 1 2 1 

0 , 0 4 5 8 

0 , 0 0 9 3 

-

- 0 , 0 8 7 2 

0 , 0 9 0 9 

- 0 . 0 2 3 1 

-

-

0 , 1 2 9 S 

- 0 , 0 3 9 5 

- 0 , 0 6 6 7 

-

0 , 1 5 6 8 

0 , 1 8 5 5 

0 , 0 1 5 9 

C.O450-

-

- 0 . 0 1 9 4 

- 0 , 0 1 4 5 

-
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Table IV,4 contin ued 

Energy value (level) Atomic orbital coefficients' 

-0.2030(54) H(1S) -0,0015 

O0OO37 

C(2S) 

N(2S) 

-O0OO96 

0„0040 

-0.0003 

0.0040 

0 . 0 8 1 9 

-O0OIIO 

C(2P^) -O0OI24 

-O0OO25 

- 0 . 0 1 2 4 

0 , 0 0 8 8 

N(2P^) - 0 , 0559 

C(2P ) - 0 » 0 0 1 3 

-OoOOOO 

000013 

- 0 , 0 4 8 6 

N(2P ) O0OI94 

C(2P^) - 0 o 2 1 1 6 

"OoOOOO 

0 , 2 1 1 6 

- 0 . 2 2 6 4 

N(2P„) 0 , 1 9 6 7 

- 0 , 0 0 1 1 

0 , 0 1 5 1 

0 . 0 1 5 1 

- 0 , 0 0 3 9 

- 0 , 0 0 3 2 

0 , 0 0 4 0 

0 , 0 1 5 4 

0 , 0 0 7 9 

0 , 0 0 8 1 

0 , 0 0 8 3 

0 . 0 1 4 5 

0 . 0 1 6 0 

- 0 , 0 1 3 6 

0 , 0 0 1 0 

0 , 0 0 1 2 

0 , 0 1 7 8 

- 0 , 0 1 7 7 

- 0 , 0 0 8 9 

0 . 2 7 8 6 

- 0 , 2 7 7 2 

- 0 . 2 6 1 6 

- 0 , 1 7 4 4 

0 . 1 3 7 4 

- 0 . 0 0 5 3 

- 0 , 0 0 9 6 

0 . 0 0 3 7 

0 , 0 0 4 2 

0 , 0 0 1 3 

- 0 , 0 0 6 6 

- 0 . 0 0 6 6 

0,0079 

-0,0060 

-0.0007 

-O0OI9O 

- 0 . 0 1 9 0 

- 0 „ 0 1 3 6 

- 0 . 0 0 2 8 

0 . 0 0 3 2 

0 , 0 0 0 1 

- 0 , 0 0 0 1 

0 , 0 0 8 9 

- 0 , 0 4 3 5 

- 0 , 1 2 8 3 

" 0 , 1 6 3 5 

0 , 1 6 3 5 

- 0 , 1 3 7 4 

-0 .0011 - 0 . 0 0 1 5 

- 0 . 1 3 7 4 - 0 . 1 3 7 4 

0 . 0 0 1 3 

0 . 0 0 4 2 

O0OI54 

0 . 0 0 6 0 

- 0 , 0 1 1 0 

-0„0007 

-O0OO6O 

0 , 0 1 6 0 

0 . 0 1 4 5 

- 0 , 0 5 5 9 

- 0 . 0 0 3 2 

0 , 0 0 2 8 

0 , 0 1 7 7 

"0 ,0178 

- 0 , 0 1 9 4 

0 , 1 2 8 3 

0 . 1 4 3 5 

0 , 1 7 4 4 

0 , 2 5 1 6 

- 0 . 1 9 6 7 

-0,0032 

-0,0039 

0,0819 

0.0083 

0.0081 

0,0088 

-0.0012 

-0.0010 

0.0486 

0,2772 

0,2786 

0,2264 
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Table IV.i(. continued. 

Energy value (level) Ato: 

-0,1101(55) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

N(2P^) 

C(2Py) 

N(2Py) 

C(2P^) 

N(2P^) 

Oc0003 

-0.0038 

0„0005 

-O0OO5O 

-OoOOOO 

0„0050 

-000108 

-0,0042 

0„0072 

-0=0000 

-0,0072 

-000121 

Oc0287 

0.0045 

0,0004 

0^0045 

-O0O255 

O0OO72 

0„3613 

0o4473 

0 = 5613 

0.0772 

-0,2592 

fflic orbital coeffi 

-0,0000 -OoOOOO 

0,0113 

-0,0113 

0,0006 

-0,0012 

-0,0051 

-0,1035 

-0,0019 

-0,0014 

0,0014 

0,0074 

-0,0116 

0,0024 

"0,0007 

-0,0002 

-0,0043 

0,0205 

0,0030 

0,0388 

0,0099 

-0,0218 

0.0207 

-0,4195 

-0,0005 

0,0038 

-0,0015 

0,0003 

-0,0090 

0.0090 

0,0019 

0,0021 

-0,0000 

-0,0044 

0,0044 

-0,0024 

0,0007 

0,0010 

-0,0058 

-0,0058 

0,0030 

-0,0205 

-0,0440 

-0,0854 

-0,0854 

-0,4195 

cients^ 

0,0000 

-0.0715 

-

-0,0003 

0,0015 

0=0135 

0,0051 

0,0042 

0.0000 

-0.0021 

0,0116 

-0,0074 

-0.0287 

0,0010 

0,0007 

0,0205 

-0,0043 

0.0072 

-0,0440 

-0,0205 

0,0207 

-O0O2I8 

-0,2592 

-0,0003 

0,0715 

-

0.0012 

-0.0006 

0,0108 

-

-

-0,0014 

0,0014 

0.0121 

-

-

-0.0001 

-0,0007 

-0,0255 

-

-

0,0099 

0,0388 

0,0772 

-

— 

/Z)/>-5"^^ 
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Table IV,If con t inued . 

E n e r g y - v a l u - e ' ( l e v e l ) Atomic o r b i t a l ' c o e f f i c i e n t s ^ 

O o l 4 5 i . 5 6 ) H(1S) 

C(2S) 

W(2S) 

G(2p^) 

N(2P^) 

C(2Py) 

N(2Py) 

G(2P^) 

N(2P 

- 0 , 0 0 0 1 

- 0 . 0 0 0 1 

-0,0062 

0^0029 

OoOOOO 

000029 

OoOil-11 

-O.OOOA-

-O0OO4O 

- 0 , 0 0 0 0 

"000040 

0»0063 

-O0O222 

-O0OOI7 

OoOOOO 

000017 

- 0 . 0 2 3 8 

0c00C3 

-Oo3609 

OoOOOO 

Oo3509 

-O0O986 

) 0o2182 

- 0 , 0 0 0 0 

O0OO88 

0.0068 

- 0 « 0 0 0 8 

-O0OOO7 

0 . 0 0 1 8 

0 . 0 1 6 3 

0 . 0 0 1 4 

O0OOI5 

0 . 0 0 1 2 

0 . 0 0 3 0 

O0OIO7 

" 0 . 0 0 1 6 

-O0OOO2 

0 . 0 0 0 3 

0 . 0 0 5 1 

-O0OI7I 

- 0 . 0 C 1 4 

0 . 1 9 8 7 

0 . 2 8 4 9 

O0O5OI 

-Oc0334 

0 . 1 8 8 3 

- 0 , 0 0 0 7 

- 0 . 0 0 6 2 

-0,000^ 

0 , 0 0 0 9 

0 . 0 0 0 0 

- 0 . 0 0 4 6 

- 0 . 0 0 4 6 

0 . 0 0 1 4 

- 0 , 0 0 1 1 

0 , 0 0 0 1 

- 0 , 0 0 4 3 

- 0 , 0 0 4 3 

- 0 , 0 0 1 6 

- 0 . 0 0 0 4 

0 . 0 0 0 5 

0 , 0 0 2 4 

- 0 . 0 0 2 4 

0 . 0 0 1 4 

0 , 2 7 8 2 

0 , 2 1 4 5 

- 0 . 1 3 3 4 

0 . 1 3 3 ^ 

- 0 . 1 8 8 4 

- 0 , 0 0 0 0 

- 0 . 0 8 8 2 

-

0 , 0 0 0 0 

0 . 0 0 0 9 

0 . 0 1 6 3 

0 . 0 0 1 c 

- 0 . 0 0 0 4 

0 . 0 0 0 0 

- 0 . 0 0 1 2 

0 . 0 1 0 7 

0 . 0 0 3 0 

- 0 . 0 2 2 2 

- 0 , 0 0 0 4 

O0OOO4 

0 , 0 1 7 1 

- 0 , 0 0 5 1 

- 0 , 0 0 0 3 

- 0 . 2 1 4 5 

- 0 , 2 7 8 2 

0 , 0 3 3 4 

- 0 , 0 5 0 1 

- 0 . 2 1 8 2 

- 0 . 0 0 0 1 

- 0 . 0 8 8 2 

-

- 0 . 0 0 0 7 

- 0 . 0 0 0 8 

0 . 0 4 1 1 

-

-

0 , 0 0 1 2 

0 . 0 0 1 5 

0 , 0 0 6 3 

-

-

- 0 , 0 0 0 3 

0 .00C2 

0 . 0 2 3 8 

-

-

0 , 2 8 4 9 

- 0 , 1 9 8 7 

0 , 0 9 8 6 

-

— 
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Table IV;/+continued, 

Energy v a l u e ( l e v e 

0 » 2 0 6 2 ( 5 7 ) H(1S) 

G(2S) 

N(2S) • 

G(2P^) 

N(2P^) 

C(2Py) 

N(2Py) 

C ( 2 P J 
£-1 

^X2-S^)-

1) At 

O0OOOI 

-o„oo75 

OoOO^O 

--o„oi07 

-OcOOOO 

O0OI07 

0.014-7 

- 0 . 0 1 8 2 

0 . 0 1 1 5 

o.ocoo 

-0=0113 

- 0 „ 0 1 8 6 

Oe0433 

O0OO54 

0 . 0 0 0 1 

0 . 0 0 5 4 

0 . 0 5 8 5 

0 . 0 1 6 1 

0„1523 

- 0 . 3 6 1 6 

9o1523 

0 . 0 7 5 8 

"O.295I 

omic o r b i 

-O0OOOI 

0=0271 

- 0 . 0 2 7 1 

0=0004 

- 0 , 0 0 1 2 

"Oo0134-

- 0 , 0 3 9 4 

- 0 . 0 0 1 7 

- 0 , 0 0 0 9 

O0OCI2 

0 , 0 0 7 5 

- 0 , 0 2 9 8 

0 . 0 0 1 6 

-OoOOOC 

0=0001 

-O0OO94 

0 X 4 5 9 

0 , 0 0 2 3 

- 0 , 2 3 5 ' ^ 

0.1^:67 

0=1735 

- 0 , 2 0 0 7 

0 , 1 0 2 1 

t a l o o e f f i c i e n t s ^ 

OoOOOO 

--0.00i\-0 

0=0075 

- 0 = 0 0 1 6 

0 , 0 0 0 1 

-O0O219 

0=0219 

0 , 0 0 1 7 

0 , 0 0 1 9 

0 , 0 0 0 1 

0 . 0 0 0 2 

" 0 , 0 0 0 2 

-^0.0016 

0 . 0 0 0 6 

0 . 0 0 0 8 

»0=0046 

• -C, 0046 

0 . 0 0 2 3 

- 0 , 2 2 5 4 

0 , 2 8 4 9 

0 , 0 6 3 0 

0=0630 

0 . 1 0 2 1 

0 , 0 0 0 1 

-0=1451 

-

- 0 = 0001 • 

0 , 0 0 1 6 

0 , 0 3 9 4 

0.0134-

0 . 0 1 8 2 

"0=0001 

- 0 , 0 0 1 9 

0=0298 

- 0 , 0 0 7 5 

- 0 , 0 4 3 3 

0=0008 

0 , 0 0 0 6 

0 , 0 4 5 9 

- 0 , 0 0 9 4 

0 , 0 1 6 1 

0 , 2 8 4 9 

- 0 , 2 2 5 4 

-o,20C;7 

0.1 '755 

- 0 , 2 9 3 1 

- 0 , 0 0 0 1 

0 . 1 4 5 1 

-

0 . 0 0 1 2 

- 0 . 0 0 0 4 

- 0 , 0 1 4 7 

-

-

- 0 . 0 0 1 2 

0 , 0 0 0 9 

0 . 0 1 8 6 

-

., 

O0OOOI 

- 0 , 0 0 0 0 

- 0 . 0 5 8 6 

-

-

0 , 1 1 6 7 

-0 ,2354-

0 , 0 7 5 8 

-

— 
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Table IV.^ continuedo 

Energy value (level) Atomic orbital coefficients' 

0.2579(58) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

"0»0000 -O0OOO2 OoOOOO 

-O0OIOO 0..0370 -0„0082 

0c0082 -0„0370 OaOlOO 

-0c0148 O0OOO6 -O0OOI8 

-0.0000 -O0OOI3 -0.0002 

0c0148 -0„0193 -0.0289 

0=0366 - 0 . 0 5 4 3 0 . 0 2 8 9 

- 0 „ 0 2 8 1 - 0 . 0 0 1 4 0 , 0 0 1 4 

0 . 0 1 3 3 - 0 „ 0 0 0 5 0 . 0 0 1 6 

-0=0000 0 .0011 0=0001 

-Oc0133 0 . 0 0 7 1 0o0048 

- 0 . 0 1 6 7 - 0 . 9 3 8 0 - 0 . 0 C 4 8 

O0O5IO 0 .C006 - 0 . 0 0 0 6 

0 . 0 0 5 9 C.OOO7 0 . 0 0 0 6 

-COCCI 0 .00C2 CcCOOS 

0=0059 -0=0114 -C.CO32 

- 0 . 0 7 4 5 0 . 0 5 8 3 " C . 0 0 3 2 

F ( 2 P ) 0 . 0 2 1 0 0 .0C16 0 .0C16 

G(2P ) - 0 . 2 0 7 9 0 . 0 9 2 8 0 . 2 0 6 5 

0 . 1 9 8 4 - 0 , 0 8 0 4 - 0 . 2 0 9 5 

- 0 . 2 0 7 9 0 . 0 7 9 3 G . 3 I 8 8 

0 .C589 - 0 . 3 8 2 7 O . 3 I 8 8 

K(2P ) - 0 „ 1 5 9 8 0 . 0 1 2 8 0 . 0 1 2 8 
Z 

N(2P_^) 

C(2Py) 

0 . 0 0 0 2 

- 0 . 1 7 2 4 

Q.0002 

0 . 0 0 1 8 

0 . 0 5 4 3 

0 . 0 1 9 3 

0 , 0 2 8 1 

- 0 . 0 0 0 1 

- 0 . 0 0 1 6 

0 , 0 3 8 0 

-0 .0071 

-0,0510 

0,0008 

0.0006 

0=0583 

-C0CII4 

C.0210 

-0 .2C95 

0 . 2 0 6 5 

- 0 , 3 6 2 7 

0=0793 

-C.I 598 

0 . 0 0 0 0 

0 . 1 7 2 4 

O0OOI3 

- 0 . 0 0 0 6 

- 0 . 0 3 6 6 

-0 .0011 

0 . 0 0 0 5 

0 . 0 1 6 7 

0 . 0 0 0 2 

0 . 0 0 0 7 

-0 ,0745 

-C.0804 

0=0928 

0=0589 
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TablelV.if continued. 

E n e r g y v a l u e ( l e v e 

0 . 2 9 4 1 ( 5 9 ) H ( 1 S ) 

C ( 2 S ) 

N ( 2 S ) 

C ( 2 P ^ ) 

N ( 2 P ^ ) 

C ( 2 P y ) 

N ( 2 P y ) 

G ( 2 P ^ ) 

N ( 2 P 2 ) 

1 ) A to i 

- 0 . 0 0 0 1 

- 0 ^ 0 0 1 6 

- 0 , 0 3 3 5 

C o 0 0 9 9 

O0OOO5 

0 , 0 0 9 9 

O0IO53 

O0OI26 

-O0OO90 

O0OOO2 

- 0 - 0 0 9 0 

0 . 0 0 5 2 

-O0O6O8 

- 0 „ 0 0 5 8 

- 0 . 0 0 0 0 

0 » 0 0 5 8 

- 0 „ 0 6 2 6 

-0< ,0134 

O0O78O 

0 » 0 0 0 0 

- 0 . 0 7 8 0 

- 0 . 1 9 7 3 

0 » 2 8 4 9 

n i c o r b i t a l o o e f f i c i e n t s " ^ 

0 . 0 0 0 2 

0 . 0 3 1 4 

0 . 0 3 1 4 

-O0OO25 

- O c 0 0 1 7 

0 , 0 0 2 8 

OoG398 

0 . 0 0 2 4 

0 . 0 0 2 2 

0 c 0 0 1 9 

0 = 0 0 4 8 

0 . 0 2 3 2 

- 0 . 0 0 1 1 

-O0OOI3 , 

0 . 0 0 0 5 

O0OI24 

-0.0^^0 

-o,oci7 

0 0 0 2 5 5 

- 0 = 0 4 0 3 

0 . 1 1 5 1 

0 . 4 1 7 7 

- 0 0 0 5 9 0 

- 0 . 0 0 1 2 

- 0 . 0 3 3 5 

- 0 = 0 0 1 6 

0 . 0 0 2 0 

- 0 . 0 0 0 3 

- 0 . 0 1 6 9 

- 0 . 0 1 6 9 

0 . 0 0 2 4 

- 0 . 0 0 1 8 

0 . 0 0 0 2 

- 0 . 0 0 4 9 

-O0OO49 

- 0 , 0 0 1 1 

, - 0 . 0 0 0 8 

0 . 0 0 0 9 

O0OO9I 

- 0 . 0 0 9 1 

0 . 0 0 1 7 

- 0 . 0 6 1 0 

- 0 . 0 3 1 4 

0 . 2 7 9 3 

- 0 , 2 7 9 3 

0 . 0 5 9 0 

0 . 0 0 0 2 

- 0 , 2 6 1 7 

-

-O0OOO5 

0 . 0 0 2 0 

0 , 0 5 9 8 

0.0028 

0 . 0 1 2 6 

0 c 0 0 0 2 

- 0 . 0 0 1 8 

0 . 0 2 3 2 

0 , 0 0 4 8 

- 0 . 0 6 0 8 

- 0 . 0 0 0 9 

0 . 0 0 0 8 

0 , 0 5 5 0 

- 0 . 0 1 2 4 

0 . 0 1 3 4 

0 , 0 3 1 4 

0 , 0 6 1 0 

- 0 , 4 1 7 7 

- 0 . 1 1 5 1 

- 0 . 2 8 4 9 

- 0 . 0 0 0 1 

'/ 

-

- 0 . 0 0 1 7 

- 0 . 0 0 2 5 

0 . 1 0 5 3 

-

-

0 . 0 0 1 9 

0 . 0 0 2 2 

0 . 0 0 5 2 

-

-

- 0 . 0 0 0 5 

0 . 0 0 1 3 

0 , 0 6 2 6 

-

-

0 , 0 4 0 3 

- 0 , 0 2 5 5 

0 . 1 9 7 3 

-

*" 
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Table IV.1+ con t inued . 

Energy va lue ( leve 

0 ,367^(60) H(1S) 

C(2S) 

K(2S) 

C(2P^) 

N(2P^) 

C(2Py) 

K(2Py) 

C(2P^) 

N(2P^) 

a ) Ato 

- 0 . 0 0 1 6 

- 0 . 0 5 4 2 

0 . 1 2 2 9 

- 0 . 0 4 9 3 

-OcOOOO 

0 . 0 4 9 3 

0=3402 

- 0 . 0 8 5 6 

Go0274 

0 . 0 0 0 0 

-O0O274 

- 0 . 0 9 3 0 

O0I I99 

- 0 . 0 1 2 1 

- 0 . 0 0 2 0 

- 0 . 0 1 2 1 

- 0 , 1 3 2 4 

0 . 0 4 4 2 

- 0 . 0 0 5 4 

0 . 0 0 7 7 

- 0 , 0 0 5 4 

- 0 . 2 2 6 4 

0 . 0 8 1 8 

mic o r b i t . 

0 . 0 0 3 2 

0 . 1 9 2 1 

- 0 . 1 9 2 1 

- 0 . 0 0 4 0 

- 0 . 0 0 4 1 

- 0 , 0 2 1 5 

- 0 . 2 8 3 3 

- 0 , 0 0 6 8 

0 , 0 0 0 2 

0 , 0 0 4 1 

- 0 . 0 3 2 5 

- 0 . 0 5 3 0 

0 , 0 0 0 8 

- 0 . 0 C 1 8 

- 0 , 0 0 0 2 

- 0 . 0 3 7 7 

0 . 1 2 7 0 

- 0 , 0 0 1 8 

- 0 . 0 0 9 5 

- 0 , 0 0 4 0 

0 . 0 2 0 9 

0 . 1 4 9 7 

0 . 0 0 5 9 

Pi 

d.1 coeff iisrients 

0,0000 

-0 ,1229 

0 .0542 

0 .0024 

0 ,0016 

-0 ,1910 

0,1910 

0 ,0068 

-0 ,0029 

O.OUI7 

-0 .0690 

-0 ,0690 

- 0 . 0 0 0 8 

- 0 . 0 0 0 4 

-0 ,0000 

0,0405 

0,0405 

-0 .0018 

0 .0154 

- 0 . 0 1 0 7 

- 0 . 1 0 3 4 

- 0 . 1 0 3 4 

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,Q107 

0.0154 

0.0497 

0,0209 

0,0818 

0,0016 

0.1973 

-

0.0041 

0,0040 

-0 .3402 

-

-

-0 .0041 

-0 .0002 

0,0930 

-

-

0.0002 

-0 ,0018 

-0 .1324 

-

-

-0 .0040 

-0 .0095 

-0 .2264 

-
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(Table IV.^ continued, 

energy value (level) Atomic orbital coefficients a 

0o5912(61) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

M(2P^) 

C(2Py) 

N(2Py) 

C(2P^) 

N(2P^) 

-OcOOO? 

-0.0004 

0o2351 

0,0255 

0,0002 

O0O255 

0,057-1 

0,0049 

-0.0168 

-0,0005 

-0.0168 

-0c0652 

0,0257 

-0,0141 

OoOOOO 

0.0141 

0,0626 

0,0005 

-0.0289 

0,0000 

0,0289 

-O0O305 

-0,1610 

0,0087 

-O0O5O8 

-O.O5O8 

-0,0132 

0,0001 

-0,0623 

-0,2381 

-0,0026 

0,0052 

-0,0006 

0,0267 

0,1156 

-0,0005 

-0,0071 

-0.0002 

0,0036 

0,0310 

0,0017 

-0,2113 

0,1235 

-0,5024 

0,1556 

O0I929 

0=0004 

0.2351 

-0,0004 

0,0091 

~0o0068 

0,1021 

0.1021 

-0,0026 

-0, 0069 

-0,0035 

-O0O52I 

-0,0321 

-0,0005 

-0,0035 

0,0032 

0,0106 

-0,0186 

0.0017 

0,1642 

O0O454 

0,2567 

-0,2567 

-0,1929 

0,0087 

0.0232 

-0,0068 

0,0091 

-0,2381 

-0,0623 

0.0049 

-0,0035 

-0,0069 

0,1156 

0,0267 

0,0257 

-0,0032 

0,0035 

-0,0310 

-0.0C36 

-0.0002 

-0,0452 

-0,1642 

-0,1556 

0,3024 

0,1610 

-O0OOO7 

0,0232 

0,0001 

-0.0132 

0,0571 

-0.0006 

0,0052 

-0,0632 

0.0002 

O0OO7I 

-0,0626 

^0,1235 

0,2113 

0,0304 
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Table IV.^ continued, 

Energy value (lev( 

Oo39^^(62) H(1S) 

C(2S) 

N(2S) 

C(2P^) 

N(2P^) 

C(2Py) 

W(2P ) 

C(2P^) 

N(2P^) 

Dl) At 

O0OOI9 

-O0OO76 

-0,3677 

-0„033^ 

O0OOO5 

-0«033^ 

-0.0899 

0.0201 

0.02^2 

O0OOO9 

0c0242 

0.0552 

-0«0520 

0.0257 

0.0000 

-O0O257 

-0.0709 

0,0030 

-O0OI57 

0.0000 

O0OI57 

0.0537 

-0.1^2 

omic orbi 

-0.01^7 

O0O222 

O0O222 

0,0213 

-0,0006 

0,0781 

0,3323 

0,00^7 

-0,0075 

0.0013 

-0.0383 

-0.2059 

O0OOO9 

0,0116 

0,0003 

-0,0^32 

-0,0290 

0,0036 

-0,1530 

0.0878 

-0,2096 

0.0633 

0,1378 

tal coeff 

-0,0015 

-0,3677 

-0,0076 

-0,0158 

0,0115 

-0,1140 

-0,1140 

0c0047 

0,0116 

0.0060 

0.0358 

0,0358 

0.0009 

O0OC55 

-0,0054 

"O0O583 

0,0583 

-0,0036 

0,1155 

O.05O6 

0,1602 

-0,1602 

-0,1378 

. . , a icients 

-0.0147 

-0,0033 

-

O0OII5 

-0,0158 

0.3323 

0,0781 

0.0201 

0,0060 

0,0116 

"O.2059 

-0,0383 

-0,0520 

+0,0054 

-0.0054 

+0,0290 

O0OI52 

-0.0030 

-0,0306 

-0,1155 

-0.0633 

0,2096 

0.1442 

0,0019 

-0,0033 

-

-0,0006 

0.0213 

-0,0899 

-

ta' 

0.0013 

-O.OC75 

0,0552 

-

-

-0,0003 

-0.0116 

0.0709 

-

-

-0.0878 

0,1530 

-0.0537 

-

— 



l O S 

Table IV.if cont inued , 

E n e r g y v a l u e ( l a v e ! 

0 . 3 9 4 8 ( 6 3 ) H(1S) 

! 

C(2S) 

N(2S) 

C(2P^) 

N(2P^) 

C(2Py) 

N(2Py) 

G(2P^) 

N(2P^) 

I ) Atomic o r b i t a l c o e f f i c i e n t s 

0 . 0 0 1 0 

0 . 0 0 7 4 

- 0 . 0 8 9 7 

" 0 . 0 0 1 8 

- 0 . 0 0 0 0 

0 . 0 0 1 8 

- O . O 3 I 6 

O0OI32 

0 . 0 0 3 2 

-OoOOOO 

- 0 . 0 0 3 2 

- 0 . 0 0 0 1 

- 0 . 0 2 2 6 

0 . 0 0 7 7 

O0OOO4 

Oc0077 

-O0OO7I 

- 0 . 0 0 0 7 

-O0O529 

0 . 0 6 4 5 

-C.O529 

O0OI9I 

- 0 . 2 0 4 2 

-O0OO35 

0 . 0 0 2 4 

- 0 . 0 0 2 4 

O0OO47 

0 . 0 0 0 7 

- 0 . 0 0 9 8 

0 . 0 7 6 4 

0=0016 

- 0 . 0 0 1 1 

- 0 . 0 0 0 7 

0 . 0 0 9 2 

- 0 . 0 5 1 3 

0 , 0 0 0 2 

0 . 0 0 2 6 

0 , 0 0 0 0 

0 . 0 0 6 7 

- 0 , 0 0 8 0 

0 . 0 0 1 3 

-Oc2336 

- 0 . 0 3 4 5 

O . 3 6 I 7 

0 . 0 5 1 9 

0 . 1 4 7 9 

0 , 0 0 0 0 

0,0897 

- 0 . 0 0 7 4 

- 0 . 0 0 4 1 

- 0 . 0 0 2 7 

0 . 0 1 9 8 

- 0 . 0 1 9 8 

- 0 . 0 0 1 6 

0=0029 

- 0 . 0 0 1 4 

- 0 . 0 0 7 3 

O.OC73 

- 0 . 0 0 0 2 

0 .0C10 

0 . 0 0 1 2 

0 . 0 1 8 8 

0 , 0 1 8 8 

O0OOI3 

0 . 2 8 0 0 

- 0 . 1 8 7 4 

- 0 , 2 9 7 0 

- 0 . 2 9 7 0 

0 . 1 4 7 9 

0 . 0 9 3 5 

0 . 0 0 5 1 

-

0 . 0 0 2 7 

0 . 0 0 4 1 

- 0 . 0 7 6 4 

0 . 0 0 9 8 

- 0 . 0 1 8 2 

0 . 0 0 1 4 

0 . 0 0 2 9 

0 . 0 5 1 3 

-O0OQ9I 

0 . 0 2 2 6 

0 . 0 0 1 2 

0 . 0 0 1 0 

- 0 . 0 0 8 0 

0 . 0 0 6 7 

- 0 . 0 0 0 7 

- 0 . 1 8 7 4 

0 . 2 8 0 0 

0 , 1 5 1 9 

O . 3 6 I 7 

- 0 . 2 0 4 2 

- 0 . 0 0 1 0 

- 0 . 0 0 6 1 

-

- 0 . 0 0 0 7 

- 0 . 0 0 4 7 

O.O3I6 

~ 

-

0 . 0 0 0 7 

0 . 0 0 1 1 

0 . 0 0 0 1 

-

-

0 .0000 

0 . 0 0 2 6 

0 .0071 

-

-

- 0 . 0 3 4 5 

- 0 . 2 3 3 6 

0 .0191 

-

— 
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Table IV.4 continued. 

Energy value (level) Atomic orbital coefficients' 

0, . 4 0 1 0 ( 6 4 ) H ( 1 S ) 

C ( 2 S ) 

N ( 2 S ) 

C ( 2 P ^ ) 

1 K 2 P ^ ) 

C ( 2 P y ) 

W(2P ) 

0 ( 2 ? ^ ) 

I U 2 P ^ ) 

- 0 . 0 0 2 2 

0 , 0 1 3 1 

0 c 4 3 9 5 

0 o 0 6 6 9 

OoOOOO 

- 0 o 0 6 6 9 

- G o 0 7 6 2 

- O 0 O I 6 8 

- 0 . 0 4 0 6 

0 . 0 0 0 0 

O0O4O6 

-O0OIO7 

O0O512 

- 0 e 0 2 6 3 

0 . 0 0 1 3 

" C o 0 2 5 3 

O 0 I 2 3 2 

" O . O 3 2 3 

-O0OO6I 

0 „ 0 0 9 9 

- 0 . 0 0 6 1 

O0O596 

-O0O58I 

0 , 0 2 0 9 

- 0 . 1 7 3 2 

O 0 I 7 3 2 

- 0 . 0 2 9 5 

- 0 , 0 0 0 2 

0 . 0 9 3 3 

- 0 . 2 6 7 7 

- 0 . 0 0 3 3 

0 c 0 1 0 8 

- 0 . 0 0 0 2 

- 0 c 0 2 4 0 

0 . 3 3 3 ^ -

- 0 . 0 0 1 5 

- 0 . 0 1 5 0 

0 . 0 0 1 0 

" 0 . 0 1 7 2 

- 0 , 0 2 5 2 

- 0 . 0 0 2 7 

- 0 . 0 4 5 3 

- 0 . 0 C 5 2 

O.O632 

- 0 . 0 0 4 7 

O0O278 

- 0 . 0 0 0 0 

- 0 . 4 3 9 5 

- 0 . 0 1 3 1 

0 , 0 2 1 0 

O0OI75 

O 0 O I 9 8 

- 0 , 0 1 9 8 

0 . 0 0 3 3 

- 0 . 0 1 3 7 

0 . 0 0 8 6 

- 0 . 0 2 5 4 

O0O254 

0 . 0 0 1 5 

- 0 , 0 0 7 4 

- 0 . 0 0 7 0 

0 . 1 6 0 9 

- 0 . 1 6 0 1 

- 0 . 0 C 2 7 

- O 0 O 5 1 2 

- 0 . 0 3 3 9 

- 0 . 0 3 3 4 

- 0 . 0 3 5 4 

0 . 0 2 7 8 

- 0 , 0 2 0 9 

0 , 0 5 6 9 

-

-OoO'l?^ 

- 0 , 0 2 1 0 

- 0 , 2 6 7 7 

- 0 . 0 9 3 3 

0 , 0 1 6 8 

- 0 . 0 0 8 6 

0 , 0 1 3 8 

- 0 . 3 3 3 4 

0 , 0 2 4 0 

- 0 . 0 5 1 2 

- 0 , 0 0 7 0 

- 0 . 0 C 7 4 

- 0 . 0 2 5 2 

- 0 . 0 1 7 2 

- 0 . 0 3 2 3 

" 0 . 0 3 4 0 

0 , 0 5 1 2 

- 0 . 9 0 4 7 

0 , 0 6 3 2 

- 0 . 0 5 8 1 

0 . 0 0 2 2 

- 0 . 0 5 6 9 

-

0 . 0 0 0 2 

0 . 0 2 9 5 

0 , 0 7 6 2 

-

-

0 . 0 0 0 2 

^ 0 . 0 1 0 8 

0 , 0 1 0 7 

-

-

0 . 0 0 1 0 

- 0 . 0 1 5 0 

0 , 1 2 3 2 

-

-

- 0 . 0 0 5 2 

-0- ,0453 

+ 0 . 0 5 9 6 

— 
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Table IV.if continued. 

Energy value (level) Atomic orbital coefficients a 

0.4206(65) H(1S) 0,0010 0.0008 0o0042 0=0008 0,0010 

0.0091 0.4509 0o1380 -0.0142 -0.0142 

0,1380 0.4509 0.0C91 

C(2S) -0.0070 +0,0028 -0,0013 +0.0001 0.0022 

-0.0032 0.0022 0.0001 -O.OCI3 0.0028 

-0,0070 0.0897 -Oc3362 0=0384 -0.0433 

-0.0435 0,0384 -0.3362 0.0897 

N(2S) -O.OSI5 -0.0040 0.0040 -O.O8I5 

0(2P^) 0,0014 -0,0015 0.0000 -0.0009 -0.0022 

-0.0019 -0,0022 -0,0009 -0.0000 

O0OOI4 -0,0524 0,1127 0.17^5 

O0O57I 0,1745 0.1127 -0.0524 

H(2P ) 0.0759 -O0OOO5 -0,0005 O0O759 

-0.0014 

0.0571 

C(2P ) -0.0030 -0.0001 

-0,0000 

0,0030 

-0.0700 

0.0002 

0.0224 

0.0313 

N(2P ) -0,0724 -0.0006 

C(2P^) 0.0061 -0,0277 

-0.0000 0.0236 

-0.0061 -0.0221 

-O0OOO3 0.0002 -0.0002 

-0.0002 O0OOO3 0.0001 

0.2730 -O0O3I3 0.0700 

-0.2730 -0.0224 

0.0006 0.0725 

0,0106 0.0067 -0.0236 

-0.0067 -0.0106 -0.0277 

O0OII7 0,0172 -0.0359 

0.0359 -O0OO72 -0,0117 0,0221 

N(2P^) -0»0296 +-0.0276 -0.0276 0,0296 

(The highest ten occupied levels and the loxvest ten vacant 
levels are listed here , the energy values are in a.u ) . 

'̂ The orbital coefficients are arranged as f ollov/s: 
The hydrogen a»o'sare listed first, next all the carbon 
2S followed by nitrogen 2^ are given. Thon follow ?P 
orbitals of all the carbon atoms a nd nitrogen atoms= 
The 2P and 2P orbitals are then labeled in the same wayc 

y 2 
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Table IT. 5. 

Fucleophilic Eeactivity Parameters of Ccrrole trianic-no 

Atomic 
Centre 

12 

13 

14 

15 

16 

17 

27 

28 

29 

30 

31 

32 

Frontier 
dens 

PPP 

0.1626 

0.0001 

0.0640 

0„005-1 

O0O&92 

OoOOOO 

0„0520 

O0O33I 

O0O709 

0=0160 

0.0041 

0.0228 

' electron 
ity 

CKDO/2 

0,1545 

O0OO77 

0.0688 

0.0310 

O0O504 

0.0000 

0.0249 

0.0423 

0^0568 

0,0119 

0.0108 

0.0409 

Superdelocal 

PPP 

1,0000 

O.6I73 

0.7527 

0.6687 

0.0721 

0.0761 

0.6999 

O.6I36 

0.7055 

0.5854 

0.2651 

0.1417 

.is&bility 

CKDO/2 

1,0000 

0.585^ 

O.8O72 

0.7149 

0.4606 

0.5238 

0.5618 

0.5692 

0,6221 

0.4831 

0.4879 

0.3969 
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Table IV, 6 . 

Electropliilic reactivity paracieters for Corrole trianicn 

Atomic 
center 

12 

13 

14 

15 

16 

17 

27 

28 

29 

30 

31 

32 

Frontier electron 
density 

PPP ONDO/2 

0.1321 

0,0336 

0.0158 

0,0456 

0,0026 

0,1987 

0,0531 

0,0132 

0,0526 

0.0074 

O0OI6I 

0,0402 

O.O9OS 

O0O239 

0,0003 

0^0192 

0.0002 

0,2305 

0.0257 

0,0149 

0,0173 

0,0251 

0,0386 

0,1292 

Superdelf 

PFP 

0.8225 

0,6721 

0,6937 

0,7559 

0,5929 

1,0000 

0,7135 

0.7478 

0,7666 

0,6802 

0,7642 

0.8282 

3calisability 

GFDO/2 

o<.5789 

0,5454 

0,4760 

0,5379 

0,4133 

1c0000 

0,5969 

0,6508 

0,6205 

0,6114 

0 0 7741 

0.9527 
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Table IV, 7 = 
Fucleophilic React 
Corrin Aniono 

Atomic 
center 

14 

15 

16 

17 

18 

19 

29 

30 

31 

32 

33-

34 

ivity Param 

Frontier electron 
density 

PPP CMi3U/2 

O0O75O 

0»0478 

0,0858 

0,0306 

0,1244 

0,0000 

0.0428 

0„0005 

0,0634 

0„0244 

0,0052 

0,1302 

0,0395 

0,077^ 

0,0460 

O0O8II 

0.0000 

O0OO97 

O0OOII 

0,0178 

O0OO25 

0,0254 

0,0355 

eter of 

Superd 

PPP 

0,5873 

0,6792 

0,6695 

1,0000 

0,7955 

0,5331 

0,7900 

0,457^ 

0,8162 

0,1753 

0,1308 

Tetradehydro' 

elocalisability 

CNBC'/2 

1,0000 

0.8892 

0,9939 

0,9320 

0,9534 

0.4853 

0,5194 

0,9220 

0,8118 

0,7356 

0,8620 

0,5018 
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Table IV.8, 

Electrophilic Reactivity Parameters of Tetradehydro 

Corrin Anicno 

Atomic 
center 

-14 

15 

16 

17 

18 

19 

29 

30 

31 

32 

3? 

34 

Frontier electron 
density 

PPP 

0=1633 

0=0088 

O0O472 

0„0404 

0=0184 

0o2060 

O0O378 

0=0149 

0o0248 

O0OI72 

0=0242 

CNDC/2 

O0I305 

'OoGC1*> 

0=0042 

0=0019 

0=0001 

0=1998 

0=0060 

0-0004 

0=0073 

0=0005 

0=0672 

0,1760 

Superdel 

PPP 

o„9962 

0=4781 

O06835 

0=7228 

0=4369 

1,0000 

0=6486 

0=7290 

0=3296 

0=8202 

0=7403 

.ocalisability 

CNDG/2 

0=5024 

0=3100 

0=35^6 

0=3569 

0=2827 

0=6615 

0=1233 

0=3506 

0=3683 

0=3147 

0=5491 

1=0000 
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SUMMARY 

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. 

Lmphesis 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 9^-electron approach (PPP) have serious 

limitations. In m.any situations, the correct ground state is 

not obtained with these methods. Semi empirical all valence 

electron methods like CFDO/Z, CNDO/3S5 I^DO 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 IFDO formalisms. 

SCF-X-cc 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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XI 

One of the intriguing proW-ems 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 7£ 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 

orbital 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 

\vith 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 variation 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 v/hich have biological 

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 m-ade vi/ith 

file:///vith
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1X1 

that of porphyrin. In Chapter III, CMDO/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 mmleculei. 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 

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 progra.mmes 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. 
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Appendix 

Computer programs used for performing SCF-perturbation 

Calculations. 

The listing of two computer programmes written in 

Fortran IV language are presented here, which are used for 

performing SGF perturbations calculations. One of the 

programmes uses PPI- wave functions as the zeroeth order 

functions while the other uses the CNDO/2 data as the 

starting point. The programmes can be used to calculate 

first order changes in orbital energies, total energy and 

bond order. A brief account of the method of SCF perturbation 

calculations is presented in chapter 11. The relevant 

expressions are presented here for the sake of understanding 

the compiuter programmes» 

A.'ld. SCP perturbation calculations using PPP data 

as the starting point: 

n ) 
The perturbing Hamiltonian H^ ^ matrix is given by 

where /U is the atomic centre, r is the distance of 

centre U from the perturbing positive iozi with charge +Zc. 

and H ^ = 0 if jU?^-L> (/io2c) 

In the PIP method the elements of the first order Pock 

matrix element F̂  •̂  are: 



12^ 

and 

M ) (1) 
To start with F^ < is set equal to H^ -̂  » 

'CD • 
Then F. . "̂  is calculated by the expressi ID 

on 

where the indices /^ and >) refer to the atomic orbitals 

and i and j refer to the energy levels» 

Thus P-'v-̂  matrix is denoted by FMOCKJI) in the 

program. 

The elements of the matrix A are given by 

xic , = F.(2V (V°)- E,(°) ) (..6.) 
(1) The first order change in the charge denwity matrix r 

is nov/ expressed in terms of 'A' matriso 

^ ^ - ^l^ Z_- k̂i ̂ -^i >̂>k + y^k ^ >>i ^ 

(A.70 

Now, the first order correction to the total energy 

is given by 

(A.8.) 

l/-!) 
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i-ilso, the first order change in the orbital energies are 

given by the diagonal elements of the F (1) matrix; 

F. (1) 
11 

,(1) 

= E (1 i^^I H Q(0) p(1) Q(0) (Ao 9o) 

elements are now substituted in equation (Ado) 

for reevaluation of W^ -^ and E^ - ̂  and the cycle is repeated 

till the self-consistency in the first order correction to 

The total energy W^ ^ is reached. 

Ao "I. 2o Operation of the Program 

SCFPERflJRBAl'I(jW1 program is written for calculation of 

first order changes in bondorder, total energy and orbital 

energies in PPP formalismo The input data for the calculation 

is given below: 

Initially some files are read from the magnetic tape, 

these files were created while performing PIT calculations 

for a molecule under ccnsideration= These files exei 

Pile Koo 25 Title '[".ATRIXV 

Pile NOo 26 Title 'MATRIXE' 

It contains LCAC coefficients 

of the zeroeth order wave 

functionso 

It contains zeroeth order 

orbital energies= 

Pile NOo 27 Title 'MATRIXR': It contains repulsion integrals, 

Pile NOo 29 Title 'hATRIXPJ': It contains zeroeth order 

bond ordero 

Pile IM0„ 29 Title 'flATRIXH' It contains core Hamiltonian 

matrix in the PPP formalism; 

the expression is given belox'\fo 

(A„10 and KO 1 1 O 
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The data to be read a re : 

F i r s t Card: 

Second Card: 

i\'ii : 

NCCC : 

FUM : 

NCENT: 

T h i r d Card : 

TGL : 

MIXT : 

F o u r t h Card : 

F i f t h Card : 

jcore 
•^jU- 2) 

(A0100) 

A title card in A format containing any 

identification for the molecule. 

j± series of control variables in I format, 

The total number of pi-atomic orbitalso 

The total number of occupied pi-electron levelo 

The number of perturbation calculation to 

be donoo 

The num.ber of centres for wnich perturbation 

calculation is to be done. 

Two variables, 'TGL and MIXT in F and I format 

respectivclyo 

Self-consistency limit i»eo the difference 

in the total energies obtained from 

successive cycles., 

The rce^ximam number of ii:ereations to be perfi>rm.ed, 

Co-ordinate of all the atoms read in F formato 

Co-ordinate of perturbing centre to be read in 

F format. 

Sixth Card : The location of the perturbing centre is 

given by NFGS is I format. 

Seventh Card: The charge of the perturbing centre is 

read in F format. 
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Ao 2 c1. SCF perturbation calculation using CNIX)/2 data: 

CD • In this method the perturbing Hamiltonian H is same 

as used in Aol.1o 

In the CNDO/2 method the elements of 1he first order Fock 

( 1 ) 
matrix F^ ^ i s given by 

y^ ~ %Lc -̂  ^2^ JLLy. AA -̂  ^ ^B AB 

A, 1 2 , ) 

Expressions for first order changes in the bond order 

(Py^J ), total energy change (¥^ •^) and orbital energies 

(E^^^) are same as used in A.I0I0 

xi, 2 o2o Lperation of the progr am, 

SCFJeEBrURBATI0N2 program is written for calculation of 

first order changes in bond order, total energy change and 

orbital energies in GNIXJ/2 formalism. The input data for 

the calculation is given below: 

Initially some files are read from the m_agnetic tape, 

these files were created while performing GNIX)/2 calculation 

for a molecule under considerationo These files are: 

B'ile KOo 79 Title 'LCCATOM' : It contains the atomic 

number of all the atoms» 
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F i l e No. 80 T i t l e ' H I J ' 

F i l e No. 81 T i t l e ' H I I ' 

F i l e No, 83 T i t l e 'GAMMA' : 

F i l e No. 86 T i t l e 'LCAO' : 

F i l e No. 87 T i t l e 'ENERGY' : 

F i l e No. 89 T i t l e 'BONDORDER' 

I t c s -n t a in s t h e o f f d i a g o n a l 

e l e m e n t s of c o r e Harn i l t on ian 

m a t r i x i n GNDO/2 f o r m a l i s m ; 

t h e e x p r e s s i o n i s g iven belov/ 

(Eqn„ A. 1^) 

I t b c o n t a i n s t h e off d i a g o n a l 

e l e m e n t s of c o r e Hami l tomian 

m a t r i x i n CNDO/2 f o r m a l i s m ; 

t h e e x p r e s s i o n i s g i v e n beloxv, 

(Eqn . A. 15) 

It contains the repulsion 

integrals. 

It contains the LCAO coefficients 

of the zeroeth order wave function, 

It contains the zeroeth order 

orbital energies. 

It contains the zeroeth order bond 

order, 

H = -i/2 (I + A) + 1/2 <Ĵ ,,- Z-. 
B/ A 

^' B •-' AB 

./) o 
?.o A B VO 

(A. lif) 

(A. 15) 

Second Card 

The data to be read are as follows: 

First Card : A title card in A format containing any 

identification for the molecule. 

A series of control variables in I format, these 

are NA, NATOMS, NOCC, NCUT, INDEX, NBOND. The 

description of which are given in the program by 

coiumenc cards. 

Two variables, TOL and MIXT in CF and I format 

respectively, 

Self-consistency limit i.e. the difference in the 

total energies obtained from successive cycles, 

The maximum number of itereations to be performed. 

Ijiird__Car4 

TQL 

MIXT 



ISC 

Fourtk Card 

Sixth Card 

: Co-ordinates of a l l the atoms are read in 

F format. 

Co-ordinates of the perturbing centre are 

read in F format. 

The charge of the perturbing centre is read in 

F format, 



COMPUTER PROGRAMS FOR SCF PERTURBATION 

CALCULATIONS 



66700 F O R T R A N e O H P I L A r i O N M ^ R K 2 .9 .11C 

S C F P H : R T U F ! ^ ' ^ ^ T ! 3 N 1 
«' «• B- B' «• c R » » a S' S' I? « »: sr w 

FXLE 25(KIM0»i)3SK»TirLEa-f<ATRrXtf"» FILEfYPE«"7) 
FILE 26(K£NDr0l3K»TJ;TL£»"H4Tf?lX£"# F.t LErYPE«-7) 
FILE 27(KIM0aDlSrt»IirLEB'')lATniX«''» FtLErYPE*?) 
FtLE 28(KlM9«0lSK»nrLEB-HAlff^rXP3-» FR£TYP£«7) 
FILE 291K|HD*DnK» 1[ITLE»"H^TR1XH"» FSL^TYPt??/) 
FILE 5<K2r;D'.n£*DEn 
FILE 6(KlW[)MP?INT£e) 

DXHEMSCHN Hl(35»35)»Fl<35»35)»XC{35) .YC(35)»ZD(35) .>DlSr(35) 
OlHENSiON FHaC35^35)»C(35»35)*Pl (35»35) f A(35*35)»R(35*35)»P(35»35) 
DiHENSinM H ( 5 5 » 3 5 ) » E ( 3 5 ) » 6 < 3 5 ) » H i ( 3 5 ) » r j r L E ( 1 3 ) » » E i T 8 C i ' * ) 

C 
c 
C FlfjiSf 3Ri3ER PERrjRBAf.JON CALCULAIISN 
C THIS P^OfiPAf! CALCULAfiES fHE flU^t JftOEft CHANGES IN ElsjERGY A,̂  3 
t BCNDOROEf̂  USLNG S - C F PEKTUR 8ATS :iM APPIOAf-H ( REFJ 3ANYr;y.5.P. 
C IN ELECr<rNlC STRUCrEa OF POLYHE? AND HPLECULAS cr^^STALS. 
C J.ANORE AND J.LADIK. EOS. J-iEWYURK 'LENUM PRE55 1 9 7 5 . ) 
C PPP WA\)EFU;>j.C;TinNS ARE USED AS f H£ ZEPGTH OSOER FUNCTn^ 
C fHE pEsrUfiSAWnM Af?rSES FP'SM A SiH'LE SfjULflMBTC £ ̂ ?̂ fER ACTS ifK. 
c 

READ ( 5 r 8 ) TITLE 
8 FCIHAr(l3fl6) 

WRlTEt6»9^ TITLE 
9 FORMAT ( i Hi/sex.- 'PERTUFB ATX OWS S . C F M.O CALCUL A? i OflS ' / i X i-l 3A6 / / ) 

READ (5i>lf) NA#MDCC»?JU>5»MrDlT 
i& FOfJMAr ( 4 I A ) 

WfilTE ( 6 r l 5 ) NA^WnCCSUMî NCENT 
15 FOf?MAr (3X,''MA»MeCC»MUH»fiC£NT''/» ATS) 
u 

f.EA0C25) C<C( l»J) i»J" IL»N*)» in i» fJA) 
R£AD<26) (E(J{)#Kr. l ,MA) 
READ(27) <CR(H»M)»f2'Ji»NA)» M«i#NA) 
READ(28J < { P ( | » J ) * J t»a»K*) . | u i , H 4 ) 
READ<29) (CH{K»L)» L»-l»Nft)» K"«l»^iA) 

C TC CALCULATE m(HU»f^U>»' -2P ( HU)/.H STC WU) AND 
C SETTING H1(HJ»KUD« Fi(HU»MU) 
C NA IS THE TOfAL NP OF PJ AfOMlC 3R3!rALS 
C NOCC IS r«E NO OF OCCUPIED PI ELECfRQW LEVELS 
U 

READ C5^zc*) roL^Hixr 
2P' FORMAT ( F 1 0 . 5 » | 5 ) 

WRITE ( 6 ^ 2 5 ) T&L*MIXr 
25 FORMAT (3X»»rOLE8ANCE AND hAXlMUM MO OF ITEREAm N5 • / *• 

00 35 HU • 1»NA 
DC 30 NU • l ^ f lA 

F1(MU»MU)«0.0 



3C CQNT£MU£ 
35 CONTIIiUE 

DO 36 MT'B - l»!iCEÎ T 
READ (5»4fl) (XP»yP*ZP) 

4P FORMA? (3F15,3) 
READ (5»1^) NP05 
HRrT£ ( 6 » 4 J ) NPQ5rXPfyPf£P 

4 i fCRMAT C / Z I X F ^ T H E PE?TUBF.NG CEr̂ TER l S « " » l 3 * / / l X » - f HE CS^a^'OH ATES 
1 OF THE PEKTUeiHG CEfifEP a t E ^ " , 3 r i 5 . 8 ) 

READ<5»45) { P E R r 8 ( n » It-l^MDM) 
45 fORKAT < 8 f l 0 < . 3 ) 

DO 5S0 HU^! r 1,HUH 
CHARSE " PEFIBdRUiO 
DO 50 HU B 1»HA 
DIST(Hli) • SQR?(( (XC(HU)-XP)**2) i- ( (yC ( H U ) - y P ) * * 2 ) + 

1 C ( z e ( f < U ) - 2 P ) * * 2 ) ) 
Hi<HU»MUJ « "(CHARGE « 1 4 . 3 9 3 3 ) / D J i T ( M U ) 
r i ( H U » « U ) « H1<«U#MU3 

5e CONTINUE 
WRrTE ( 5 ^ 5 5 ) 

55 FOSMAr ( / / iX»'DISTAMCES 3F AKiHS FiiQH ?E,^TU8rf<G SE'^JER'/) 
Hf?i;T£(6'6f?) {DIST<HU)» M J P I F N A ) 

60 FÔ IMAT (5X»8Fa.5 .6> 
WRITE C6#65) 

65 Fmmt C / / i X * T H E CHARGE I Se • / ) 
WRITE ( 6 » 7 0 ) CHAfiGE 

7:̂  FOiiMAT{5Xr F i 5 . 6 ) 
WfilTE ( 6 , 7 5 ) 

75 F3RHAr(/ / lXF T H E FIOIGONAL H A r R l X V ) 
WRITE ( 6 , 8 5 ) ( F K H U F M U ) ^ HUiai»iyA) 

85 FCSHAT ( 2 X F 1 5 F 2 1 . 6 ) 

90 K0JNI»KDJNT4i 
C 
E 
C TO CALCULATE 8 1 6 FCKrI ) FfiOM THE RCLAflfiW 
C SIGHA(MU)-»SIGMA(MU) C («• )tHU, I ) * : (P) (M U» K)*F1( HiJ,,.jU) 
C NGCC IS THE MUMBER OF OCCUPSED LE /̂EL 
C- I I S OCCJPIED ORBITAL r K | f. VACCifiT CSiBlTAL 

DO 95 i "fl^NSCC 
DO 95 R •• NOCC*lrNA 
F«D(K»I) R 0 . 0 

00 1!>5: MU » 1*«A 
00 li)& NU E 1»HA 
FMU(KPI) »̂  FMO(K»-I) + C(K.HU>*Fi£ MU*NU)*C(I*-^U) 

l e c coMirNUE 
FHa(KrC) • Fm3(K*-|)/(E(I) - £( K)) 

95 CONTINUE 
DO 12S I • 1»NA 
FM3(f*n • e.p 
00 121 MU * UHA 
DO 121 NU E 1*NA 
FwaCI^r) • FMO(IFI) * C(r»MU)*Fi(HJ»NU)*C(l»MU) 



121 CONTINUE 
12& CONTINUE 
C 
t 
a TO CALSULAIE PKMU^MJ)" 2* SIGHft | TO OCC SIGMA K fiO V4C 
C A(K»i)(C(C)<HU»I)*C(0)(KU»K) 4 C (0 ) (flU^ K)* C(0 )<< J»i ) ) 

DO 140 HJ • l»HA 
DO 148 fJU « MU#HA 
Pi (MU^fJlDe- O.C 
DC 145 I » uimzc 
Dd 145 K • M3CC+1»NA 

145 CQNTiMJE 
Pl(NU»rtU) » P1(MU»HU) 

140 CC«TINJE 
f: 
f 

C rO CALCULATE Fl(MU»MU)»'.«i(HU»MU)* Si GMft NU J2 H ?i{HU»MU)* 
C GA.HA(MUPMU)- 0«5*pmU^?^ll)*GAMft(HU»MU) 

DO i 7 « MU K 1»NA 
Fl(HU»f4U) a Hl{HU»MU)'°0,5*PiCMU»MU) *.^<HU»HU) 
DO 175 Nil « l»f;*A 
F K M U F M U ) « rl(MU»MIJ) + Pl<NU»Nl!)*UMU»f-5U) 

i F 5 CONTINUE 
C ?G CALCULATE F K M U ^ H I / ) « - tJ -5* Pi(>!U»Hll) * GA >1 Af JlUi-«U) 

00 i 7 " NU B MU + l»|aA 
F1C«U#NU) •• -.0»5*Pl<MU*NU)*i?(MU^wU> 
Fl(HU»rtU> s'Fl(HU#NU) 

17C COMTiMJE 
C 
c 
C ro CALCULATE WlFfJOM THE ? ELATI3H Wi* P . 5 SIGKA HJ flO HA SFG-IA 
t KU TO MA iPO,}iHi},H\iytHl(Hi)^UiO + Fl(HD*!ii))*Hltii)»'l^i})) 

DO 195 MU» l^MA 

HlC«9UfjT) « HKKaUWT) 4 (P(H U*«U)*£ Hi (HU»NU)fFl(-^U'HU))) f 
l<Pi(HU»MU )*H( MU-HU)') 

200 CtiMTfflUE 
195 COHTIMUE 

WKK3UHT) « 3'.5*Hl(K0UNT) 
HftlTE C6*21C) 

2115 FOSMAT ( / / I X i - ' T H E K.UJNTS AMD Wlf Kjr Ui*^?S)'/i 
WRCTE ( 6 * 2 1 5 ) KnUf^f»Hi<K3UHr ) 

215 FO«t!MAr (2X* r 5 # F 1 1 . 5 ) 
c 
t 
t TP CALCULATE E(l)FgD^ THE sELAi2 3f̂  Ei( i ) MSIGF C I . I ) 

m m (6^225) 
225 FORMAT ( / / i X r 'THE Ei HAFf?|X*/) 

WRITE C€#23C) <FMO(t*I)» I«i*>fA) 
230 F0SMAr(2X*lC!Fli.6) 

IF <KMl,'<) 235»235».240 
24i:- OIFF • ABSC«i(K3Uf?r)°WlCKH|M)) 



IF <0IFF-T0L)255»255»25ft 
255 IF (K0UNr-HlXT)235»260i.26t 
235 GO 13 90 
260 WRITE (6*265) 
265 FORMAT ( l ^ » 'Uf^ABLE TO REACH SELF :0!JSC SiEHC V •> 
255 WHITE (6#270) 
27& FORMAr ( / / I X * *THE PEPIU^S EJlERGY Wl»/) 

HRITE (6*275) wKKDUf^T') 
275 FO f̂Hftf ( 2 X ^ F i l . 6 ) 

WRITE (6»'260) 
260 FORHAT {//IYP THE O-^SITAL ENERGY SO^RESPONDl'NG fO FiRST OtOERV) 

WRITE (6*285) ( r H n d * ! ) ^ Is l»NA) 
285 FOSHAT (2X* l & F i i - 6 ) 

WRITE (6#29C) 
290 FO?iMAT ( / / iX»»fHE BONOOROER MArRIK P i » ) 

DO 295 MU • I f HA 
295 HRtTE (6»29&) (P4(MU»hlU)» HU« Ut iA) 
296 FÔ iMAT <2X, l O F l l . 6 ) 
500 COHfimE 
3 6 CO^̂ TIMUE 

END 
Ce2 tS210 l^ IS THE L3CATUN FOfi EXSEPTiONAL ACfiaN ON fiHE 1/2 SFArEMEM't' A 
002l02 iES2 i s THE LQCATiGW FOS EXCEPTIONAL ACTI3N 0?̂  THE I/} STATEME?^ A 
0<?2l3.2iFiA IS THE LilCATJDN FQf? EXSEPTlDflAL ACnr«fJ (1K i"HE 1/1 STATEHEHr A 
002l.!);221lO r S THE L'}SATJQf.' FO,̂  EXJEpfCOHAL ACTSiJN ON IHE r / 3 SrATEHEfjr î  
0C2t0222;2 IS THE LOCATIPW F<iR1 EXCEPTIONAL ACflJN ON THE! t / ) STATEMEM? A 
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B6IB0 r Q R fiR A M CO M F l L A fVl 0 H « * R « 2.9,ilt> 

S 0 F P 5 R T U « A 8 A M O K i 

FILE r9 cKixo • i»is(t» fifUE: • •ucArir# ntefYPC-n 
FILE ai CftlMD • B1SK» TltLE •"HU"* FrL£lfPE»n 
FILE 82 fIlliiD • 01$l̂ » TITLE a^mi*^* FtL£7VP£ttf> 
FELE «3 CKXMd-USK* TlirLE*-e*il>lA** F | lEnffE»r> 
FILE 6€ IKIKO « OtSll» f i ? L £ •-LCAfl-r flLETiri»E«7l 
FILE 8f {Kino • MSit» t i n e ••E£H«fiY"r FlLEfypE«r| 
FSLE 49 CKI»0 • OlS«» TJTLE •"B&NO«SOEK*# FItCJ»PE«f^^> 

€ 

C 
c 
c 
c 
t 
u 

8 

10 
C; 
C 
c 
t 
c 
c 
c 
c 
c 
c 

15 

2» 

25 

C 

OlttEMSIdH Hlf 1173•FlCllQ^SlO )»KC€4>.J«yC<4«|»zet49a*0ISrCltdl* 
l f H & < 6 5 » 6 5 1 » C 4 l i e » U O } » F l t l l O » l U I # l l ( 4 0 * 4 0 | « E i C U 3 ) » P € l l O » 1 1 1 » ' 

FIti$r UftOCR tLL VALENCE PCit^fiJR6AfI9N £ALCtiLATiail 
rHU PftOCflAH CALCULArES TtiE FIftSt 8RGEfl CHANGES fll ENERSV Km 
fifilfODK&ES USiH6 S.C.F PEBTUReAflJ^N APPflDACK f^EFl $ANV24r.&^P. 
IN £L£C7̂ {;CNXC SrilUCrEJlCF POLYNEiC AMD H&LEt'ULAil 4(;evS7ALS« 
4«AKCK£ AKS J.LADIIW EOS. IJEHYORK PLCNUH PSESS 1 9 7 5 . ) 
CftDkl/2 UAtfEfUtiCnOMS ARE HiEQ A& f lC l E M f H illDER-FUIfCfidti 
IHE P£.UU86MXbM A2I&ES FftSM A StKPLE COilL{)NaiC IllirCR«cri9Jt. 

f<EA0<5»8} TirLE 

fim«Ar(isA6} 
URI7£<6>9) ntLE 
F||fiNArtlhl/3&X»«ALL VALENCE P£lf4JR9ArX9ll& SCF lf.a CAleULATt^NS'/lX 

!•> I 3 A 6 / / } 
REAO i S p t e i MA»llAT6HS»MQCC#NCi}r«Clfd£X»N8fW0 
FQRj«ArciaS4] 
M 1 $ 7«£ lOrAL MUM8ER OF VALEMCE IVRBirALS 
NAItiMS IS IKE rdlAL MO OF AfONS 
fiCCC Zi rit£ fiUMBER QF OCCtlPSEO LEVEL 
fiCUf I s f fiiii CUVf ING aur EllER^t LEVELS 
INDEX • Ji«/Z IF «A 15 EVEN 
INDEX <i^iiA-i/2 IF ItA I'S ftOO 
nmuO IB Fd« CONIfiOLLIii^ fiOKOOftOERiNATt^X 
HHEN MBtJlO ** 6 B3lli)Q.i!>^ MArivS X {18 MOT PiUITEO 
UHCN KaONl) UEATEIi THAK ZERO eUNOBROEfi MATRIX IS PRlHTEO 

MRITE ( 6 » 1 5 ) MA^||Ar9NS>N0eC*fiCUT«IIO£X»NMIIO 
rOXMAT {SX* •RAB«»I3»3X»«ilArOii&»« »r^»3X»« N0Ci:«'«»r3»3X»«IICUfr«»I3» 

13X»«l.fOEXPi* #13 » 5X» «ll60li€«-«#I 3# / / 1 
^AO <&«Z«> rOL»KIXT 
FOftMAI CFlfc}.5»I5J 
HRî fE C6#2S1 ?8L»MIXr 
FC^MAf C3X»*|il3L£ftA«C£ AffO NAXiNtJN NO OF ITEHEAriOlfS*/* F i n S ' l S l 
LUHC »' NaCC4 1 
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c 
REftO (791 CLOCATM(l>' I»1^SIAI 
SO 12% I « 1»MA-1 

124 RCAO (»1> IHC]»J)» 4«f«Ullft> 
»EA0183) « f ( ( I « J j # Jvl««aTOMSl» i«l»llAr(li<S> 
00 125 X « l̂ MĴ  

iZ5 KEA0 (£6> ( G ( i » J ) » J»l*tlA> 
KE40CS7> (LCi)» I«1»»A) 
DB 126 I « ivNA 

126 HE40 C69) CPC2»Ji» Ja^'HAl 
C 
b rM£S£ CJ^DS ARE INSElfTEO T8 IHVElir fNE OROEtlMfi 3F CNOa CMEBJGT 
C LEVELS A»|0 THE COBHESPQJiaiNG EIGEN VECTOfiS 

£ £ • £ ( 2 1 
il<A • MA'̂ J l̂ 
EEl » £(JttA> 
£<£ J • £ £ ! 
EfiNA) a £E 

400 Ca»7lNUE 
DC 451; I • - U N A 
D8 45& J » UINDEX 
LNA « NA-Jtl 

CJIA » tCfvLliA) 
C(I»J> »- €*|A 
OCi^LtlA) • CIJ 

450 COhttMllC 
C 7G CALCULATE l11(ltU»NUI»-iP<NU>/0ISf<flU| AttO 
C 
a SErTiNG 411<MU»MU>« Fi(NU»MU> 
€ A^rERREiieiKG FILE 61 AffO flLCaZ A l t CLClCilfS ST N COffPLErEO 

DO 35 m> • Uhh 
UQ 3Q nU m UHA 
HfMUvHU) • «fHU»llU} 

3t CCNT(!4U£ 
35 CCUTIHUE 

READ(5»40KXC{HU>»Ye€MU)i^^CHO>*MUrl»NAr3lfS> 
REAO <S»4«} XP»y?»£f 

4J| FCliffArOFlS.S J 
AEAS ( S # 4 5 ) CliAftfiC 

45 FfiH^AT (F13«&> 
DO Se hU • 2»NA 
HUl » LQCAINCMU) 
»2l»V<MUi • SaRf(€CXC<llUll'^XI»l**2| K (€V€(l lUll ' -YPl**2l • 

I C€2CC«ua>-EP)**2)l 
HKMOI « - ICHAftfiE * 0-529VOlSTti lU> 

F l CHi}»HUj « HKKil} 
51̂  COliTfNUE 

WRITE t6#551 
55 FGKMAri//lX» 'THE DtSfAII&CS OF ArONlC OltBXTALS FgON ORXfilNV) 

tific;£(6*G0> <onrcMU)» ifti*uiiA> 
60 ruaHAT (5X«8F1S»3J 

Nft£T£ C6»«5} CHM6£ 



-4->r-^ i « i - ' i S> Ml>-J U ) .{^ '• \ 1 

( M * j » 1*4, * ( t » I )rt> < i ^ < 
-r_ _.tr-• f i — 

f a ^ T ^ ^ 4*-t^1r - - W ^ # 2 * # , f - ^ ^ t -V t X v4- M-|*^"-+ -̂  ̂ =^i i i -
* S"> V i *• I • ^ 

.*>.•« I • •. IS ^ 
f A> > * f t « t i . , j 4 i^ iJ t-£ . ' _i\' • 

r j r . ' . O X ' Tt J U T - J ' T . ' ' 3rtT T ~ - V * : "J ' ^ l " - 3 2 ^ t i - * c f l > i 
i " V i • I k iS- -L i - . 1 , : I X J - J 2 _ i f 

- 4 ^ i a ^ 

I . 

-r-»^'rrr-

. . i ^ 

-*-^f=^ :4_T.; 

-i^ »:-..^4jjSz>^f-j^-g>f.if% ^ « ^ ^ - - • - # ^ * * ^ # i : 5 * 

CfJ^'>C-M >•••"•'•• J ' t ' ^M < .̂ M t t - , • • » ! . ' ' ' . • Hr 

. A »< • i * J ! I L!^ 
-^-f-«^>|Mrl+ri-^»-^- - f l-'^-t^l;«-»^-^_. 

• -r= ,,,,-:,-,^.,^^^ X 4 i r i l i : ^ - i L - : i : 

-V-J *-
=5f=r~*^^^=3^ 



65 rORMArc/^SX* UttE CRM f̂iC OF THE HEriU. CONSZDEltEO U * * » r l l . 5 > 
WHITE €6*75) 

75 FORHArC/VlX* •?«£ F10I€BVAL HAf«iZX'/> 
WRiT£C6«e5i CflCNU»NU>' IIU»1#XA> 

65 fOjiHAT C2X»1SF11.6) 

90 KOUNMKOUNTU 
C 
C 
e 70 CALCifLATE 8tG F(fUI > FROtl THE REUflON 
C SI6MA<HU)#SICNA<MU3 Cfd){MU»I)*C€0>CNU»«}*Fl<MU*}iU) 
C Hi AND NU A«£ ORdXTAL lNDEj( 
C 2 i £ THE IMOEX FQU OULUFrEO LEVEL 
C J IS IHE IHOEX F0g UftiOCCUPlEO LEVEL 

N3NL • MCUr »̂  1 
«FiL • HA --MCUT 
00 95 I «̂  KlULrNOCC 
£1(1> • e.u 
NVAC • MFIL - I • mWL 
iF (NtfAC<^LiJHg}A05*A02»4«2 

4^2 Cl(HVAC)»C<»Ci 
405 COMTIMUE 

OG 96 K » Mtt*unriL 
KK »̂ -H •-fcflCC 
FMdCKK l̂J • &^0 
Ofi iftiVMil • i»NA 
m lOe Ntf • l»liA 
FHtlfKiUI) « FNOCKK»t) * C(NU»KI*FU MUv{IU)«C<NU#I> 
IF IK - 4FILI I0 i r* ld l» l«» ' 

i i l €Uti »-EUU « C<Htl*I3*Ft(MUFftU)«C<NUrIi 
£F CNVAC - LUMUi 100#1012*1«12 

I d l l 
i 0 8 

96 
95 
C 
c 
c 
c 

1*5 

14C 
c 
c 
c 
t 

£t€NirA(;> « €&(tiVAC> *• C(JiU»liVAC}*Fl(||U»iJl]}*C(Nil«N¥AC} 
C6N7l]4i)E 
ftftiCKKrI) « FHO<KK»Z>/(£<!» - £(K)> 
COMTINUE 
CCMTSNUE 

70 CALCULATE PlfMU^NU}* 2 * SI«HA I T^ ICC SlfiMA K m VAC 
A(n»X)(CC«)fKy* i }*CCd)CI IU»X) • C ( 0 > ( M U » « ) * € t ^ J < M U » n i 
00 lAO NU » l»SiA 
U(B 1A& NU «• .1U*MA 
n <ifU'i4ajia fi«e 
00 145 I > NINL»MQCC 
U(J 145 X « N3CC*l»i |FIL 

KX « A '^kOCC 
PKHU^KU) X PUm^mi ^ 2«FH0<KK*2)« fCCNtl»ft}«€Cj| U^I l * CCNO^IC)* 

1 C(NU»I)> 
COMTiNtfE 
FICNO^MU) » Fi€HO#NU) 
CQKTtHUE 

76 CALCULATE Fl€NU»HU)«i1t<HU»}fU)«^ SIGHA NU T9 M Pl (NO*NUI* 
GAHA CHUrMU)- C«5*PlfMU»44U)*GAMA(HU»HU> 



DO 170 NU • i^NA 
MUl » LOCATMCMUI 

FlCHU^MU) • HlCXtl) * »*5 * Pt{MU»fl(l1*i(Mm»K|ll 
00 17 5 »U • 1»HA 
tiUi * tO€Atl«NU> 
riCNU#NU> • FKMU^flU} 4̂  ]PlfNU«HU)«tCMUi»lllll) 

175 COMttMwE 
170 CCKtlHUC 
C TO CALCtU-AfC FKNUvllU} • - 0 » S ^ ncNU'Nil) * GAN 

KMJI! • NA - . 1 
00 176 Hil • i 'NHlll 
00 17 6 Mil • j|U«l»NA 
N(i: • LaCASTKCMtfl 
KUl » LOCAflKtIII) 
Fl<HU».>fU) > -f»5*FlCNU#fillJ*MWIl^Nill) 
FKNU'NU} •FifMU#NU> 

176 GO«;TllfUE 
C 

c ffl CAUULATC HIFIHH IHC ftcunoN ui»~Q.5 $i6tiA tm m NA s i r - 1 
C M) TO MA (l'<Ol<NU*NU>CHlCilU»ftai«ri€ffil»HU}*miiUvf|J»> 

WKKOUMfJad.}; 
DC 195 MU« 1*NA 
HlCKilUlirJ • MlCKiillNr> •C<PCMU»HU}«CMlfHUj»flCMa«)IU}J) 4 (PlfMU»NU) 

1 •H<HU*«tJ))>C«5 
DO 200 NU • MU41»NA 
î lCK^UMT) • MlCKSUNfl • <f(KU«l|U}*^Fl€Hi)»ltUl) «lfl<AU»Nif|»H<M(}»NU|) 

20£ eCNTlNJC 
195 €0|iilNU£ 

WRITE € 6 * a O I 
21t FQ^MAr < / / l X » 'filC KaUNTS AND Hl{Xdi)NT&)«/l 

WRITE C6»215} K04)Nr»Hl(KOUMTj ^ 
215 FORMAT C2X# 15* F11.6> 

C 
C TO GAUtlLAfC EaiFlQH TH£ RtL^nHii E U n » 8 l 6 F f t c M 

H8JTE €6»2i5J 
225 FORHAT < / / i X # -THE El HAfFIX*/) 

i^filTE <6«23U} CE1<|)» 2»NIIILrNFXl,) 
231} f|3&MAT(2}(»10fll»6} 

KMlW-KtUHT-l 
IF <KMIM) 235»235»2At» 

240 DtFF » AdSCtaCK&UND-JKKIItNIJ 
IF (DIFF**TQL)2S5»2SS^250 

250 IF <KOUm-HlX?>Z35»260>26ft 
235 GO ra 9ii. 
260 MfllTE C6r26S) 
265 Wcnmi (IX* *^liAfiL£ rO IICACII SCtF" eON$t5f£IICf«> 
255 HHITi: C6»27e) 
2 7 i FQf̂ HAÎ  C//1X* 'riiE PEflfUlte EtCXGY Ml«/> 

UHITE ^6»2?5> UICK&UNT) 
275 FORMAT C2Xi»F11.6J 

WRITE C6»26tt} 
28(̂  FOrtHAf { / /1X» 'fHC OltBSTAL ENEftSY COtUCSPONOfNfi Ttt FfftST 08dE|{V» 

WHITE <6*2851 a » £ l c r i » i«IIIML#llf I D 
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