
ESR L\ND ELECTROCHEMICL\L STUDIES 

ON THE OXIDilTION PRODUCTS OF SOME 

METL\LLOPORPHYRINS 

AKA. LEMTUR 

DEPARTMENT OF CHEMISTRY 

SCHOOL OF PHYSICAL SCIENCES 

A THESIS 

SUBMITTED 

IN 

FULFILMENT OF THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

TO 

NORTH-EASTERN HILL UNIVERSITY 

SHILLONG 

INDIA 

FEBRUARY, 198'7 



/ 1 ,· I 
1-- ~~ ,' ··./ 



TO 

MY PARENTS 

and 

Brother TALI and IMNA 



Phone: 
Qrams : NEHlJ 

North- Eastern ·Hill University 
Biiui Complex 

Head, 
Bhagyakul, Shillong-79300] ( Meghalaya ) 

f Chemistry Department o ••••••••••••...... 

'lllis is to cert:Lfy that MR.AKA LEMI'UR 

has cooplotEd t:ht3 following Pre-Ph.O.C'ourat~s as prescribed by 

this UnivHmity 11/JI:.I .. afactor:lly a-

Sl.No. 

1 

2 

3 

4 

···- ·--·-----······- --- ------·--··-·------------------
Course~ No. Title of the Course 

Cham ~i4!i Mvanced Concept in Physical 

Chemistry 

Cham 11!>0 JvkJlecular orbital and Valence 

bond theory 

c~ 5o~; Mvanct:d Inorganic Chemistry 

Chl~n ~i/.!1 Ht~Jl j qht s Jn Organic Chemistry 

. -·------- -·· •............. ·-·- ............. ___ ------·---------

,,. . il~~~~~~ ---
H. Junja~ 

Professor. 



Phone a 

Qrams : NEHU 

N<)l'l 1·, - [~astern lliJI University 
I ~ijui Cu111plex 

llhagy;~kuL Shilloug -7930ttJ ( Ml'ghallly:l ) 
Dr J.Subramanian 
Professor 

Chemistry .. 

I a1rtify that the tllElSis entitled "ESR AND 

EI..EC'I'RC.O-iiCAL S'ltll>IES 00 THE OXIDATION PRODUC'I'S OF sa1E 

METALLOPORPHYRINS'' submitted by MR.AKA LEMIUR for the degree 

of Doctor of Philosophy of the North-Eastern Hill University, 

Shillong, errbodies the record of original investigation carried 

out by hUn under my supervision. He has been duly registered and 

the thesis presented is worthy of bejng considered for the award 

of the Ph.D.de~p~ElO. This work has not been submitted for any degree 

of any other Univaruity. 

Date : _..,.------"·•) ~ ~ 
(, . . ·" ) 

-~ }"') v V cP- ,_ .,._ C~- ,~ -

Place: Std llonq Sj gn,.lt ure of the Supervisor. 

-oOo-



ACKNOWLEDGEMENT 

It is my sincere wish to mention here my heartfelt thanks to Prof. J. Subramanian 

for introducing me to the research problem in porphyrin Chemistry, the results 

of which are embodied in this thesis and also for his constant guidance. His 

valuable guidance and good wishes will remain a cherished blessing to me. 

I am grateful to Prof. H. Jwtjappa for his help and inspiration. My sincere 

thank8 to Dr. D.T. KhaLing for his encouragement and help. 

I am very grateful to Prof. P. T. Narasimhan, IIT, Kanpur and Prof. 

A. Chakravorty, IAC Sc., Calcutta for allowing me to use the facilities avai­

lable in their laboratories. 

I am very thankful to Prof. J.-H. Fuhrhop for generously providing 

samples of octaethyl porphyrin and Mesoporphyrin. 

I extend my thanks to the staff of RSIC, Madras and to Dr. Vikram 

Dhar, II Sc. Bangalore for their help in carrying out ESR measurements. 

I am happy to mention my thanks to Dr. B. My,.boh and Dr'. Vinoy 

Shedbalkar for their help in every po8sible way throughout the cour'se of' inve~ti­

gation. I am grateful to Miss Mamata Sarkar for her kind help in drawing 

figures. Thanks are also to Mr. R. Sadhu for typing this thesis. It is wo,.th 

mentioning here that this research work has been successful due to resea,.ch 

fellowships from UGC and CSIR. 

Thanks to all faculty members and friends in the Department of 

Chemistry, North-Eastern Hill University for their encouragement and help. 

My gratitude and thanks to my parents, brothers and sisters and my 

wife for their sincere support and encouragement without which I could not 

have accomplished this wor'k. 

AKA LEMTUR 



PREFl_ ~E 

This thesis deals with the electron spin 

resonance studies on the oxidation products of some 

vanadyl porphyrins and supporting cyclic voltammetric 

studies on these systems. It consists of six chapters. 

Chapter I consists of a review on the esr 

and other structural studies on the oxidation products 

of TiO, VO, Cr, Mn, Fe, Cu and Ni porphyrins. The 

material presented in this chapter gives an overall 

picture about the structural aspects of the oxidation 

products of transition metal porphyrins. Oxidation 

products of Mn and Fe porphyrins are considered to be 

active intermediates in the biological reactions 

catalysed by enzymes like catalase, peroxidase etc. 

This review also provides a backdrop for the esr studies 

on the oxidation products of vanadyl porphyrins presented 

in the later chapters of this thesis. 

The details of the experimental procedures 

adopted in the presont work are described in Chapter II. 

In Chapter III, the esr studies of the one• 

electron oxidation products of vanadyl octaethyl­

porphyrin at liquid nitrogen temperature are presented. 

The radical cation has been found to GXistjl as a dimeric 

species in triplet state. From the triplet state -esr 



spectrum the distance between the two vanadium atoms 

in the dimer has been obtained. 

Cyclic voltammetric studies en zinc, Cu and 

vanadyl complexes of proto- and mesoporphyrins are 

presented in Chapter IV. Evidence for the existence 

of dimers in solution has been obtained in the case 

of Zn, and VO protoporphyrins. The oxidation potentials 

for the monomeric and dimeric forms of VO mesoporphyrin 

have been obtained. 

In Chapter V detailed ear studies on the 

oxidation products of vanadyl protoporphyrin-IX dimethyl­

ester and mesoporphyrin XX dimethylester are presented. 

ESR spectra of the samples at room tamp~rature and 

liquid nitrogen temperatur~ and at about 10K are 

presented. Wherever possible, computor simulations ~f 

the esr spectra have been included. Monomeric radical 

cations (S • 1) and dimeric radical cations (S • i) 
have been identified in sOQutiun at room temperature. 

Different types of dimeric species have been shown to 

exist at low temperatures. A monomeric radical cation 

has also bean identified at lOK. The results presented 

in this chapter are amply supported by the cyclic 

voltammetric studies discussed in Chapter III. 



The results of cyclic voltammctric studies on 

some metal complexes ef tetrabromo tetraphenyl porphyrin 

(Cu, Ni, VO and Zn) are discussed in Chapter VI. 

Wherever possible, the oxidation products were charac­

terised by esr and optical spectroscopy. 

The oxidation products of transition metal 

po~hyrins offer challenging structural prOblems to the 

chemist and a study of these systems is important te 

underatand the redox reactions occuring in biological 

system. In this thesis an attempt has been made to 

identify the products o•tained on oxidation of vanadyl 

po~hyrins whioh are the simplest systems among the 

transition metal porphyrins. 
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CHAPTER I 

A BRIEF REVIEW 00 'IHE ESR STUDIES ON 'IHE OXIDATIOO PRODUCTS 

OF TRANSITION METAL PORPHYRINS 



CHAPTE~ I 

A BRIEF REVIEW ON THE ESR STUDIES ON THE OXIDATION 

PRODUCTS OF TRANSITION METAL PORPHYRINS 

I.l INTRODUCTION 

1 

The aim of this review is to provide the background 

material which has motivated us to undertake the esr and 

elect~hemical studies of the ~xidation products ~f some 

transition metal porphyrins, especially vanadyl porphyrins. 

The oxidation p~·ducts of transitinn metal porphyrins are 

being investigated currently by many groups using magnetic 

resonance techniques (NMR, ESR and Mc)ssbauer) and magnetic 

susceptibili~y·measurements. 1 The interest in these system 

is two-~old. The magneti~ re~onance datai especially the 

esr SI?·:.:;ctra require the dt ·elt"pment of nevr theoretical 

approaches for tt'leir interpretation .. Apart from this 

challenging aspe~t, these systems play important roles as 

intermediates in heme enzyme ..;. catalyzed reactir.ml!l. 2 

A Fe(IV) porphyrin is postulated as an intermediate in 

the reaction involving ~atalase and perAxidase. In the 

present review we shall 'restrict ourselves mainly t-. the 

magnetic resonance studies on the oxidatiAn products ~f 

transition metal porphyri~s~ A systematic review is n~t 

av3.ilable in the liter-...turG, th~~ugh the esr of oxidation 



products of iron porphyrins have been discussed in 

detail. 3 ' 4 Since a large r.•..:.:.nber of reviews
5

'
6

'
7 .have 

appeared '.IIU dioxygen aCd"...lcts Of metalloporphyrin& thi.a 

aspect is not included in this review. 

r.2 Titanium and Vanadium porphyrins 

2 

Till now there has been no report in the literature 

on the oxidation products of titanium porphyrin~. In the 

course of our own investigations on vanadyl porphyrins, 

we had observed that treatment ef titanyl octaethyl-

-porphyrin with tri.:Eluoroacetic acid leads to the 'appearance 

of single line esr signal at room temperature (width ~ 20G) 

and a radical cation type 'lptical absorption spectrum. 

No further esr studies have been made on this system. 

Vanadyl porphyrins ~lso lead to the formation 

of radical cation on one-electron oxidation (oxidat~n 

potential~ l.ov vs SCE). s,g Of the various vanadyl 

porphyrins that have been studied, namely, vanadyl octa-

ethylporphyrin, vanadyl protoporphyrin, vanadyl mes~orphyrin 

and vanadyl tetraphenylporphyrin, the esr spectra of the 

oxidation products 0f these systems are quite different 

from each other. The.following is a summary of the 

previous work on esr studies on the oxidation products of 

vanadyl porphyrins. 



3 

Vanadyl octaethylporphrrins on oxidation forms 
9 a radical cation. This system is monomeric containing two 

unpaired electrons per molecule, one on the d-orbital and 

the other in the porphyrin 1\ orbital. The esr spectrum 

of this radical cation at room temperature consists of 

eight lines with the spacing being one-half of the value 

obtained for the unoxidised product. Unusual linewidth 

effects have also been observed with this spectrum, the 

outer lines being narrow and the inner lines very broad. 

The esr spectrum has been analysed in terms of a spin 

Hamiltonian 

H = 
{gl + g2) 

2 ~ Bo 

• • • (I.l) 

. Where s1 and s 2 correspond to the unpaired spin 

in the vanadium d-orbital and the one in the porphyrin 

1\ orbital respectively. The isotropic hyperfine coupling 

constant of the 51v in the radical cation has been reduced 

to one-half of its original value in the unoxidised species. 

This indicates that the exchange interaction J is larger 

than microwave frequency i.e., J~~ 0.3 cm-1• Analysis of 

the linewidth effects by relaxation matrix theory has yielded 

the value of zero-field splitting between the two electronsas 

2810 Mrad s-1 • Assuming that this arises entirely from 



4 

0 

dipolar interaction, a dista...1ce of 4A was obtained between 

the two unpaired electrons. In terms of the molecular 

structure1 this information means that the unpaired 

1\ electron is confined to the pheripheral positions of 

the porphyrin framework. The actual estimate! of J has not 

been made so far. Attempts to obtain a currect estimate 

of zero-field splitting by recording ear spectrum at low 

temperature have not ~een successful. In frozen solutions 

around liquid nitrogen temperature, the radical cation of 

vanadyl OEP dimerises to yield a new triplet state.10 

This dimer has one unpaired electron ench on the V-orbital. 

The two Ti electrons seems to have pe.ired up. A distance 
0 

of 4.2 A has been obtained between the two vanadium nuclei. 

A detailed discussion of the esr of this system is presented 

in Chapter III. Similar work on vanadyl etioporphyrin has 

been reported by Salyutin ~ ~11 • No detailed analysis 

of the spectra has been reported by the authors. In the 

present thesis detailed studies have been mad~ on the 

electrochemical and esr behaviour of the oxidation products 

of the vanadyl complexes of protoporphyrin-dimethylester 

and mesoporphyrin dimethylester. 

A triplet state esr spectrum has •een reported for 

~ -irradiated VO(TPP) in tetrachloro ethane. 12 Only the half-
1 

field lines were observed since the 6 m = ::!:: 1 transitions were s 

marked by the strong ear signal of VO(TPP). The half-field 



5 

signal consists of 8 lines indicating that the irradiated 

product is monomeric vanadyl porphyrin in a triplet state. 

This species has been assigned as the one-electron oxida-

tion product of VO(TPP), on the basis of its optical 

spectrum. An approximate estimate of D ,/ 0.024 em -1 has 
~ ... 

been made from the H min value in the: half field spectrum. 

I.3 . 13-28 Chromium PO£Phyr~ns 

The most stable oxidation state for Cr in chromium 

porphyrins is 3. Oxidntion of Cr(I!I) porphyrins leads 

to Cr(IV) and Cr(V) porphyrins. Reduction leads to Cr(II) 

porphyrins. Interestingly, the oxidation products of 

Cr(OH) porphyrins and CrCl (porphyrins) are different. 13 ' 14 

Cr(III) porphyrins with hydroxyl group as the axial ligand, 

on oxidation in alkaline medium with sodiumhypochlorite 

yield CrO(porphyrin) where Cr is in Cr(IV) state. CrO(TPP) 

and CrO(OEP) have been isolated in tho solid state. The 

optical spectra of th.;;se compounds aro very similar to that 

of vanadyl porphyrins. The magnetic susceptibility as 

measured by Evans method indicate that those system are 

diamagnetic. X-ray structure of the o:;:o chromium (IV) TPP 

has also been r~ported. 13 , 15 CrCl (porphyrins) on oxidation 

with hypochlorite or iodosylbenzene form Cr(V)O porphyrins. 16- 19 

A nitride chromium(V) porphyrin CrN(TPP) has also been 

reported. 2° Cr(V)O porphyrins ~xhibit esr spectra typical of 



6 

1 23 
d systems. Th8 following esr parameters have been obtained 

+ in solution at room temperature for CrO(TPP)•, gav = 1.982, 

aN = o.285mT, a (53cr) = 2.3mT. The esr parameters are cr 
very similar to vanadyl porphyrins and hence a similar 

orbitally non-degenerate ground state has been proposed for 
1 Cr(V) porphyrins {dxy). 1• dxy ground state is obtained for 

the unpaired electron, if we assume a co-ordinate system in 

which x and y axes are perpendicular to the plane. Treatment of 

Cr(V)P with t-butylamine leads to axial ligation involving 

the amine. ESR spectrum also indicates the p~esence of 

hyperfine coupling from the axial nitrogen ligand (0,78mT) 

which is much larger than that of porphyrin nitrogen. 

Nitride Cr(V) porphyrins also shows hyp~rfine coupling from 

the axial nitrogen which is about the same as that from 

the in-plane nitrogen nuclei. ENDOR measurements that have 

also been made on these systems, indicate slight differences 

betw~en the axial and porphyrin nitrogen coupling. 24 The 

ewr data for CrNTPP are as follows. 24 aN(is~tr~pic) = 
0.28mT; a

0 
C
53cr) = 2.83mT; a fl (Cr) = ·hOlmT; g

11 
= 1.9583; 

gJL = 1.9945. The closeness of gJL valu~ to that of free 

electron g-value indicates that the 0nergy gap between the 

dxy ground state and the nearest excited state {dxz'dyz' e) 

is quite high. This might also be the reason why Cr(IV) 

(porphyrin) is diamagnetic though it is a d2 system. 



Reduction of Cr (III) porphyrins leads to the 

formation of Cr{II) porphyrin which irreversibly reacts 

with dioxygen to form Cr(IV~OP. 25, 26, 27. 

I.4 Manqages9 porphyrins 

In the last five years, considerable amount of 

7 

work has been done on the synthesis and structural evaluation 

of oxidation p•oducts of Mn(III} porphyrins. Electrochemical 

oxidation of Mn(III) porphyrins lead to the formation of 

Mn(lii) po~hyrin ~adieal cationa; chemical oxidation 

products have been identified as Mn (IV) porphyrin f -oxo 

bridged Mn(IV) dirna~, Mn(IV) porphyrin adducts of oxidant, 

Mn{V) nitride po:phyrins. ~he products of chemical oxi-

dation of Mn(III) porphyrins seem to depend on 

the nature of'tha oxidant and the medium. 

Electrochemical oxidation of MnTPPCl, Mn ~etrakis 

(p•methoxy tetraphenyl porphyrin) Cl and Mn(OEP)Cl have 

been report~d. 4 Xhe one-electron oxidation product for 

each of these systems (~ 1.1v Vs SCE) had been isolated. 

The pmr spectrum of the oxidised species indicates that 

the pyrrole protons (~X 1 (!.~, protons) signals are shifted 

upfield and broadened. ESR spectra of these systems 

consist of strong absorption at g = 2 (linewidth ~ 300-SOOG) 
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and a weak and very ~oad ~ignal around g = 3. A magnetic 

moment of 4.7BM was obtained for TFPMn(Cl) (Cl04) which was 

found to be invariant with temperature in the range -50°C 

to 29°C. All the oxidation produots are formulated as Mn(III) 

porphyrin radical cations. The g = 2 signal is assigned to 

the ~· radical. Xhe broadening of this signal is considered 

to arise from spin-spin interactions between the a-electrons 

and the it -electron. Assignment of Mn(III) r,· radical 

cation is also con~istent with the broadening and loss of 

intensity of Soret band and increase in the intensity of 

long wavelength region. 

Chemical oxidation of Mn(III) porphyrins has been 

studied extensively. 29-36 Mn(lii) po~hyrins have been 

found to be ve~setile synthetio oxidation catalysts for 

alkane oxidation. The activation of c-H bond is accomplished 

in nature by heme mono oxygenase type of enzymes. Higher 

valent Mn porphyrins have also been effeoiently used to 

oxidise water thermally and photochemically. Hence the 

oxidation products of Mn(III) porphyrins are of great 

importance as unique catalysts for oxidation reactions. 

Some early pape~s in the literature contain ambiguous 

assignments to the oxidation state of Mn in oxidised Mn(III) 

porphyrin# based on insuffiCient experimental data. Clean 
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synthesis, isolation and struotural eluoidation have been 
37 38 reported for Mn(IV) (porphyrin) x2 and (Mn(IV) porphyrin x) 2o. ' 

Oxidation of Mn(III)TPPX in alkaline methanolic solutiens 

•Y iodosyl benzenG or sodium hypochlorite leads to the 

formation of Mn(IV)TPPX2, where X is OCH3-, N3- or NCO-. 

Oxidation of Mn(III)PX in an inert medium like ohloro benzene 

by iodosyl benzene results in the formation of dimeric 

species XPMn(IV)-o-Mn(IV)PX, (X • N3-, OCN-). Oxidation of 

Mn(III)PX by sodium hypochlorite or iodosyl benzene in the 

presence of excess ammonia results in the formation of 

Mn (V) NP. The crystal structures of all the three types of 

species have been ~eperted. 

I.4.3 

ESR of Mn (IV) perphyrins have been reported. ESR 

spectra were recorded for Mn(IV)P(NC0) 2, Mn(IV)P(N3) 2 in 

dichloromethane solution at 12K. 36 Interestingly, the esr 

spectrum depends on the nature of the two axial ligands 

Mn(IV)TPP(NC0) 2 exhibits a strong signal at q • 3.g2 and a 

resolved (aMn • 69G) structure at g:::.1. 2. This indicates that 

the ligand field is axially symmetric and the zero field 

splitting, n>>h ,, for the s • f system. On t.ha other hand, 

Mn(IV)TPP(OCH3) 2 yields g values as 5.46, 2.4 and 1.1. The 

signal at q • 5.46 is very strong and resolved (aMn = 72G). 
3 This signal indicates highly rhombic charaoter of the s = 2 



system. Using the available-theoretical models for the 

3 
ESR of s = 2 systems, an approximate estimate of 

,.... -1 D '-..:!. 1. 7 em has been made for the Mn (IV) porphyrins. 

3 In contrast to Cr(III) porphyrins (S = 2) the ZFS value 

in Mn(IV) porphyrins is quite high. This has been attri­

buted to contraction along the axial bonds in Mn(IV)P 

due to smaller ionic radius of Mn(IV) ion compared to 

that of Cr(III) ion. A monomeric Mn(IV) porphyrin 

containing two molecules of iodosylbenzene has also 

10 

been reported. 40 A similar esr spectrum (g = 3.52, g = 2) 

was reported for the species obtained during i irradiation 

of Mn(III)TPPCl containing equimolar amount of TCNE 

(Tetracyano ethylene). This species has been assigned as 

Mn(IV)P on the basis of its optical and esr spectra. 

A recent study43- 44 on the interconversion of 

Mn(III)P radical cation and Mn(IV) porphyrin clearly 

demonstrates the effect of axial ligand on the valence 

state of Mn. With weak axial ligands like c1o4-, Mn(III)P 

radical cation is favoured. Replacement of perchlorate ion 

by OCH3-, leads to tho formation of Mn(IV)P(OCH3) 2• 

I.4.4 /!.. -oxo Mn(IV) EOrphyrins 

It has been established that basic medium is 

required to generate monomeric Mn(IV)P during the oxidation 

of Mn{III)P with iodosyl benzene. Instead, if the oxidation 
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performed in a neutral medium like chlorobenzene, 

PMn(IV)-0-Mn(IV)P dimer is formed. This sub~le difference 

in the synthetic procedure is not clearly discussed in the 

literature. Camenzind ~ s!37145 point cut that treatment 

of Mn(III)TPP(OAC) in dichloromethane with iodosyl benzene 

leads to very little oxidation in about half-an-hour, but the 

reaction is instantaneous when sodium methoxide is added 

to the system. The same authors claim that the Mn(IV)oxo­

dimer is formed when the oxidation is done in an inert 

medium. The exact conditions for the formation of the 

oxodimer are not very clear but the species has been identi­

fied and its crystal structure and magnetic data have been 

reported. 45 'I'hc ft -oxo dimer has -Mn (IV) -o-Mn (IV) -moiety 

with an effoctive magnetic moment /..1 ff ca 2BM. No epr 
·" e 

signal has been observed uown to SK. This system can oxidise 

water to H2o2 in a thermal or photochemical process. 

Oxidation of hydrocarbons has also been reported. A report 

on Mn(V)=O porphyrins in the literature does not contain 

adequate data for the assignment of the Mn = 0 viorations 

in the IR and the similarity of the optical spectra to 

fZ-oxo Mn(IV) system point to the fact that the species is 

not Mn(IV) = 0 system but is very likely t~ be 

PMn(IV)•O.Mn(IV)P. A/r-oxo Mn(IV) system as an adduct of 

iodosyl benzene has also been reported c
1

U, eff = l.SBM). 

This compound is also epr-silent. ThG low magnetic moment in 



thejl -oxo system indicates strong antiferro magnetic 

coupling of the d-electrons (J~ 250 cm-1). Mossbauer 

study of 127r in the iodosyl benzene adduct have also 

12 

been reported48• The complexes ~(N3)Mn(IV)TPP_72o and 

L-(OCN)Mn(IV)TPP_72o arc thermally unstable and decompose 

slowly. 50 When solutions of these systems are allowed to 

decompose partially and frozen at liquid nitrogen tempera• 

ture, a 16-line esr spectrum is obtained. The epr spectrum 

is shown to be very similar to the known mixed valence 

Mn(III)-o-Mn(IV) systems.51152 In equivalence of the Mn 

atoms have also been observed in the hyperfine couplings. 

The epr spectra of the mixed valence Mn porphyrins are 

similar to those observed when spinach chloroplasts are 

flashed with a pulse of light and frozen. 52 A coupling 

of S = ~ ~Mn(IV)_7 and S = 2 ~Mn(III)~ leads to a 

ground state S = t in the mixed valence dimer. ~e theory 

of the ear of this system is discussed in detail for 

Mn(III)-o-Mn(IV) dipyridyl systerns.53 

I.4.5 MQW) porQhY;ins 

Craig ~ 2!54 and Buchler ~ 2155 have indepen­

dently reported the synthesis of Mn(V) nitride porphyrin. 

Treatment of Mn(III)TPP or OEP systems with sodium hypo-

chlorite or iodosyl benzene in the presence of excess of 

ammonia leads to the formation of PMn(v)==N. Optical spectra 



13 

ex;;; : 424, 538, 626nm) 1 Crystal struoture and magnetiC 

data have been reported. T~ system is diamagnetic. Mn(V) 

is a d 2 system and apparently the ground state is non­

degenerate and does not have any low lying excited states. 

A similar situation is observed for PCr(v)=:N (d1) which 

gives a sharp line epr spectrum in solution at room 

temperature, indicating that the d-orbital energy levels 

are similar for Mn(V) and Cr(V). 

I.4.6 MnP-02 complexes56-S 9 

Mn(II) po.rphyrins bind irreversibly to dioxygen. 

The esr data clearly indicates that Mn exists as Mn(IV) 

in the dioxygen cornple~. A typical set of esr parameters 

are:56 ~ = 2.46 em-1 , E;D = 0.3291 cm-1 , A <55Mn)= 52.6 x 

10-4 cm-1, B (55Mn) = 86.4 x 10-4 cm-1 for MnTPP(o
2

) system. 

A hyperfine coupling for 17o in the o2 moiety was found 

to be equal to 2 x 10-4 cm-1• The adduct is accordingly 

formulated as Mn(IV)P-02-- • An edge-on geometry for o2 
60 moiety has been proposed on the basis of EHT calculations. 

61 Recent s£ initio calculations also support the same view. 

Much has been said on the nature of oxidation 

products of iron porphyrins. A recent review summarises 

the earlier results upto 1982. 3 The early studies 2162- 65 on 
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the esr and magnetic susceptibility studies on the products 

obtained on the electrochemical oxidation of iron porphyrins 

were interpreted on the assumption that the oxidised 

product is a Fe{IV)P species. More detailed reports have 

appeared in recent years on the detailed optical, and 

nmr studies on the oxidation products of Fe(III) porphyrins 

obtained both by chemical and electrochemical oxidations. 

Fe(IV) porphyrins are formed when an oxo ligand is present. 

The species (FeO)P has been identified as Fe(IV) porphyrins. 

r.s.l Electrochemical oxidation of Fe(III) porphyrins 

Oxidation of the iron in the iron{III)-porphyrin 

to Fe(IV)O group is well established for enzymes like 

catalase and peroxidase where superoxide or peroxide species 
'respectively 

are involvegt. There are also other classes of enzymes 

containing isobacterio chlorin (sirohydro chlorin) which 

have very low oxidation potentials. 66 , 67 
On the basis of 

the esr and optical spectra of the oxidised species at 

room temperature, this species has been identified as 

Fe(III)P radical cation. In the following paragr~hs, the 

available structural information on each type of oxidised 

species of Fe(III) porphyrins is summarised. 



I.5.2 Fe(III)P radical cation 

One electron oxidation of Fe(III) porphyrins is 
65 being investigated for the past twenty five years. 

66 Early electrochemical studies by Wolberg and Manassen 

as well as by Felton~ al. 62 ' 63 were not very conclusive 

about the assignment of structure to the species, which 

was not completely characterised. Chemical oxidations of 

Fe (III) 76 porphyrins, using iodosylbenzene, chloroperoxy 

benzoic 93 . 71 82 acid, antimony pentachlor~de or Fe(Cl04) 3 
have been reported in recent years. The products of 

chemical oxidation depend on the nature of oxidising 

agent. Oxidation product obtained by using iodosylbenzene 

has been shown to be Fe(IV) species. The product obtained 

with chloroperoxy benzoic acid has been described as 

Fe (IV) P i'\ cation radical. 93 Oxidation with Fe (ClO~) 3 or 

SbCl5 lead to Fe(III)P cation radicals. Electrochemieal 

oxidation in the presence of perchlorate as count~r-ien 

has been studied in detail with Fe(III) porphyrins and 

(Fe (III))2o. 68 , 69 The products have been isolated on a 

synthetic scale and detailed magnetic measurements, 

MO"ssbauer and nmr studies have been performed on these 

systems. Solution magnetic measurements using nmr method 

has lead to a value of s.s BM for TPP(OCH3)Fe(Cl04) 

and the corresponding OEP system over a temperature range 
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of 215-300K. A similar oxidation product obtained by using 

SbC15 as oxidant, exhibits a magnetic moment of 5.1 BM over 

a temperature range 5-300K. Mossbauor data shows increased 

isomer shifts in comparison with the Fe(III)P, whereas 

decreased shifts are expected for Fe(IV) species. The 

oxidised species is esr-silent. ln the visible electronic 

spectrum, Soret band is shifted with diminished intensity 

and a broad absorption is noticed around 870nm. The oxidised 

monomeric species yield well-resolved p·mr spectra which 

differ from the parent Fe(III)P spectra in terms of 

larger phenyl proton isotropic shifts. The large shifts 

for the phenyl protons which are observed for any transition 

metal porphyrins had been taken as indicative of the 
~ 

presence of '' radical eation. Approximate correlatio~ 

have been made using the phenyl proton shifts in 

(TPP)FeCl04 and the mesoproton shifts in OEPFeCl(Cl04) in 

assigning the ground state of the unpaired !\ electron 

as a2u and a1u respectively. On the basis of above data, 

the electrochemical oxidation products of FeP had been 

assigned as Fe(III)P cation radical • 

A recent work by C.A. Reed and co-workers report 

the preparation of analytically pure FeCl(TPP)SbC16, 

Fe(TPP) (Cl04) 2 using radical cations of thianthrene and 

phenoxathiin. 7~ 171 Detailed magnetic susceptibility measure-
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ments and X-ray crystal structure have been reported for 

these two systems. The temperature dapendent-magnetic 

susceptibility data for .E'cCl (TPP) SbC16 has been interpreted as 

5 arising from strong antifcrro magnetic coupling of S = 2 

iron atom and s = ~ porphyrin radical, leading to S = 2 

ground state. A value of J between -125 to -250 cm-1 has 

been estimated. On the other hand~ Fe(Cl04) 2TPP radical 

cation exhibits a magnetic susceptibility of 6.50 BM 

at room temperature. A maximum value of 6.75 BM is reached 

at lOOK. This value is greater than the spin only value 

for S = 5 1 2' 2 uncoupled system. ~ ferromagnetic coupling 

between S = ~ iron and s = t porphyrin radical has been 

postulated to explain the observed susceptibility data, 

. -1 
w~th J -~- 40 em • ESR spE: .tra were not ol>servable for both 

these systems down to 4.5K. The crystal structure data 

indicated that the Fe atom is out-of-plane of porphyrin 

ring in FeClTPP(Sb816) and in the pl~n~, in Fe(Cl04) 2TPP. 

In the later situation tho orthogonality of the d-orbitals 

with a 2u - i; orbital of porphyrin could lead to S = 3 

sta~e. The overlap in FeTPPSbCl6 could lead to strong 

antiferromagnatic interaction between unpaired electrons 

on the metal and the ligand resulting in S = 2 state. 

The magnetic susceptibility data for FeTPP(Cl04) 2 reported 

by Boersma and Goff 74 ( fv = 4.8 BM) c~iffers considerably 

from the value of 6.75 BM obtained by Gans et al71 • The --
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latter authors have done the measurement in the solid state 

using SQUID susceptometer while the former measurement 

was done using nmr method in solution. At present it is 

difficult to rationalise the observed difference in the 

susceptibility for the same compound. 

Radical cations of the type ~Fe(III)TPP_72+, 

L-Fe(III)OEP_72+ with Fe in the low-spin state have also 

72 been generated and studied by nmr. The low spin systems 

have been obteined from the corresponding high spin systems 

generated electrolytically, by adding directly excess of 

- J2+ imidazole into the nmr tube. Thus L Fe(III)TPPim2 and 

- -2+ L Fe(III)OEPim2_1 had been identified by solution nmr. 

The magnetic susceptibilities of these two systems obtained 

by nmr method are 2.8 BM a~.d 3.3 BM respectively, indicating 

the presence of a triplet state. These systems have been 

found to be esr ~ilent. 

I.5.3 J.A -... oxo iron porphyrins 

One and two-electron oxidation products of 

Jj 69 
1 --oxo iron porphyrins have been reported. The one-

electron oxidation product yields a single line esr signal 

at 77K with g = 2. The doubly oxidised dimer is esr silent. 

IR spectra of both monomeric and dimeric species show 

diagnostic ab~orption at :~1290 cm-1 characteristic of 

--porphyrin I I -cation radicals. The magnetic susceptibilities 



of the one- and two-electron oxidation products (C104-

as the counter ion) are respectively 3.2 and 1.7 BM 

indicating the presence of strong antiferromagnetic 

exchange in these systems. 

other Fe(III)P radical cations reported involve 

the ligand sirohydrochlorin (isobacteriochlorin). 66
,

67 

The free base 2,4 dimethyl gem octaethyl isobacterio­

chlorin (DMOE-iBC) and its metal complexes (Free base : 

o.37V vs SCE Zn complex : o.o7V vs SCE) have much lower 

oxidation potentials than the corresponding porphyrin 

systems. Oxidation of Fe(II) (DMOE-iBC) (pyridine) (CO) 
/"-

yields a 1 • cation characterised by visible electronic 
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and esr spectrum at room temperature. Fe(II) (DMOE iB~)Cl 

on one-electron oxidation, yields a radical type visible 

electronic spectrum and is esr silent. These radical cations 

are considered to be models for the active s.ites in sulphite 

reductase and nitrite reductase. An iron oxophlorin radical 

system has also been identified by esr?5 

I~5.4 Fe(IV) porphyrins 

A clear identification of Fe(IV)P was probably 

made for the first time by Chang and Kuo76 and also by 

77-81 ~ LaMar ~ .21• The later group had obtained L Fe (IV) OP t>asQ · 

by treating L-Fe(III)P-0-D-P Fe(III)_/ with imidazole type 

bases at low temperatures (-50°C). The Fe(IV) species was 
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identified by its typical two-banded visible electronic 

spectrum and nmr spectrum. The magnetic susceptibility 

of this species was obtained as 2.9 BM corresponding to 

low-spin Fe(IV) state (S = 1). The same species was found 

to be active catalysts involved in the oxidation of 

' triphenyl phosphane in the presence of Fe(II)P oxygen. 

Chang and Kuo76 had obtained a green species on 

oxidation of Fe(III) starpped porphyrin with iodosyl-. 
benzene in neutral medium. This was identified as Fe(IV)OP 

in the high spin state ( fJ.. = 4. 9 BM) • The optical spectrum 

of this species was observed to be very similar to that of 

the active site in catalase enzymes. The nmr spectra of 

Fe(IV)OP (high spin) and (NMeirnFe(IV)OP) (low spin) show 

signif~cant differences in the contact shift of pyrrole 

and phenyl protons of porphyrin. 

The considerations which govern metal centered-

oxidation vs ligand oxidation in Mn-porphyrin apply in the 

case of Fe porphyrin also. Oxidation of Fe(III)P in the 

presence of ligands of the type Cl04- lead to the formation 

of ii radical cation. If oxo ligands are present then 

Fe(IV) is the preferred species. It has been shown in recent 

years that treatment of the radical cation, (Fe(III)P)Cl04) 2 

with OCH3- ion leads to the formation of Fe(IV)P(0Me) 2• 

This species has been isolated in the solid form. 82 , 83 
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The nmr, magnetic and MOssbauer data are reported for 

this system. The dimetho~ system is low spin Fe(IV) 

( ~ = 2.9 BM). But its nmr spectrum is different from that 

of L-Base Fe(IV)oP_/ which is also a low spin Fe(IV). The 

reasons attributed are that in the former, Fe may be in 

the plane of Pring, while Fe(IV)O may be a pyramidal 

system. To clarify the situation further,electrochemical 

oxidation of Fe(III)P(OH) has been done in CH2Cl 2 around 

-70°C to obtain a species characterized as Fe(IV)OP. 84 

The same species is also obtained by chemical oxidation 

with iodosyl benzene in presence of methanol. Further, 

treatment of Fe(IV)PO with perchloric acid affords the 

1\ -radical cation, Fe(III)P(Cl04) 2• Thus, a reasonably 

clear picture have emerged out of the confusion prevailing 

over a decade. Fe(IV) porphyrins are also esr silent. 

I.s.s Fe(IV)P radical cation 

This species has been postulated as the active 

center in HRP-coiT!Pound I. 85- 92 Mbssbauer data of the 
. 88 

HRP-I indicates the presence of Fe(IV). NHR results 

point to the presence of /i -radical cation. 91- 92 ESR and 

ENDOR studies have also been made on this system. These 

latter studies indicate a free radical systiem~ strongly 
97 

coupled to a paramagnetic metal center. The overall magnetic 

susceptibility accounts for S = ~ state. On the basis of 

• 
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these data,the present explanation for HRP-I is that it 

is Fe(IV)Pt with Fe in the low spin state (S = l) coupled 

to a /1 radical cation (S = t) . Fe (IV) P t is report:.ed to 

be formed during the oxidation of Fe(III)P by chloro-

benzoic acid in methylene chloride-methanol system at 
93 

-7s~c. This product is epr silent, and its magnetic 

susceptibility is 4.2 BM• Though this system is distinctly 

different from Fe(III)Pt in its nmr spectrum, it is not 

identical to compound I of HRP. Further characterisation 

of the chemically obtained species is necessary. 
'ing 

An iron porphyrin contain, 1 Fe-e bond has been 

oxidised to Fe(IV) porphyrin. 95 Phenyl Fe(III) ~-tolyl TPP) 

was oxidised with bromine. The product was identifieq by 

nmr data as Fe (IV) porphyrin. 

Usi~ a chemical oxidising agent, N-N dimathyl­

aniline-Noxide, a facile oxidation of Fe(III)~P has been 

observed. 96 The oxidation product has been assigned as 

FeN)P. No detailed structural assignments are available. 

One electron oxidation product of nickel porphyrins 

were reported to undergo valence tautomerism. 98, 99 The 

oxidation product at room temperature was identified as the 

cation radical while at 71K the colour changed from green 
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to red with a strongly anisotropic esr spectrum (g~= 2.286~ 

g11 = 2.086). This species was identified as d 7Ni (III) 

system. It was also observed that when the oxidation was 

done using Br2 as the oxidant no spectral changes occured 

at low temperatures. When the oxidation had been carried 

out in the presence of PF6- ion, Ni(III) species was 

obseJ:Ved at low tenperatures. A recent resonance Raman 

study of the system also confirms the above obse~ation. 
J 

- ( ) - 100 Apparently PF6 stabilises Ni III whereas Br does not. 

Cu(II) porphyrins on oxidation form the radical 

cations. In solution the oxidised species has two unpaired 

electx:ons ( jJ. = 2. 4 BM) • 101• 102 Deuterium ·nmz:' of Cu ('I'PP) ~ 

has also confirmed the presence of radical cation. The· 

crystalline of one•eleotron oxidation product of Cu('I'PP)~ 

with 8bCl6, is diamagnetic while in solution: p • 2.4 BM.103 

This value matches with that for two non-interacting 

S = i rn cqnetio centers. From the nmr data the ground state 

- + for the unpaired 1 l electron in Cu ('I'PP) • was assigned 

as a 104 
2u• 

Cu(OEP) and Cu(OEC) (octaethyl chlorin) on one-

electron oxidation lead to the formation of cation radicals 

which are esr-silent at ambient temperatures. In frozen 
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solutions at 77°C1 dimeric species have been obaerved 

with s = 1 state, dimer has one electron eaeh on the Cu 

atoms and distance between the Cu atoms had been obtained 

as 3.7 A from the observed epr spectrum.105 Another type 

of oxidised species was detected by epr when a fro.en 

solution of Cu(TPP) was irradiated by J -rays. This 

species gave a characteristic triplet stste epr apectrum, 

corresponding to only one Cu center. The radiation induced 

oxidation has most likely yielded a monome~c Cu radical 
106 species. 

Silver{II) porphyrins have unusually low oxidation 

potentials. The first one-electron: oxidation produet of 

Ag(II)OEP and Ag(II)TPP were shown to be diamagnetic and 

no 7\- radical spectrum was observed. 107- 110 On this basis, 

the oxidised species has been assigned as Ag(III)P, 

A recent deuterium nmr study on the same system also 

confirms this assignment. 111 

A selective review has been pre$ented above on 

some of the recent work on the oxidation produai:s-: of 

transition metal por,phyrins as studied by magnei:ic resonanee, 

optical spectra and magnetic susceptibility measurements. 

It is clear from the material presented, that no single 

physical technique is adequate to understand the structural 
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features of the systems discussed. A number of prOblems 

still remain to be solved regarding the magnetic properties 

of oxidised poxphyrins. In the work presented in this 

thesis, an attempt is made to understand the magnetic 

properties of the oxidation products of some simple 

transition metal porphyrins, namely vanadyl porphyrins. 

ESR had been the main technique used, supported by visible 

absorption and cyclic voltametric data. 
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CHAPTER II 

DETAILS OF EXPERIMENTAL TECHNIQUESl-S 

II.l INTRODUCTION 

This section of the Chapter deals with the 

synthesis of meta11oporphyrins used in the present work, 

purification of solvents and other chemicals used in 

Cyclic Voltammetric and esr studies. A brief account of 

the Cyclic Voltammetry is also presented. 

II. 2 SOLVEN'l'S :1 

The following solvents were used throughout the 

experimen~ation. 

(i) Benzene 

For extraction and running chromatographic column 

commercial benzene (drum sarrple) has been used after twice 

distillation. For other experimental puzposes like optical 

measurements and recryseallization etc. Spectroscopic 
- . ._ c: .. 

grade solvent (Sarabhai M. Chemicals) were used. 

(ii) Hexane and ~olohexane 
I 

Commercial drum sample of hexane and cyclohexane 

have been used after distilling twice. 
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(iii) Chloroform 

Drum sample, distilled twice and dried over CaCl2 
has been employed for synthesis, extraction and running 

columns. For recrystallization and other physical measure-

ments spectroscopic grade was employed. 

(iv) Dichloromethane 

Drum sample or E. Merck synthetic qrade dichloro­

methane was twice distilled, refluxed over K2co
3 

(anhydrous) 

for about 4 hrs and distilled, This sample has ~een used 

for synthesis. extraction and column chromatography. For 

cyelic voltammetrie measurements, optical mea•urements and 

EPR measurements, t.he spectroscopic grade solvent distilled 

once, has been employed, 

(v) Mathanp~ and ifbiijol 
4 

Absolute alcohol has been prepared from the aistilled 

drum sample. These alcohols were used for synthesis, 

recrystallization etc. A.R. Grad~ (S.D.•s Fine Chemicals) 

alcohols were also employed. 

DMF (SDS, AR) has been kept over anhydrous euso4 
overnight, distilled under reduoed pressure and kept over 

activated molecular sieves. 



~ii) Benzonitrile 

Benzonitrile (SD's Fine Chemicals, LR) has been 

employed directly for synthesis. 

II.3 OXIDISING AGENTS 

The following agents were used for oxidation 

of metalloporphyrins. 

(i) Perchloric acid 

37 

Perchloric acid (Merck GR) has been used directly. 

(ii) Trifluoro acetic acid (TFA) 

TFA (Fluka AG) was distilled before use. 

(iii) Aluminum Chloride 

A sol uti on of al unlinum chloride has been made by 

dissolving aluminum chlori~e (anhydrous) in distilled, dry 

and deaerated dichloromethane. 

(iv) Boron trifluoride (BF3) solution 

A saturated solution of BF 3 has been made by 

passing BF3 gas through distilled and dried dichloromethane. 

(v) Antimony pentachloride (SbC15) solution 

2 ml of antimony pentachloride (Fluka AG) has 

been dissolved in 50 ml distilled, dry and deaerated 

dichloromethane. 
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II.4 REAGENTS AND SUPPORTING ELECTROLYTES2 ' 3 

This reaction describes the methods of preparation 

of different reagents and complexes which were used during 

the course of investigation. Some of the reagents were 

procured commercially. 

(i) Variad~l sulfate1 (Anhydrous) 

Vanadyl sulfate (anhydrous) has been prepared by 

the action of cone. H2so
4 

and so2 on v2o5 • 

v2o5 +H2so4 + so2 + SH20 = 2VOS04.3H20 

About 2 gms of v2o5, 1.3 ml H2so4 (cone.) and about 

1 ml of water were mixed thoroughly to form a paste. After 

keeping overnight, some more water was added ana so2 gas 

was passed through the suspension till all v2o5 was 

dissolved. It was then filtered through a sinterea funnel. 

The dark blue filtrate was then slowly concentrated till a 

crystalline mass was obtained. It was then washed acid-free 

with 95% ethanol and dried by a suction pump. The oright 

blue crystalline material was kept in a vaccuum dessieator 

containing P2o5 • It is highly hygroscopic. 

(ii) Sodium pe%'9hlorate2 

Sodium perchlorate has been prepared by neutralising 

sodium carbonate (ANALAR) with perchloric acid (LOBA CHEMIE,GR) ~· 
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After completely neutralising, the volume ~f the reactien 

mixture was concentrated and sodium perchlorate has been 

crystallized out. It was then recrystallized frem distilled 

water several times. The purity of the sample has ~een 

tested by running a cyclic voltammogram. 

(iii) N-Bromo succinamide (NBS) 1 

Commercially available N-bromo succinamide has 

been recrystallized from hot water several times. White 

crystalline pure N-bromo succinamide has been ~btained. 

Melting point : 170 - 175°C. 

(iv) Tetra n-butylammoniym pe;phlorate (~B~) 1 

A saturated solution of tetrabutJlammonium i~ied 

(SISC04 Extrapure) has been prepared in distilled water. 

To the solution, sodium perchlorate has been added, while 

tetrabutylammonium perchlorate precipitates out instantly. 

It has been stirred constantly and filtered fast in order 

to avoid the liberation of iodine. More sodi~ perchlorate 

has been added to the filtrate till white preg~~tate of 

tetrabutylammoniurn perchlorate no longer fo~s. ~he 

precipitates has been suction•filtered and drie4 by pressing 

between filter papers. After properly drying, the tetra­

butylammonium perchlorate was dissolved in methanol and 

reprecipitated out by adding distilled water. It was then 



filtered and dried as before,then recrystallized fr~m 

methanol. Glassy crystals were formed. The purity ~f the 

sample has been tested by running a cyclic vt'Ut.amm~gram. 

II.S METALLOPORPHYRIN4- 8 

(i) Protoporphyrin IX-dirnethylester4 

Hemin (from OX blood, CSIR, Biochemicals, New 

Delhi) was demetalated and esterified. Demetalati~n, 

esterific2tion and extraction have been done according 

40 

to the standar& methoc as reported in the literature~ 

!~out 2gm of powdered Feso4 is added. A fast stream of HCl 

gas is passGd through the filtrate of Hemin solution. 

In order to avoid the excessive generation ~f heat, the 

solution is kept in an ice-cooled water. Complete demeta­

lation and esterification are accompanied by a col~ur 

change from reddish to pinkish. This can be easily idebti­

fied by recording an optical spectrum. The absorption 

band due to Hemin ( ~- 630nm) is replaced by that of proto­

porphyrin dication (610, 585nm). After cooling, the reaction 

mixture is extracted with chloroform and washed thoroughly 

with water. The washing is done fast in ~rder to avoid the 

hydrolysis of ester by aqueous HCl. After thoroughly 

washing the reaction mixture with water, the chloroform 

layer is collected in a conical flask and dried over Na2so4 
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(anhydrous). After filtering, the solvent is removed by 

evaporation and the protoporphyrin-IX dimethylester is 

obtained as residue. For purification, a column of A1 2o3 

(neutral) has been employed. 1:10 CHC1
3
/Benzene mixture 

has been used for eluting the porphyrin ester. The green 

band of chlorin has been separated from the column and 

different fractions were tested optically, protoporphyrin 

IX dimethylester is quite sensitive to light due to the 

presence of vinyl group. Therefore, during elution the 

column is wrapped by a dark paper. The porphyrin ester has 

been crystallized out from chloroform-methanol mixture. 

The purity of the sample has been checked by proton nmr 

and by running a TLC against standard PPIXDME (Sigma 

Chemicals, USA) • 

'\ (nm) 407 ( ) 6 I\ max , 505, 540, 575, 603 s , 30. 

(ii) Vanadyl protoEorehY~n IX dimethyl est~r5 

Vanadyl protoporphyrin-IX dimethylester has been 

prepared by using anhydrous voso4• In a round bottomed 

flask fitted with a condenser 50ml of glacial acetic acid, 

1.5g of sodium acetate, about 300mg of vanadyl sulfate and 

200mg of protoporphyrin-IX dimethyl ester were taken. The 

mixture was refluxed for few minutes and some pyridine was 

added. The mixture was refluxed continuously till the 

metallation occured f~ly. This was checked by the optical 
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spectra. The mixture was then cooled and extracted with 

chloroform. The chloroform extract was thoroughly washed 

with water and 60% formic acid. The chloroform layer was 

then dried over sodium sulfate (anhydrous) keepinq overnight. 

The chloroform was evaporated to dryness using a rotary 

evaporator. The crude product was chromatographed using 

alumina (neutral). Vanadyl porphyrin was eluted by benzene. 

The_product obtained as the pure fraction was then 

recrystallized from benzene-methanol. Purity of the sample 

has been tested by TLC. 
(run) 

Amax' 410, SOO(s), 535, 575 (in chloroform). 

(iii) Vanadyl meS9e~bPhYrin IX-dimethylester5 

The vanadyl complex has been made in the same way 

as in the case of vanadyl protoporphyrin. Purification has 

been done by running through a column of silica gel, using 

benzene as solvent. Vanadyl rnesoporphyrin IX-dimethylester 

has been crystallized out from methanol-benzene mixture. 

The optical spectrum was taken in CHC1 3• 

'\ (nm) 
A-max' 405, 530, 567. 

(iv) 

About 1.2gm of purified TPP and about 2.32gms of 

NBS in c.a:a3 were taken in a round bottomed flask fitted 

with a reflux condenser. The mixture was refluxed for about 
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one hr. The reaction mixture was tested optically and when 

the bromination occurs, the reaction mixture was kept in a 

freezer and a few drops of pyridine has been added for 

neutralising. The solvent has been eliminated and the residue 

washed with methanol and dried. Brominated porphyrin has 

been purified by employing a column of silica gel eluting 

with benzene-cyclohexane mixture. It is then recrystallized 

from dichloromethane-methanol mixture and dried in a 

vaccurnrn dessicator at about 60°. 

(v) • 

1 (nm) /lmax' 437, 534, 575 (s), 620, 685. 

6 Vanadyl tetrabromo tetraphenYl porphyrin 

The vanadyl complex has been prepared by Adler's 

method .. About lOOmq of tetrabremo tetraphenyl porphyrin 

and about 200mg of vanadyl sulfate (anhydrous) in about 

150 ml of DMF have been taken in a round bottomed flask 

6 

fitted with a reflux condenser. The mixture has been 

refluxed till metallation occurs. ~he reaction has been 

forwarded by adding a few drops of pyridine, Metallation 

has been checked cptically. After complete metallation the 

reaction mixture has been extracted with benzene and washed 

thorcughly with water. The benzene fraction has been dried 

over anhydr~us sodium sulfate keeping overnight. By 

evap~rating the solvent, VO tetrabromo tetraphenyl porphyrin 

has been obtained in the solid form. It is then purified 



44 

through a column of Al2o3 (neutral) • .-.rhe. unreaotad Tl?P 

comes out first from the column and a greenish purple band 

which contain the vanadyl tetrabrornoporphyrin follows. 

The column has been run using benzene-hexane mixture. The 

pure vanadyl tetrabromo tetraphenyl porphyrin has been 

obtained by recrystallization from methanol-benzene 

mixture. 

(vi). Copper tetrabromo tet£aphenxl po;ep~in4 

CuTPPBr4 has been prepared by standard method as 
4 reported in the literature. About lOOmg of TPPBr4 has been 

dissolved in chloroform in a round bot~med flask and 

refluxed for about 5 mins. A saturated solution of copper 

acetate in methanol has been added to the TPPBr4 solution 

(when it is hot) and allowed to reflux for some more time. 

Completion of the metallation has been cheeked by optical 

spectrum and then the solution was allowed to cool. It is 

then washed thoroughly with water till all the unreacted 

copper acetate has been removed. After drying over anhydrous 

sodium sulfate, the solution is filtered and the solvent is 

evaporated. Purification has been done by running through 

a column of basic alumina using benzene/hexane as solvent. 

The unreacted porphyrin is eliminated as the first fraction, 

ThA second fraction contains the pure metalloporphyrin. 



Pure CuTPPBr4 crystals has been obtained by recrystalli­

zation .from benzene-mothanol mixture. 

(vii) 

) (nm) 425 550 587 
/\max~ 1 ' • 

4 Zinc tetrabromo tetraphenyl porphyrin 
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The method of preparation is the same as that 

for other zinc porphyrins. About lOOmg of TPPBr4 in about 

100 ml of chloroform is taken in a round bottomed flask 

and refluxed for about 5 mins. To the hot solution a 

saturated solution of zinc acetate is added and refluxing 

is continued for some more time. Completion of metallation 

has been checked by taking a visible spectrum. The reaction 

mixture is extracted by adding some more chloroform and 

washed thoroughly with wat .!r so as to remove all the 

unreacted zinc acetate. The chloroform layer is then dried 

by adding Na2so4 (anhydrous) and keeping for sometime. 

It is then filtered and the solvent has been eliminated by 

evaporation. The metal porphyrin is purified through a 

column of basic or neutral alumina using benzene/hexane 

as solvent. Pure crystals has been obtained by recrystalli-

zation from benzene-methanol mixture. 

A(=~ 4351 530 (s) 1 5671 610 (s). 
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(viii) Nickel tetrabromo tet~aphenyl pofEhyrin6 

b_y_ 6 
The nickel complex has been preparedjAdler•s method. 

About lOOmg of TPPBr
4 

has been taken in about 200 ml of DMF 

~imethylformamide). Nickel chloride has been added in a 

little excess and the mixture was refluxed till complete 

metallation occurs. The metalloporphyrin has been extracted 

in chloroform, thoroughly washed with water and kept over 

Na2so4 (anhydrous) overnight. Byevaporating the solvent, 

the solid NiTPPBr4 has been obtained which was further 

purified through a column. using benzene/hexane as solvent. 

Pure NiTPPEr4 crystals were obtained by recrystallization 

from benzene-methanol mixture. 

"\ (nm) 
/\max' 432 1 550, 590. 

II.6 INSTRUMENTA~ION 

II~6.1 CYCLIC VOLTAMMETRY 

Redox potGntials wore determined using Mckee-Pederson 

MP 1502 system. A digigraphic 2000 XY recorder was used for 

recording the voltamrnogr~~s. The electrolytic cell comprises 

of the following: An Elico platinum electrode, type EP 79 

(India) was used as a working electrode. A platinum wire 

sealed in a glass tube connected with a copper wire 

has been employed as an auxiliary electrode. A saturated 

calomel electrode {ELICO-type ER 72 P) has been employed as 

a re£erence electrode. Throughout the electrochemical 



investigations (for oxidation) dry CH2c1 2 has been used 

as the solvent. The amount of solvents emplnyed were 5 

to 10ml. TBAP (0.1M) has been employed as supporting 

electrolyte and sodium perchlorate has been empl~yed in 

the salt bridge. The solvent in the electrolyte cell has 

been deaerated with oxygen free dry nitrogen gas before 

any measurement has been done. Calibration of E~ values 

and diffusion current were made by using a known concen­

tration of pure ZnTPP in cH2cl2/TBAP (0.1M) medium. 

II.6.2 EPR 

EPR measurements were done using X band EPR 

spectrometer, model E 109 (varian) system, employing 

absorp~ion reference arm. A multipurpose cavity model 

E-231 has been used. Magnetic field modulation was done 

at 100 KHz. Some measurements were done using E 104 

system also. The EPR data presented in this thesis 

were obtained from RSIC, Madras, (E 104), Department 

of Material Science, I.I.sc., Bangalore (E 109) and 

(home built), TIFR, Bombay. Measurements at liquid 

nitrogen temperature were d~ne at Madras and Bangalere 

and those at liquid He temperature were carried out 

at TIFR, Bombay~ A few measurements towards the later 

part of the research programme were done with E 109 ESR 

spectrometer installed in NEHU, Shillong. 
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Measurements at liquid nitrogen temperature 

were done using a cold finger dewar and those around 

liquid He temperature were done using oxford helium 

flow cryocooler. 
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CHAPTER III 

ESR SPECTRA OF DII1ERIC SPECIES OBTL\INED FROM THE OXIDATION 

PRODUCI' OF VANADYL OCTAETHYL PORPHYRIN 

III.l INTRODUCTION 

Vanadyl porphyrins being d 1 systems are the simplest 

among the transition metal porphyrins. One-electron oxidation 

of vanadyl porphyrins leads to tho presence of a single 

unpaired electron in the ligand pi orbital in addition to 

the d electron already present. Hence this system affords 

a simple model for studying the interactions between the 

metal d electron and ligand pi electron. In this chapter 

we present the results of low temperature ear studies on 

the one-electron oxidution product of vanadyl octaethyl 

porphyrin. 

The porphyrin ligands that are being used for 

physicochemical studies broadly fall into two types : 1- 6 

(i) those whieh do not have any substituents in the meso 

positions. Typical examples are octacthyl porphyrin, 

etioporphyrin1 protoporphyrin and many other naturally 

occuring porphyrins. We shall call these systems as OEP 

type. (OEP = Octaethyl porphyrin). (ii) those which have 

alkyl or aryl substituents in the meso positions ( TPP type1 

TPP; meso tetraphenyl porphyrin). In a metalloporphyrin 

with D4h symmetry1 the two highest occupied pi moleculz.! 



Et Et 

Et Et 

Et Et 

Et Et 

Fig.III.l. StructureR of metalloporphyrin 

{ Octaethylporphyrin ) 



51 

orbitals are very close lying, with symmetry labels a1u and 

a 2u. The energy gap between these two orbitals is of the 

6 order of o.sev or less. Consequently, the relative ordering 

of these two levels is very sensitive to the nature of the 

central metal ion. In general it has been observed from the 

esr studies of metalloporphyrin radical cations, that those 

belonging to OEP type have a1~ ground state (a is the 

highest occupied pi m.o.) and those belonging to the TPP 

2-5 type have a 2u ground state. This is only a general 

observation. In certain situations, for the same system 

(e.g. Co(III)OEP radical cation) the ground state of the pi 

radical changes from a 1u to a2u when the axial ligand is 

7 8 changed. ' There are only a few exceptions of this type 

and th~ above generalisation holds good for a large number 

of metalloporphyrins. Another important difference between 

the OEP and TPP systems is that the former undergo extensive 

aggregation in solutions while the latter do not. With this 

background we shalTI discuss the results of our low tempera­

ture esr studies on the radical cation of vanadyl octaethyl 

porphyrin. 

At room ~emperature, vanadyl octaethyl porphyrin, 

~VO(OEP)_/ is oxidised to the radical cation in solution.
9

'
10 

The visible electronic spectrum of the species and the redox 
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potential data indicate that oxidation occurs at the ligand 

pi orbital. The esr spectrum recorded at room temperature 

indicates that the species is monomeric with S = 1 where 

one eloctron is in the vanadium d orbital and the other is 

in the pi molecular orbital of the porphyrin. 10 Analysis 

of the linewidth effects using relaxation matrix theory 

and subsequent simulation of the esr spectrum have led 

to the conclusion that the major source of the relaxation 

effects arises from the modulation of the zero field 

splitting interaction by molecular tumbling motions. From 
() 

the computer-simulated spectrum, a distance of 4.0A 

between the two electrons was obtained. Hence it was 

considered that a direct measurement of the zero field 

splitting from the esr spectrum of ·.-:'. f·:.~ozen solution 

would be a good check on the resultE obtained from the 

linewidth analysis. Hence we had studL!d the esr spectrum 

of the radical cation of VO (OEP) at Lt.":uid nitrogen 

temperature and the aLalysis of tn~s sper.trum is presented 

in this chapter. 

III.2 EXPERIMENTAL DETAILS 

Radical cation of VO(OEP) was generated by dissolving 

solid VO(OEP) in trifluoroacetic acid (10-3M) or by adding 

a few drops of perchlorir. a~id to a solution of VO(OEP) 

in dichloromethane. ESR spectra of the sample was recorded 
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a·t lj c:·uid nitJ:·ogen tcmpcru.ture using a cold fing~r dewar. 

Measurement3 we.re ma.c:.e using a Varian E-10~ •ept' $pect;-o-

ccmp1.:.t.er p.~~oqrc::.mB d::::~:;c.:r.·.:Lbcd elsewhere. 

III .. =~· P.ESULTS AJ:D DISCUSSION 

The esr spectrum of the radical cation of VO (OEP) 

ut l.:.quid nitrogen terrrperature is presen~ld in fig-ure III,2. 

This spectnrrn appears to arise from a tripl~~ state. But 

the number of lines are too large to be aocO\lnted for by 

the hyperfine co1~ling from a single vanadi~ Qucleus. 

A dimerisation cf th8 VO(OEP) radical cat~on at low temper~ 

tures is not unexpected since the radical cations of Zn, 

Mg and Cu complexes of OEP are known to d~me~i~e. 11112 

In the case of tl:.2 r.~dicc.l cations of Zn (OEP) and t-t] (OEP) 

the dimer is diama9r:ctic since the fl. eleetrons pair up. 

In t.l:e case of ·tbe rJ.c~ic.-:il cation of Cu (OEP) the dimer has 

onl'~ t:.npaired elect:r.on eu.ch on -the Cu atomie orbital which 

are ferromagnetically cou~led. 13 Magnetic s~sceptibility 

measurements have indicated a value of J = -~om-l for the 

exchange integral. We have considered a sim4lar situation 

for tho dimer of the radical cation of vanadyl porphyrin. 
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Fig.III.2(a) ESR spectrum of the radical cation of Vanadyl Octaethylporphyrin 

in TFA at liquid nitrogen temperature 

(b) Computer-simulated spectrum 
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III.3.1 THEORETICAL BACKGROUND 

Diamagnetic dimers are formed from the radical 

cations of Zn(OEP), Mg(OEP) when these systems are cooled 

to about -60°C. The equilibrium constants for the dimeri-

sation processes have been obtained for some of these 

systems. 11 , 12 From these studies it is apparent that the 

exchange interaction between the two pi electrons in the 

dimer is greater than 200 em - 1 
(-J > 200 em - 1). This 

accounts for the strong antiferromagnetic coupling between 

the two pi electrons in the dimer. Magnetic susceptibility 

measurements for the dimer of the radical cation of Cu(OEP) 

leads to a value of -J = 2 cm-1, between the two d electrons 

on the Cu atoms. 13 Since the dimer of the radical cation 

of vanudyl porphyrin is al~o expected to be similar to that 

of Cu(OEP) we can make a reasonable assumption that the 

J values for both these dimers are of equal magnitudes. 

Thus the vanadyl dimer is treated as S = 1 system with one 
v 

unpaired electron each on the Gu orbitcl. Since both the 

monomeric units are identical in the G.imer this problem 

can be treated as that of a similar ion dimer with axial 

symmetry. The customary assumption of parallel d,g and 

hyperfine tensors is made which is jus-':.J.f.:l_ed by the good 

agreement of the COIT!Puter simulated fp(;;.;trum with the 

experimental esr spectrum. 
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The spin Hamiltonian for the dimer can be written 

as follows: 

where H1 and H
2 

are individual spin hamiltonians for the 

monomeric species (S = 1/2 systems) and Hint is the 

dipolar interaction between the two unpaired electrons. 

Since J dd is small, the electron electron interaction is 

considered as purely dipolar. The terms H1 and H2 are of 

the type : 

H. 
~ 

A /' /'.. A. 
= $ .• g .• B + S .• A .• I. 

~ ... -~ ~ ..... ~ ~ 
i = 1,2 

where the g and A tensors are identical for both the units. 

The detailed treatment of this problem is well-documented. 14 

Using the computer program mentioned in reference 13, we 

have simulated the esr spectrum of the radical cation of 

vanadyl porphyrin varying the parameters, g,A and the 

distance between the two vanadi urn 2torr,s. The best agreement 

was obtained for the following values of spin Hamiltonian 

parameters. g. = 1.965, g 1 = 1.964, A, (51
v) = 2712.4 Hrads-1

, 
lr _J_ 

= 715.78 Mrads - 1 distance bet.ween the metal ions = 
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III.3.2 DISCUSSION 

The experimental spectrum and ~~e computer-simulated 

spectrum are presented in figures III.2. The distance 

between the metal ions in the vanadyl dimer is slightly 

larger than that obtained for the Cu dimer. This is perhaps 

due to the slight out-of-planarity of the vanadium atom 

in vanadyl porphyrins. The ground state of the dimer of 

VO(OEP) radical cation is governed by three exchange 

integrals, namely 1 J dd 1 J; .. , n J dil J 1, 71 , the exchange inter­

action between the two pi electrons is of the order of 

-1 -200 em • The exchange interaction between the two d 

electrons on the vanadium nuclei can be taken to be the 

same or slightly less than that measured for the Cu analog. 

-1 (-2 em ). The exchange interaction between the d electron 

and the pi electron is certainly muci1 less than JTt ii • 

The analysis of the esr spectrum of the monomeric radica.l 

cation of VO(OEP) indicates that the d-pi exchange is 

larger than microwave frequency. Thus this parameter is 

also expected to be in the same range as Jdd• 

III.4 CONCLUSION 

It is not possible to observe the esr spectrum of 

the monomeric radical cation of vanadium OEP at low 

temperatures. This system dimerises on cooling and the 

dimeric species is very similar to that obtained for the 
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radical cation of Cu(OEP). The distance between the two 
0 

vanadium atoms in the dimer has been obtained as 4.7A by 

means of computer simulation. The slightly larger distance 

obtained for the vanadyl dimer than that for the Cu dimer 

is consistent with the fact that vanadium atom is slightly 

out-of-plane of the porphyrin ring. 
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CHAPTER IV 

CYCLIC VOLTAM1ETRIC STUDIES ON SCME METAL 

CCMPLEXES OF PROm - AND MESO PORPHYRINS 



CHi\PTER TV 

CYCLIC VOLThMMETRIC STUDIES ON SOME METAL COMPLEXES 

OF PROTo- AND MESO PORPHYRINS 

IV.l INTRODUCTION 
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Electrochemical techniques have been used 

extensively in porphyrin chemistry$ 1- 3 Cyclic voltammetry 

and related techniques have been used to obtain the redox 

potentials involving various electrudo processes like 

one- and two-electron oxidations and reductions. 

Controlled potential electrolysis has been used to generate 

the desired species and study it by various spectroscopic 

techniques. Thus electrochemistry can be combined with 

optical ~ectral studies or by esr and nmr techniques. 

Tecnniques have been developed tc generate the active 

species by controlled potential reduction or oxidation 

in a thin optical cell or in an esr tube. 3 In this 

manner the active species could b8 identified spectros­

copically and wherever possible such systems have been 

compared with the products obtainGJ by chemical oxidation 

or reduction. In some favourable cas·-JS, large scale 

syntheses have been achieved by electrochemical technique. 

The redox potentials obtained for motalloporphyrins have 

been used very successfully in rationalising a large 

volume of chemical or photochemical reactions undergone by 



M= VO, Cu, Ni, Zn 
R= -cH=CH2 for PPIX D.ME 

-cH- CH3 for MPIX DME 

C Hj~H OH for HP IX DME 

Fiq. IV.l. Structures of metalloporphyrins .< Proto-,Meso-, 

and Hematoporphyrin IX dimethylester ) 
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porphyrins. Since both metal-centered oxidation-reductions 

and ligand centered oxidation-reductions are possible 

in metalloporphyrins, the electrochemical data on these 

systems offer considerable challenges to the chemist. 

In the present work, apart from obtaining the redox 

potential data for the metal complexes of proto and meso 

porphyrins, we have obtained evidences for the aggregation 

of the one-electron oxidation products in some cases. 

A brief general summary of the electrochemical 

behaviour of metalloporphyrins will be presented here for 

the sake of continuity and also for appreciating the 

results reported in the present work. 

Normally, a metalloporphyrin may possess D4h 

or c4h symmetry. In a metalloporphyrin the HOMO or the 

highest occupied molecular orbital (~u'a2u) is nearly 

degenerate and the LUMO or the lowest unoccupied molecular 

orbital (eg) is truly degenerate. In an oxidation process, 

electrons are removed from the HOMO levels. This process 

may occur in the porphyrin ligand system or in the metal 

system or in both the systems. The central metal atom 

such as Zn~ Cu etc are quite inactive to the redox 

process. In such cases oxidation or reduction occur in 

the porphyrin ligand, where as metals such as Fe, Co, Mn 

etc are quite electro-active and the redox process may 
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(metal) 

d-electrons (metal) 

n-electrons (ligand) 

/T -electr·ons {ligand) 

d-elec:t:rons (me tell) 

ft- electrons 

(ligand) 

(iii) 

Fig. IV. :~. HONO repre::;Hni:.l tions for metalloporphyrin 



62 

occur both in the ligand as well as in the metal center. 

This can be understood by considering the occupied energy 

levels of fi -electrons and d electrons of the metal 

atom (See figure IV.2). Case (i) contains electro active 

metal center, therefore, the redox process will occur 

in the metal. Case (ii) contains non-electroactive 

metal center, hence the redox process will involve only 

the ligand system. The situation becomes more complex 

in the case (iii) where both the ligand and metal are 

electro active. 

The ligand oxidation and reduction processes 

may be represented as follows; 1 using a metallopo~Jhyrin 

with bivalent metal 

M(II)P -e 
:') H (II) p"'!" -e M(II)P++ ) 

E OX (1) E OX (2) 
~ ~ 

M(II)P +e M(II)P": e M(II)P --., 
----~ 

E red (l) E red (2) 
~ k 2 

6ox = E ox(2) 
~ - E OX (1) . 

~ I 

.6 d= El red {1)-
re ~ 

E red {2) 
~ 

; 

when oxidation-reduction is taking place in the ring, 

a constancy of 

~.ox~..:.~ o.3eV, 

l'~ox and 6 red had been observed, 

6 d·:..:.:. o .sev. Also the quantity re 



;) = E!., (OX) (1) -
2 

metallvporphyrin 

E1 red(l) is constant 
"2 

+ (2.0 - O.l5V) though 

for a variety of 

the absolute 

magnitude of the potentials vary widely. Independence of 
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/\ A r 
~OX' L\ red and 0 of the metal is explained in terms of 

negligible mixing of the metal orbitals and the porphyrin 

/\ orbitals. The metal ion exerts an inductive Coulombic 

effect on the ligand /'\ orbitals through (}'- framework. 

This influence affects only the absolute values of n energy 

levels but not the relative values i.e. the difference 

in the energies between HOMO and LUMO. Using Pariser-Parr 

Pople ft. electron energies, the values 6 1 ~ d and 0 ox re 

have been estimated which agree reasonably well with the 

corresponding experimental data. When metal-centered 

oxidation-reduction takes place, this correlation fails. 

By studying the optical or esr spectra of the oxidised 

or reduced species one can ascertain whether metal centered 

redox reaction has taken~lace or not. Correlation of the 
CkaY"CJei 

redox potentials of metalloporphyrin with metaljdensities, 

gas phase ionisation potentials and \ of the metallo-
.1\max 

porphyrin 0 band, have been arnde. Such correlation support 

the inductive effect model. A redox tuning of the porphyrin 

is possible by changing the metal or the substituents 

in the ligand. 

In the present work we have studied the cyclic 

voltammetry of Zn, Cu, and VO complexes of proto and 

meso porphyrins.5 The redox data obtained from CV studies 



have not been available at the time the study was under­

taken. Our aim in undertaking these studies was to find 

out the oxidation potentials so that the radical cation 
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of some of the systems could be generated electrochemically. 

But we have observed that due to aggregation effects, a 

coating of the oxidised species is formed on the electrode 

surface which prevents further electrode reaction. A 

similar observation has ~een made on these system by 

Macer and Spiro. 6 

IV.2 BASIC PRINCIPLE OF CYCLIC VOLTAMMETRY7- 11 

Cyclic voltammetry is an electrochemical technique 

in which current voltage curves were obtained by using a 

stationary electrode in unstirred solution. The configuration 

in a cyclic voltammetric cell consists of a working electrode 

(a platinum disc electrode), an auxilliary electrode 

(a platinum wire) and a reference electrode (a SCE); 

The potential at the working electrode is varied with 

respect to the reference electrode using a triangular 

wave. The normal sweep rate used in about 100mV/sec• 

The initial and the final potentials are known as the 

switching potentials. For any single-step reversible 

electron transfer process, two peaks are obtained. The 

average value of the peaks potential corresponding to the 

half-wave potentials of the electron-transfer process. 

As an example let us consider the one-electron oxidation 



of a molecule R 

R -e ' R+ 
-~ 

During the triangular sweep a peak is obtained at a 
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+ potential E corresponding to the process R ~ R • In the a 

reverse sweep the species R+ is reduced back to R thus 

giving rise to another peak at a potential E • The half c 

wave potential at the above reversible reaction is 

obtained as Ea + Ec/2 • The theory of cyclic voltammetry 

is well documented and only the essentiul expressions 

that are used are presented here.10 

For a reversible process the peak potential can 

be related to the polarographic half-wave potential, E!1 by 

the expression 

= E1 - (0.0285/nF) 
"2 •••• (IV • 2.1) · 

where n = number of electrons involved in-· 

the electrode reuction, T = 298K 

and peak to peak difference is 

E 
a 

at 25°C 

•••• (IV.2.2) 



F0r q.n irr.;;v€.I:S.ible proc~ss, 

E 
p E~ = - 1.857 (0.026~ n 
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• • • • (IV .2 • .3) 

1rc:.1er3 o<.. = transfer coefficient (its value 

is normally between 0 •. 3 and 0.7). 

or, 

E 
p •••• 

The current for a reversible process is given by Randles-

Sevcik equation which is ex:pressed 

3 
5 _2 1 !.: 

I = 2 • 6 9 x 10 n ACD ..-.z A 2 

p 

at 25C)C~ 

10 
u.s 

•••• (IV.2.5) 

'V'lhere X is the scan r2te in volts per second. 

Gnd the ratio Ic /I 
a 

= 1 

For an irreversibl2 ·process, at 25 )C 

IV .o 3 EXPERIMENT l'JJ 

•••• (IV.2.6) 

The preparution of metalloporphyrin, purification 

of supporting electrolyte and solvents are discussed in 

detail in chapter II. 
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IV.4 RESULTS AND DISCUSSION 

IV • 4.1 Cyclic voltarnmetry .. f zinc _pr_2_~J?I")rphyrin 

The cyclic voltammetry of zinc protoporphyrin has 

been investigated with a view to understand the aggregation 

processes taking place in this system. There is a considerable 

difference in the appearance of the cyclic voltarnmogram of 

Zn protoporphyrin and zinc tetraphenyl porphyrin (Figures IV·.3 

and IV.4). The first oxid2tion peak on the anodic side is 

split and the second oxidation peaks are not observable. 

When this investigation was undertaken, the only oxidation 

potential data available was that of polarographic measure­

ments made by Stanienda and Biebl. 12 These authors have 

reported only the first oxidation potential and no mention 

has been made on the aggregation tendencies. More recent 

work by Macor and Spiro6 contains cyclic voltammetric 

studies on Zn, Ni, Co, Fe, Cr and Mn protoporphyrin 

dimethylester. 6 These authors report considerable film 

formation at the platinum electrode surface .• They have 

observed that for ligand centered oxidations, the inten­

sities of cyclic voltammctric peaks diminish during continuous 

·uns and almost disappear. This occurs since the thick 

film on the electrode surface prevents further electro­

chemical oxidation of the species in solution. These authors 

have not presented any detailed analysis of the cyclic 

voltammograms but a study of the film material on the electrode 
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by visible absorption and laser Raman spectroscopy is 

presented. They had arrived at the conclusion that when 

the ligand oxidation is taking place, the vinyl groups 
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in the protoporphyrin are activated and lead to polymeri­

sation reactions which result in the formation of the film. 

These authors have also reported only one oxidation 

potential for zinc protoporphyrin (0.75 V vs SCE). 

In the present investigation, we have also 

observed film formation at the electrode surface and the 

region where the first oxidation is expected, two peaks 

are observed.. No peaks are observed in the region for 

second oxidation process. The two peaks observed in the 

anodic sweep are separated by 153 millivolts. In the 

reverse cathodic process only a single broad peak is 

observed. If we consider that aggregation is restricted to 

dimers in solution, (though in the solid state polyrneri­

sation is possible) we can assign the two peaks to the 

first oxidation pot8ntials for the monomeric species and 

dimeric species respectively. We tentatively assign the 

lower of the two potentials to the first oxidation potentials 

of the dimer, since the removal of an electron from a pi 

system delocalised in the dimer is expected to be easier 

than that from a monomer. Thus we can envisage the 

following equilibrium in solution. 



-e 
ZnP -" c--· 

+ ZnP. 

A recent work on the cyclic v:;ltammetric study 

on dimeric crown ether porphyrin hus clearly painted to 
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the different oxidation potentials for monomeric and dimeric 

species. 13 A difference of 150 to 200 millivolts between 

the oxidation potentials of the monom2r and dimer. Though 

Macor and Spiro have reported negligible film formation 

for free base protoporphyrin, we have noticed a splitting 

of the first oxidation peQk which is much less pronounced 

than that observed for the zinc and other metal complexes. 

IV.4.2 Cyclic veltammetry of c~pper and Vanadyl 

protoporphyrins 

The cyclic voltammograms of Cu and vanadyl 

protoporphyrins are presented in Figures rv.s and IV.6). 

The half-wave potential data obtained from the cyclic 

voltammetric systems are presented in table IV .1 • The 

splitting of each oxidation peak is n<::t well-resolved in 

these systems but considerable broadening of the peaks and 

film formation at the electrode surface have been observed. 

An estimate of the first oxidation potentials of the 

monomer and dimer have been made though the error involved in 



TABLE IV.l 

Cyclic voltammetrlc data for proto- and Meso porphyrin systems at room temperature 

System 

~- - ---

VOPPIX DME 

ZnPPixDME 

CuPPixDME 

VOMeso 

VOMeso 

Solvent : CH2cJ2 
-3 

Concentration : 10 M 

Supporting electrolyte : TBAB 

Sweep rate : 100 m v/s 

Reference 
Electrode 

E 1/2(1) 

SCE 0.694 

" 0.565 

" 0.543 

" 0.94 

(higher Concentration) Ag/AgcJ 0.636 

ZnTPP SCE 0.785 

Oxidation potential in volts 
El/2 

E 1/2(11) E 1/2(111) E l/2(1V) in volts 

1.173 1.591[Ea(III)] 0.479 
p 

0.785[Ea(II)] 
p 

1.398[Ea(II)] 
p 

1.22 0.28 

0.974 1.282 1.449 

1.093 0.082 

Reversibility 

dimerisation 

" 

" 

Reversible 

dimersation 

Reversible 
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these estimates may be higher than those for zinc proto­

porphyrin. In all the three cases, namely zinc, copper 

and vanadyl protoporphyrins the area under the split peaks 

are approximately equal indicating nearly equal concen­

trations of monomer and dimer. Further evidence for the 

existence of dimeric species in solution is presented 

in the next chapter where the esr spectra of oxidation 

products of vanadyl proto and meso porphyrins are 

discussed. 

IV.4.3 Voltammetry of vanadyl meso porphyrin 

VO meso porphyrin gives clear information on the 

existence of monomer dimer equilibrium when the cyclic 

voltarnmograms are recorded at different concentration 

ranges. On the lower side of 1 millimolar concentration, 

the first and second ~xidation peaks and the reverse 

cathodic peaks are clearly seen. Tho cyclic voltarnmograrn 

is very similar to that of VOTPP though the peaks are 

slightly broader than those in the case of the latter. 

Thus we can assign this cyclic voltammogram as arising 

out of predominantly monomeric species. At concentration in the 

range of 0.005 to O.OlM different types of cyclic 

voltarnmograms are observed. (figures IV.7 and IV.B(a) and IV.B(b}), 

In figure IV.B, the first and second oxidation peaks for 

the monomer and the aggregated species in solution are 

clearly seen. The first and second oxidation potentials for 
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the monomer and the aggregated species (assumed as dimer) 

are presented in table IV.l. 

rv.4.4 Cyclic voltammetry ef iron hematoporphyrin 

Metallohematoporphyrins which are closely related 

to proto and meso porphyrins also uncergo extensive 

aggregation in solution. The cyclic voltammogram of 

iron(III) hematoporphyrin presented in figure IV.9• 

supports this view. No quantitative identification of the 

peaks for the mon~mer and dimer had been attempted in 

this case. 

IV.S CONCLUSION 

The cyclic voltammetric studies on Zn, Cu and 

vanadyl protoporphyrins vanadyl mesoporphyrin and iron 

hematoporphyrin hav2 indicated clearly that aggregated 

species exist in solutions in equil~brium with the 

monomeric species. Wherever possible, the first and second 

oxidation potentials for the monoincr and the aggregated 

species have been obtained from the cyclic voltammograms. 

! 
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CHAPTER V 

ESR STUDIES ON THE OXIDATION PRODUCTs 

OF VANADYL PR0r0- AND MESO PORPHYRINS 

V .1 INTRODUCTION 

It has been established clearly that when vanadyl 

octaethyl porphyrin is oxidised a radical cation is 

formed. 112 Similar results have been obtained for vanadyl 

etioporphyrin also. We report in this chapter the esr 

studies on the oxidation products of vanadyl proto- and 

meso porphyrins. The one-electron oxidation product of 

vanadyl protoporphyrin, L-VO(PROTO)_/ has shown aggre-

gation effects even in solution at room temperature. 

While the ~orresponding species from vanadyl mesoporphyrin, 

~VO(MESO)_/ is monomeric like that of VOOEP at concen­

trations in the range of 10-3 molar, at higher concentra­

tions, it shows aggregation effects in solution. 3 We 

present here esr evidence for the above conclusions, 

which are amply supported by the cyclic voltammetric 

studies presented in the previous chapter. 

V.2 EXPERIMENTAL DETAILS 

The details on the synthesis of vanadyl proto- and 

meso porphyrin have been presented in Chapter II. Oxidations 
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were done in dry dichloromethane using a few drops of a 

solution of antimony pentachloride (O.Ol molar) in dry 

dichloromethane. Dissolution of the vanadyl porphyrin in 

pure trifluoroacetic acid also led to the formation of the 

radical cations. These systems are quite stable at leas~ 

for a day. In general, the radicals were generated just 

before running the esr spectra. The solutionswere main-

tained in argon or nitrogen atmosphere. Cptical spectra 

were also recorded for the radical cations. Electrochemical 

oxidation at controlled potentials were also done in the 

case of vanadyl meso porphyrin. A simple beaker type of 

electrochemical cell (same as that used for cyclic 

voltammetric study) was used for the electrogeneration and 

the radical cation solution was transferred into the esr 

tube by pressurising the cell with nitrogen gas. Computer 

simulations were done using computer programs reported 

1 . 4 ear ~er. 

The reversibility of oxidation of vanadyl porphyrin 

in trifluoroacetic acid was checked in the following way: 

The optical spectra of the oxidised spocies was recorded 

(figure v .1 ) . . The solution of VO(PROTO) in 

trifluoroacetic acid was transferred to a 100 ml flask 

and nitrogen gas was passed to remove the trifluoroacetic 

acid. The solid containing some trifluoroacetic acid was 
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dissolved in dichloromethane and traces of triethylamine 

were added to reduce the porphyrin radical cation. The 

optical spectrum of the solution was taken immediately, 

which corresponded to the parent unoxidised VO(PROTO). 

The solution was then evaporated, reextracted with 

dichloromethane, washed with water and dried. The solvent 

was then removed and the TLC of the resultant solid 

showed the presence of VO(PROTO) with a small amount 

(10%) of the demetalatod porphyrin~ In this manner we 

have confirmed that the vinyl and ester groups are present 

in the system after rereduction with triethylamine. 

Additional confirmation also comes from the observation 

of a red shifted Soret band for VO(PROTO) which is 

characteristic of vinyl or formyl substituents in the 

5 porphyrin periphery. The band at the same wavelength is 

observed before oxidation and after oxidation in 

TFA-reduction with triethylamine sequence. Hence we have 

concluded that apart from small extont of demetalation 

the porphyrin moiety is not affected by treatment with 

TFA under the experimental condition. It is of course 

imperative that the optical and esr measurements be made 

as soon as the oxidation is performed. That oxidation 

-indeed occurs is also confirmed by the esr spectral data. 

A simple oxo protonation does not lead to the optical 

spectrum of the type shown in figure V.l .. :. We have 
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confirmed this aspect by treating VO(TPP) with trifluoro-

acetic acid and recording the visible absorption and csr 

spectra at room temperature. Only minor changes occur in 

the 51v hyperfine coupling and the g value on the addition 

of TFA to a solution of VO(TPP). 

V.3 RESULTS AND DISCUSSION 

V.3.1 ESR SPECTRUM OF 'rHE RADICAL CATION OF VANADYL 

PROl'OPORPHYRIN AT ROOM TEMPERATURE 

The oxidation product of vanadyl protoporphyrin 

has an unusual esr behaviour compared to VO(OEP) or 

vanadyl mesoporphyrin. 3 At concentrations, in the range 

of 10-4 molar no osr spectrum is observed in solution. 

When the concentration is increased to 10-3 molar, an 

esr spectrum containing fifteen lines with a broad back-

ground signal is noticed. It is difficult to get a well-

resolved spectrum in this case. The best possible spectrum 

was obtained by dissolving VO(PROTO) in trifluoroacetic 

acid in the concentration range 10-3 molar. The fifteen 

line spectrum with a spacing of about 40 gauss is indi­

cative of hyperfine coupling from two equivalent 51v 

nuclei. This could arise from throo possible situations: 

(i) a dimer formed by bJo molecules of unoxidised vanadyl 

porphyrin. (ii) a dimer from two molecules of oxidised 

species (iii) a dimer from one molecule of the oxidised 
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species and one molecule of the unoxidiscd species. 

Highly concentrated solutions of vanadyl protoporphyrin 

in the absence of any oxidising agent do not give rise 

to fifteen line spectrum. This observation rules out the 

first possibility. In the second situation, the unpaired 

electrons on the porphyrin are likely to pair up (the 

pairing energy is of the order of 15 Kcal/mole6 ) thus 

leaving one unpaired electron each on the vanadium orbital. 

This system is then basically the same as situation 

(i) and one may not be able to observe an esr spectrum in 

solution due to strong dipolar broadening. Further, even 

if it is observed, one expects a spacing between the 

hyperfine lines equal to one half of the hyperfine coupling 

of 
51v observed in unoxidised vanadyl porphyrin. The 

observed spacing in the present case is about one-third 

of what is obtain2d for unoxidised VO(PROTO). The following 

simple first order tr~atment of the spin Hamiltonian would 

indicate that the spectrum arises from situation (iii). 

The reduction of tho hyperfinc coupling to one-third of 

its original value is suggestive of the fact that there 

are three unpaired electrons undergoing fast exchange 

compared to esr time scale. On this basis we propose that 

the species in solution is formed from a radical cation of 

VO(PROTO) with S = 1 and an unoxidised molecule of VO(PROTO) 

with S = ~· Thus the dimeric species has three unpaired 
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electrons with S = ~ or S = ~· The equivalence of the two 

51v 1 · · d' t th t th · d · 1 t · nuc e~ ~n ~ca es a e unpa~re p~ e ec ron ~s 

delocalised on both the molecules. In this rGgard, the 

dimeric species resembles th0 dim8r obtained on oxidation 

of chlorophyll system, wherein the delocalisation of the 

unpaired electron over both the chlorophyll molecules has 

been postulated. 7 Recent papers on chlorophyll aggregation 

have also pointed out that the aggregation can involve 

8 9 more than two chlorophyll molecules. ' In the present 

study, the observation of hyperfine int~raction with only 

51 two V nuclei confirms th~ pr~sencw of only dimers in 

solution. The isotropic spin Hamiltonian for the 

dimer can be written as 

H = gl (~ B(Sz (1) + Sz (2)) + g2 ~ BSZ (3) + a(l:(1) .~(1) 

+ 2 ( 2 ) • ~ ( 2 ) ) + J 1 ~ ( 1 ) • ~ ( 2 ) + J 2 (~ ( 1 ) • ~ ( 3 ) 

+~(2) .~(3)) 
• • • (V .1) 

The indices 1 and 2 refer to the electrons in the two 

vanadium orbitals and 3 refers to the unpaired pi electron. 

If J1 and J2are quite large compared to the microwave 

frequency, then one observes an average 'a1 value in solution. 

Under this condition, if one uses the basis functions for 

3 S = 2 state, with the above Hamiltonian, we obtain the 

allowed transition ~~, .£:> <H ~~' - ~ > with the energy 
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to first order given by 

E = g (b B/~, + (a/3) (mi (l) + mi (2
)) 

• • • (V .2) 

1 If we use s = 2 state for the three spin system, the 

expected hyperfine coupling is 2a/3. (The spin Hamiltonian 

is solved to first order using S = ~ and S = ~ basis 

functions in the appendix). The experimental and a 
(stick plot) 

computer-simulated spectrum/using equation (2) are 

presented in figures v.2a and V.2b. The computer stmulation 

includes second order hyperfine couplings. The spacing 

between the lines is taken as one-third (3mT) of the 51v 
coupling in the unoxidised VO(PROTO) (S.SmT). The 

esr spectrum of the frozen solution of this species at 

liquid nitrogen temperature was also recorded. This spectrum 

appears to contain a superposition of the esr spectra of 

unoxidised monomeric VO(PROTO) and the oxidised specie~. 

Hence a complete analysis of this spectrum could not be made. 

The spectrum corresponding to the oxidised species was 

however, found to be the same as that obtained from the 

oxidation product of vanadyl mesoporphyrin at high 

concentrations (10-2 molar) at liquid nitrogen temperature. 

A detailed analysis of this spectrum is presented in the 

next section. 
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Extensive broadening of the esr lines in VO(PROTO) 

and the prGsence of more than one species at liquid nitrogen 

temperature, have prevented a detailed analysis of the 

esr spectra of the oxidised form of VO(PROTO). Aggre-

gation is not as predominant in VO(MZSO) as it is in the 

case of VO(PROTO) •. Honomoric species at room temperature 

and dimeric species similar to that observed for VO(OEP) 

at low tmnperatures have b.2en characterised for VO {MESO) 

in the concentration range of 10-3 molar or less. In the 

concentration range of 10-2 molar aggregated species 

similar to that observed for VO(PROTO) are observable which 

give rise to well-resolved esr spectra. Hence a more 

quantitative analysis of the esr spectra could be possible 

in this situation than what could be done in the case of 

VO (PROTO) • VO (MESO) could be oxidiscd to the radical cation 

by oxid?.tion with antimony pcntachloride in dichloro­

methane or by dissolution in triflucroacetic acid. The 

esr spectrum of the radical cation t:1us obtained is 

presented in figure v.J. This spectrum is very much 

similar to that of the esr spectrum of VO(OEP) obtained 

under similar conditions. Electrochemical generation of 

the radical cation also lod to tho same spectrum. At liquid 

nitrogen temperature, a dim0ric species (dimer A) is formed 



I 100 G I 

I 
I 

A . 
" " \ I I : 

I I I 

\ 'j \ \ 

\J . :' 
I I 

\I 
u 

H 

Fig.V.3. ESR spectrum of Vanadyl mesoporphyrin IX dimethylester oxidised 

with Sbcl5 at room temperature 



200 G 

A 

II 

Fig.V.4. ESR spectrum of Vanadyl mesoporphyrin IX dimethylester oxidised 

with TFA at liquid nitrogen temperature (dimer A) 



81 

from two molecules of the radical caticn (figure V.4) 

in the same manner as that observed for VO(OEP), discussed 

in chapter III, A computer simulation of the esr spectrum at 

liquid nitrogen tenperature indicated that the parameters 

arc essentially unaltered from those observed for the 

dimer from VO(OEP) radical caticn. 

The esr spectrum of dimer h changes dramatically 

when the concentration of VO (!1.iESO) is increased to about 

tenfold. The esr spectrum does not look like a triplet 

state spectrum. The sp0ctrum consists of fifteen lines 

and appears to be nearly isotropic. This could arise either 

from an S = ~ system or from ! (~) manifold of S = ~ 
system. In o~ler to identify the species, we have also taken 

into account the results of cyclic voltammetric studies 

discussed in detail in chapter IV. Since the presence of 

a dimer has been indicated by the cyclic voltammctric 

data we shall assign this dimer as dirncr B to distinguish 

it from the dimer h. The esr spectrurn of this species is 

similar to that obtained for VO(PROTO). The low-temperature 

esr spectrum of VO(PROTO) consists of a superposition of 

dimer B spectrum and that of unoxidised monomeric VO(PROTO). 

Hence we assign that dimer B arises frcm the species 

represented as L-VO(Y£SO)_/ L-V0(~£30)_/t, a formulation 

similar to the on-2 m2de fJr the cxidised product of 

Vo (PR rvno) Th d ' B t b S 3 ' Th vL • us ~mer rnus e a = 2 spec~es. o esr 
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transition could arise from the S = ~ manifold of S = ~ 
3 state. If the zero field splitting for the s = 2 system 
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is very small one may not observe more than one transition 

in the region of g = 2. If the zero-field splitting is 

very large (larger than microwave frequency) one should 

observe a strong transition at g = 4 and a weak transition 

at g = 2. Since the latter situation is not obtained, we 

can say that the zero-field splitting is very small and 

is not measurable from the esr spectrum. Assuming an 

1 effective spin of s = 2 we have simulated the esr spectrum. 

The simulated spectrum indicates that the g and A values 

are very nearly isotropic. 

-1 Aj_ = 740.222 MradS , Aft 

(g,= 1.913, g = 1.911, 
-'- If 
= 807.51 Hrads-1). The average 

hyperfine coupling constant A ( isotropic) for dimer B 

obtained at liquid nitrogen temperature is somewhat larger 

than the corresponding value at room temperature (84 MHz 

or 527.788 Mrads-1 ) for VO(PROTO). Thus the species 

identified as dimer B is considered to arise from one 

molecule of VO U·1ESO) radical cation and one molecule of 

unoxidised species. (Figures v.sa and v.sb). Oxidation of 

VO(MESO) with SbC15 in dichloromethanc leads to a different 

type of situation compared to that in the case of trifluoro­

-3 acetic acid. At room temperature with 10 H solutions of 

VO(MESO) a monomeric radical cation is obtained just in 

the same way as in trifluoroacetic acid. Cooling this solution 
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to liquid nitrog~n temperatures leads to type-A dimer esr 

spectrum. The concentration of antimony pentachloride is 

about five fold in excess of that of VO(MESO). When tenfold 

or larger excess of SbCl
5 

are used a new type of esr spectrum 

(figures V.7a and V.7b) is obtained. This spectrum seen both 

at liquid nitrogen and liquid helium temperatures though it is 

quite broad at liquid nitrogen temperature. The esr spectrum 

looks like that of a triplet state spectrum but is different 

f th t f d . A t Onl . 1 51v 1' rom a o 2mer spec rum. y a s2ng e coup 2ng 

is discernable. A similar spectrum has b~en reported for 

VO(Etioporphyrin) oxidised with SbCl
5

, though an analysis 

of this spectrum has not been done. An esr spectrum 

corresponding to a triplet state containing one 51v 

coupling could arise only from a monomeric radical cation 

of VO(MESO) which has been hitherto observed only at room 

temperature. A spin Hamiltonian for this system could 

be written as 

~ (gl. g 1. 
1\ 1\ ~) H = B + s2. g2. 

1,1') ~ 

1\ 1\ 1\ 
+ sl. A • I + sl 

(./'1' 

's' 1\ A 
• D. 2 + J sl. s2 

\./'l 

• • • (V. 3) 

This spin Hamiltonian is similar to the one adopted 

to interpret metal-free radical-interaction in spin label 

bound metal complexes. 10 ' 11 In these system, J ~ 0 or of the 
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order of 10-4 cm-1 • In the case of VO(MESO) radical cation, 

however, J -~ h '.li where 1> is the microwave frequency, 

in otharwords J .:> 0.3 cm-1 • In viaw of the strong exchange, 

we can consider that both the electrons experience an 

average environment. lm approximate Hamiltonian for the 

system can be written for this system under strong exchange 

condition as follows 

1\s 
• 2 

• • • (V .4) 

considering only the dipolar interaction as the contri-

buting factor to ZFS · interactions. Here S is the total 

spin angular momentum operator and g is the average g 

tensor for the d-electron and the i! electron. In order 

to .find ·the approximate magnitude of the zero field 

splitting term, we have ignored the nuclear spin coupling 

and diagonalised the Hamiltonian for each orientation 

under axial symmetry, which is indic2ted by the esr 

spectrum. The powder spectrum was tnus obtained for the 

system and an estimate of D value W<'.s made from this 

simulations then hyperfine coupling terms were included 

as perturbation terms and the powder spectrum was 

calculated for the nost values of D and A the hyperfine 

couplings. Though this approach is rather crude it gives 

a reasonable fitting to the experimental spectrum. The 

value of D has been obtained as 1200 MHz. Considering an 
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axially symmetric Hamiltonian with zeeman and zero field 

interaction only, we have 

H = 

••• (V .5) 

In terms of D and E, the Hamiltonian is (E = O) 

(? H g • ~ + D (Sz 
2 

- t (S + 1) S ) • 

3 where D = 2 D 
1 1 

or D = ~3 D = 800 MHz. If we assume 
I I 

the same principal axes for g and D tensor then, the 

symmetry axis is perpendicular to the porphyrin plane. 

The inter electron axis is in the plane of the porphyrin 

ring. Hence if we express the ZFS tensor along the 
I 

inter electron axis (Z ) 1 
D "1 = D 1, = - -2 D , ·' • The quantity 

XX yy ZZ 

Dlt is along an axis perpendicular to the inter electron 

axis and hence 

=D11=D:1 
XX yy 

1 =--2 Dtl zz 

2 
D 1 ,. (in MHz) = 1. 2 98 g /R3 zz 

Where the inter ~lectron distance R is expressed 

in l~qstrom units using c. value of D 1 1 = 1600 MHz, we get zz 
0 

a value for R as 3.21~, we have assumed here the entire ZFS 

interaction arises from dipolar coupling between the two 

electrons. This assumption is justified, since the exchange 

interaction between the two electrons is only of the order 

-1 of 1 em • lm approximate estimate of the distance of the 
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unpaired pi electron from the center could be made by 

using the pi m.o wavefunction for the HOMO of porphyrin. 

Using a 1u and a 2u orbitals we can estimate the distance as 

all atoms 

R = 2 
C. R. • • • l l 

Where c. 2 is the
1 

square of the mo coefficient 
l 

(V .6) 

for the ith atom in the a
1 

or a 2 orbital and R. is the 
u u l 

distance of the ith atom from the center of porphyrin. 

Using the formula, we obtained the value of R as 3.30 

for a 1u and 3.21 for a 2u orbitals which are the two 

highest occupied m.o's for a metalloporphyrin with D4h 

or c4v symmetry. Thus the estimate for the inter­

electron distance in the radical cation of VO(MESO) is in 

reasonable agreement with molecular or"b5_tal picture. 

The value of R obtained from linewidth studies reported 
c 

for VO(OEP) (3.87A) is however, larger than the present 

estimate. 

There is a report in the literature
12 

on a monomeric 

vanadyl porphyrin radical species obt2ined by l> 
irradiation of VO(TPP) in chlorinated solvents. The esr 

spectrum of this species consists of a strong transition 

at half-field region including hyperfine structure from a 

single 51v nucleuso The transition at g = 2 region was not 

seen since in this region, strong lines from the unoxidised 
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porphyrin were observed. In our studios, though we have 

observed half-field lines, these lines are very weak in 

intensity compared to the transition in g = 2 region. 

It appears that the radical species obtained by ~ 
irradiation is different from the species generated by 

ahemical oxidation reported in the present work. 

V.4 CONCLUSION 

VO(PROTO) and VO(MESO) lead to various types of 

species on one-electron oxidation. Monomeric radical cation, 

dimer of the radical cation and a dimer consisting of one 

molecule of radical cation and one molecule of unoxidised 

vanadyl porphyrin had been identified. The monomeric radical 

cation has also been obtained in the solid state at low 

temperatures. The esr results of VO(MESO) and VO(PROTO) 

corroborate well with the cyclic voltammetric data on 

these systems. 
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CHAPI'ER VI 

CYCLIC VOLTAMMETRIC STUDIES ON SOME Iv!ETAL COMPLEXES 

OF TETRABROMO MESOTETRAPHENYL PORPHYRIN 

VI.l INTRODUCTION 

The redox potentials of metalloporphyrins can 

be tuned to one•s requirement by modifying the substi­

tuents in the periphery of the mctalloporphyrin. 112 

Substituents could be introduced in the ortho or para 

positions of the phenyl rings in the meso positions or 

89 

in the o( and ~ positions in the pyrrole ring. A number 

of studies have been reported on the redox potentials of 

phenyl substituted mesQ tetraphenyl porphyrin. 3 ' 4 The 

redox potentials have been correlated with the Hamrnet 

constants of the substituents. 3 ' 4 Th,~ effect of substituents 

on the phenyl ring on the redox potc~1=ial is only moderate 

since the phenyl ring is twisted out of the plane of the 

porphyrin ring to some extent. 'When the: substituent is in 

the beta position the effect on the redGx potential is 

quite marked. Very fm-1 studies on the redox potentials of 

such systems are availab2.o. 5 ' 6 The n~sults indicate that 

with electron withdrawing substitucnts the shift in the 

reduction potentials is quite large compared to that in 

the oxidation potentiale As an example, for tetra cyano 

Tl:>l> t-he o.r..idation potential for the copper complex is shifted 



M == VO , C u, Z n , N; 
X =-Br 

Fig.VI.l. Structure of metalloporphyrin (MBr4TPP system) 
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from 1.06V ~for Cu(TPP)_/ to 1.41V while the corresponding 

first reduction potential is shifted from -1.35V to -0.35V. 

This has been interpreted on the basis that the sites for 

oxidation and reduction are differento 

The redox potential data are available for some 

metal complexes of porphyrins with mono substituents in 

. 5 6 
the beta position and with symmetric tetracyano TPP. ' 

Vle have in the present work attempted cyclic voltammetric 

studies on some metal complexes of s2~etric tetrabromo 

substituted TPP. Only the oxidation ~otentials have been 

obtained and wherever possible the optical and esr spectra 

of the one-electron oxidation product have been recorded 

for the possible assignment of the product obtained on 

oxidation. 

VI. 2 EXPERIMENTAL DETAILS 

The synthesis of symmetric t . ..;trabromo TPP and its 

metal complexes is discussed in detail in chapter II. 

The procedure for cyclic voltammetric studies is the same 

discussed in chaptersii and IV. Dichlcromethane and tetra 

n-butylammonium perchlorate were used as solvent and 

supporting electrolyte respectively. Cyclic voltammetric 

studies were done on th~ following systems~ Zn(II), Cu(II), 

Ni(II) and VO(II) complexes of tctrabromo TPP. 



System 

CuBr 4 TPP 

NiBr
4 
TPP 

VoBr 4 TPP 

ZnBr 
4 

TPP 

TABLE VI.l 

Cyclic voltammetric data for Br 4 TPP systems at room temperature. 

Solvent : CH
2
ci2 

-3 Concentration : 10 M 

Supporting Electrolyte : TBAB 

Reference electrode : SCE 

Sweep rate: 100m v/s 

Oxidation potential in volts 

f'l (I) 
p 

Ec(I) 
p E 1/2(1) ~p(II) 

0.980 0.860 0.920 1.296 

0.880 0.764 0.822 1.240 

1.264 1.184 1.224 1.454 

0.866 0.754 0.810 1.172 

f'l (II) 
p E 11z<n> 

1.220 1.258 

1.092 1.166 

1.372 1.413 

1.008 1.090 

E1/2 Reversibility 

0.338 Rev. 

0.344 Rev. 

0.189 Rev. 

0.280 Rev. 
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VI.3 RESULTS AND DISCUSSION 

The cyclic voltammograms ar0 presented in figures 

VI.2, VI.3 1 VI.4, VI.S. The half-v.rave potentials for the 

metalloporphyrins studied in the prosent work are listed 
• 

in table VI.l. The half-wave p0tentials of the corresponding 

TPP and tetracyano TPP systems arc a1so presented for 

comparison. The tetrabromo system is expected to lead to a 

significant change in the pi acidity of porphyrin system. 

But the oxidation potentials indicate no significant change 

from the unsubstituted TPP. The oxidation potentials 

however lie in the intermediate range between those of TPP 

systems and tetracyano TPP systems. The difference between 

the first and second oxidation potentials is in the range 

20 to 20 millivolts which is indicative of oxidation at 

the porphyrin site. We have also attc~mpted to identify 

the first oxidation product by optic:.cl and esr spectroscopy. 

Oxidation of Zinc and Nickel tetrabr :flo TPP leads to the 

formation of radical cations as indicGtod by esr spectra 

(sec figures VI.6 and VI. 7). The oxi::1::::ticm was done using 

antimony pentachloride as oxidising :l.Jcnt. Interestingly 

we have observed that the csr spectrum of the radical cation 

of Zn(II) tetrabromo TPP is quite different from that of 

the corresponding system from Zn(TPP) o Zn(TPP) on oxidation 

with antimony pcmtachloricl~ YtielC.s a twelve-line spectrum 

with a spacing of about 1.4 Gauss. Normally one expects a 
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nine line spectrum which arises from the coupling of four 

equivalent nitrogen atoms. The twelve line spectrum may be 

interpreted as arising from four equivalent nitrogen atoms 

and one nucleus having spin 3/2 having the same coupling 

as the nitrogen. This nucleus could be a chlorine atom 

corning from the antimony pentachloride ion which is 

present as the countorion. In the case of Zn(II)tetrabromo 

TPP, we do not observe well-resolved lines. A broad three 

hump-pattern is observed in this case with an approximate 

spacing of four gauss. The contributing nuclei to the 

hyperfine structure could be the four nitrogen atoms, 
c 

the four bromine atoms and the chlorin~atorn from counterion. 

Since there are too many parameters for adjustments we 

have not attempted any simulation of this spectrum. 

Tho oxidation of Ni tc;trabr:::-,rno TPP is also 

assigned on the ligand. The esr and optical spectra of 

the species obtained on oxidation;€lc nickel complex with 

antimony pentachloride are presented in figures VI.7 and 

VI.8 respectively. The spectra indicate only the presence 

of a free radical species. 

The oxidation potentials for vanadyl tetrabrorno 

TPP occur at about 200 millivolts higher than the corres-

ponding values of vanadyl TPP. The difference between the 

first and second oxidation potentials indicate that oxida-

tion occurs in the ligand site as expected for vanadyl 

porphyrins. 
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VI.4 CONCLUSIONS 

The foregoing cyclic voltammetric studies indicate 

that tetrabromo substitution increases the oxidation 

potentials of metalloporphyrins only to a marginal extent, 

compared to the tetracyano system. In general it has 

been observed that electrophilic substituents in the 

beta positions of the porphyrin ring changes the redox 

potentials significantly as compared with substitution 

on the phenyl ring in the meso positions. In the present 

cases, however, the effect of tetrabromo substitution 

on the oxidation potentials is only marginal. 
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SUMMARY 



SUfviMARY 

This thesis cmti tled "ESR AND EL~~CTROCHEMICAL 

STUDIES ON THE OXIDi-iTION PRODUCTS OF S01>1E METALLO-

f'ORPHYRINS" discusses the results of investigations 

on the electron spin r'.:)sonance and electrochemical 

studies on the oxidc.l.ti:-m proc-:.ucts of some transition 

metal porphyrins. It. ccnsist3 of six chapters. 

A brief revimr i:: j_)r2scmted in Chapter I on the 

structural studies (with emphasis on esr data) on the 

oxidation products of Ti, v, Cr, Mn, Fe, Ni and Cu 

porphyrins. This review provides a b::tckground material 

to give a proper perspective forth; results of the 

investigations presented in subsequent chapters on 

the oxidation products of vanadyl po~hyrins. 

The details ·:::>f the exr..)erimcmt.::.l procedures adopted 

in this thesis are presented in Cha'Jtur II. 

The esr spectrum of the radical cation of vanadyl-

octaethylporphyrin at liquid nitrogen i:.mnperature is 

presented in Chapter lii. 1he esr s~ectrum indicates 

the presence of hype.1:"fine coupling from two 51v nuclei. 
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Hence a dimer forr,1aticn is in<..lic.J.ted by the esr spectrum. 

The dimer has a triplet ground state in which the two 
,...._ 

unpaired/\ electrons pair up while the :electrons on the 

vanadium atoms are ferromagnetically coupled. This dimer 
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is similar to th2t obtained from the radical cation of 

Cu(II) octaethylpQ~Jhyrin. Assuming that the zero field 

interaction arises mainly from the dipolar ~oupling 

between the electrons on the vanadium atom, as has been 
been 

done in the case of CuOEP, the esr spectrum has/computer-

simulated to obtain tho spin Hamiltonian parameters. 

The distance between the two unpaired electrons and 

hence between the two vanadium atoms has been obtained 
0 

as 4.7A. 

The results of the cyclic vcltammetric studies on 

Zn and VO complexes of proto and mesoporphyrins are 

presented in Chapter IV. The highlights of the experi-

mental results are Zn and vanadyl protoporphyrin exist 

predominantly as dimers in solution in the concentration 

-3 range 10 M. Vanadyl m2soporphyrin is monomeric in the 

same concentration range and both monomer and dimer 

exist in equilibrium at a concentration range 10-2M. 

Oxidation pontentials have been obtained for both the 

monomer and dimer in the case of VO mesoporphyrin. 

The difference between the oxidation potentials of the 

monomer and dimer is about 150 millivolts. 

The results of cyclic vcltammetric studies presented 

in Chapter VI are substantiated by th2 detailed esr studies 

on the oxidation products of VO proto- and mesoporphyrins, 
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which form the contents of Chapter v. An one-electron 

oxidation product of the dimer of vo wrotoporphyrin) 

was identified in solution at room temperature from a 

study of thE esr spec':rum~ This system has three unpaired 

electrons (one each on +-.he vanadium atom and one unpaired 

ii elect.rons per two molecules) • The esr spectrum obtained 

at room temperature from this system has been shown to 

arise from + 1 3 M3 = - 2 states of S = 2 manifold. VO meso-

porphyrin yields monomeric radical cation on one-electron 

oxidation at room temperature in the concentration range 

10-3M. At higher concentrations, a dimer similar to that 

obtained for VO protoporphyrin is formed. ESR spectrum of 

the dimer with s = ~ state has been cbtained at 77°K and 

is analyzed for the spin Hwmiltonian parameters. 

A monomeric radical cation of VO-mesoporphyrin has 

been identified around 10K. The parent compound has been 

oxidised with at least t:.::nfold excess of antimony penta-

chloride. This systGm yields a ty_;:Jic.~.::.. triplet state-esr 

spectrum with a single 51v hyperfine coupling. The 
,...._ 

distance between the unpaired 1\ electron and the electron 
0 

on the vanadium atoms has been obtained as 3.7A, from 

the esr spectrum. 



Cyclic voltammetric data on some of the metal 

complexes of tetrabromotetraphcnyl porphyrin are 

presented in Chapter VI. It has bGcn noticed that the 

oxidation potentials are only marginally affected by 

the substituents in the ~ positions, in contrast to 

the reduction potentials which are considerably 

shifted under similar conditions. Whcrovcr possible 

esr and optical data had been usod to assign the 

oxidation products. 
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APPENDIX 

The isotropic Hamiltonian for the three-spin system is 

given by eq.~.The spin functions for the s =~manifold are 

the following: 

li~~>= ~(1) o((2) o\.(3) 

~~~t> = 

(1/3~) c~ (1) o\(2) r (3) + c{ (1) ~ (2)o((3)t~(1) ~(2) ~(3) J 
,~,- ~>= 
(1/3~) [ o( (1) ?> (2) ~ (3) + ~ (1)0\ (2) 0 (3) + r (1) ~ (2) o( (3) J 

1 ~~- ~>= ~ (1) ~ (2) ~ (3) (Al) 

Using these functions and the Hamiltonian of eq 2, 

we get the eigenvalues, to first order, as 

E1 = (3/2) g~~ B/1:\_ + a (mi (1) + mi (2)) + (1/4) J 1 + (1/2) J 2 

E2 = (1/2) g ~ B/1\.. + (1/6) a (mi (1) + m1 (
2))- (1/12) J 1- (1/6) J 2 

E3 = -(1/2)g~Bit;:_ - (l/6)a(m1 (l) + m1 (
2))-(1/12)J1 - (1/6)J2 

E4 = -(3/2)gpB1~ - a(m1 (l) + mi (2)) + (1/4)J1 + (1/2)J2 

(A2) 

where g = (1/3) (2g1 + g 2). 

One observes the transition in solution. 

I ~~ ~> <E-:> I ~~ - t > , "t-:hich is independent of J 1 and J 2 with 
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On the othGr hand, if we use th(:l spin functions in 

the S =~manifold, we expect the following results: 

J ~~~>== 
(1/6~) [ d,._ (1) (3 (2) o\<3l- 20\ (1) o\<2l ~ (3) + ~ (1) (;\ (2) o( (3) ] 

,~,- ~>= 
(1/6~) [?< (1) ~ (2) ?' (3) - 2 ~(1) ~ (2)c{(3) +~ (1)o\_(2) ~ (3) J 

The eigenvalues to first order are 

E1 = (1/2)g~B/~ + (1/3)a(m1 (l) + m1 (2)) + (1/12)J1 - (1/3)J2 

E2 = (-1/2)gfB/~ - (1/3)a(m1 (
1 ) + m1 (2)) + (l/12)J1 - {1/3)J2 

(A4) 

and 

E = g/1B/. + (2/3)a(m1 (
1) + m

1 
(2)) (AS) 

\ j(_ 

where g = (4/3)g1 - (1/3)g 2• 

Thus, we expect a spacing of (2/3)a for the hyperfine 

1 coupling if the system is in the s = 2 state. 


