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PREF: E

This thesis deals with the clectron 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 ecatalase, 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 present 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 exisgfyas a dimeric

specles 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 on 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 protoperphyrins. The oxidation potentials
for the monomeric and dimeric forms of VO mesoporphyrin

have been obtained,

In Chapter V detailed esr studies on the
oxidation products of vanadyl protoporphyrin-IX dimethyl-
ester and masoporphyrin IX dimethylester are prasented,
ESR spectra of the samples at room tempaerature and
liquid nitrogen tenperaturs and at about 10K are
presented., Wheraever possible, computer simulations ef
the esr spectra have been included, Monomerilec radical
cations (8 = 1) and dimeric radical cations (S = %)
have bean identified in sOlution at room tenperature.
Different types of dimeric species have been shown to
exist at low temperatures. A monomeric radicel cation
has also been identified at 10K. The results presented
in this chapter are amply supported by the cyclic

voltammetric studies discussed in Chapter III.



The results of cyclic voltammetrie studies on
some metal complexes of tetrabromo tetraphenyl porphyrin
(Cu, Ni, VO and 2Zn) arc discussed in Chapter VI,
Wherever possible, the oxidation products were charac-

terised by esr and optical spectroscopye.

The oxidation products of transition metal
porphyrins offer challenging structural problems to the
chemist and a study of these systems is important te
underatand the redox reactions occuring in bielogical
system. In this thesis an attempt has been made to
identify the products obtained on oxidation of vanadyl
porphyrins whieh are the sinplest systems among the

transition metal porphyrins.
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CHAPTER I

A BRIEF REVIEW ON THE ESR STUDIES ON THE OXIDATION PRODUCTS

OF TRANSITION METAL PORPHYRINS



CHAPTER 1

A BRIEF REVIEW ON THE ESR STUDIES ON THE OXIDATION

PRODUCTS OF TRANSITION METAL PORPHYRINS

I.1 INTROGDUCTION

The aim of this review is to provide the background
material which has motivated us to undertake the esr and
electrnchemical studies of the axidation products nf some
Atransition metal porphyrins, especially vanadyl po:phyrins.
The oxidation p£0ducts of transition metal porphyrins are
being investigated currently by many groups using magnetic
resonance techniques (NMR, ESR and Mossbauer) and magnetic
susceptibility'measurements.1 The interest in these system
is two=fold. The magnetie resonahce data, especially the
esr spectra require the de-elepment of nev theoretical
approaches for tneir interpretation. Apart from this
challenging aspe¢t, these gystems play important roles as
intermediates in heme enzyme = catalyzed reactions.2
A Fe (IV) porphyrin is pos£ulated as an intermediate in
the reaction involving catalase éﬁd peraxidase. In the
present review we shall;restrict ourselves mainly te the
magnetic resonance studies on the oxidatien products ef
transition metal porphyrins, 4 systematic review is neot

available in the liternture, thaugh the esr of exidation



products of iron porphyrins have been discussed in

4 546,77

detail.3 Since a large nunber of reviews ‘have

appeared =»n dioxygen acducts of metalloporphyrins this

aspect is not included in this revicw,

I.2 Titanium and Vanadium porphyrins

Till now there has been no report in the literature
on the oxidation products of titanium porphyrins,. In the
course nf our own investigations on vanadyl porphyrins,
we had observed that treatment ef titanyl octaethyl-
—porphyrin with trifluoroacetic acid leads to the ‘appearance
of single line esr signal at room temperatﬁre (width =< 20G)
and a radical caﬁion type optical absorption spectrum.

No further esr studies have been made en this system,

Vanadyl porphyrins also lead to the formationA_‘
of radical cation on one-electron oxidatien (oxidation :

potential ™ 1,0V vs SCE) 82

Of the various vanadyl
porphyrins that have beeh studied, namely, vanadyl octa-
ethylporphyrin, vanadyl protoporphyrin, vanadyl meseporphyrin
and vanadyl tetraphenyiporphyrin, the esr spectra of the
oxidation products nf 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,



Vanadyl octaethylporphyrins on oxidation forms
a radical cation.9 This system is monomeric containing two
unpaired electrons per molecule, one on the d=-orbital and
the other in the porphyrin 7\ 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
(gl + g2)

H= 5

A AN
B, (8, +8,,) +a I.’Sl +J sl.'éz

zl

LR N ] (I.l)

W

Where S, and S, correspond to the unpaired spin

1 2
in the vanadium d-orbital and the one in the porphyrin
/\ orbital respectively. The isotropic hyperfine coupling

51V in the radical cation has been reduced

constant of the
to one~half of its original value in the unoxidised species.
This indicates that the exchange interaction J is larger
than microwave frequency i.ec., J>> 0.3 em™t, Analysis of

the linewidth effects by relaxation matrix theory has yielded
the value of zero-field splitting between the two electronsas

2810 Mrad 8%, Assuming that this arises entirely from



dipolar interactidn, a dista.ice of 4& was obtained between
the two unpaired electrons. In terms of the molecular
structure, this information means that the unpaired
/\ 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 correct estimate
of zero~-field splitting by recording esr spectrum at low
temperature have not lkeen successful., In frozen solutions
around liquid nitrogen temperature, the radical cation of
vanadyl OEP dimerises to yield a new triplet state.io
This dimer has one unpaired electron each on the V-orbital.
The two/! electrons seems to have paired up. A distance
of 4.2 2 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 Selyutin et glll. No detailed analysis
of the spectra has been reported by the authors. In the
present thesils detailed studies have been made on the
electrochemical and esr behaviour of the oxidation products
of the vanadyl complexaes of protoporphyrin-dimethylester
and mescporphyrin dimethylester,

A triplet state esr spectrum has »een reported for

9 =irradiated VO(TPP) in tetrachloro ethane.12

Only the half-
field lines were observed since theéﬁxms =¥ 1 transitions were

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



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

~ 1

spectrum. An approximate estimate of I){Q> 0.024 cm ~ has

been made from the Hmin value in thc half f£ield spectrum,

I.3 Chromium po::'phyrinslB-28

The most stable oxidation state for Cr in chromium
porphyrins is 3. Oxidation of Cr(III) 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(TFPP)
and CrO(OEP) have been isolated in the solid state. The
optical spectra of these compounds arc very similar to that
of vanadyl porphyrins. The magnetic susceptibility as
measured by Evans method indicate that these system are
diamagnetic. X~-ray structure of the o::0 chromium(IV) TPP

13,15

has also been reported, CrCl (porphyrins) on oxidation

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

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

20

reported, Cr (V) O porphyrins exhibit esr spectra typical of



dl systems.23 The following esr parametcers have been obtained

in solution at room temperature for CrO(TPP)t, oy = 1.982,

(53

= 0,285mT, A, Cr) = 2.3mT, The esr parameters are

N
very similar to vanadyl porphyrins and hence a similar
orbitally non=degenerate ground state has been proposed for

Cr (V) porphyrins (diy). L a ground state is obtained for

Xy
the unpaired electron, 1f 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 presence 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 hyperfine coupling from
the axial nitrogen which is about the same as that from

the ine-plane nitrogen nuclel. ENDOR measurements that have

also been made on these systems, indicate slight differences

24

between the axial and porphyrin nitrogen coupling,. The

epr data for CrNTPP arc as follows.24

o (3cr) = 2.83mT; :y (Cr) = 4.01nT; g = 1,9583;

g, = 1.9945. The closeness of g, valus to that of free

gy (1sotrepic) =
0e28mT; a
electron g=value indicates that the cnergy gap between the
de ground state and the nearest excited state (dxz‘dyz‘ Q)
is quite high. This might also be the recason why Cr (IV)

(porphyrin) 1s diamagnetic though it is a d2 system,



Reduetion of Cr{Ill) porphyrins leads to the
formation of Cr(II) porphyrin which irrewersibly reacts

with dioxygen to form Cr(IV)OP.25'26'27.

I.4 Mangangsg porphyring

In the last five vears, considerable amount of
work has been done on the synthesis and structural evaluation
of oxidation products of Mn(III) porphyrins, Electrochemical
oxidation of Mn(III) porphyrins lead to the formation of
Mn (III) pogphyrin radical cationd; chemical oxidation
products have been identified as Mn (IV) porphyrin M —oxo
bridged Mn(IV) dimer, Man(IV) porphyrin adducts of oxidant,
Mn (V) nitrido porphyrins. The products of chemical oxi-
dation of Mn(IIX) pérphyrins seem +to depend on
the nature of the oxidant and the medium.

I.4.1 Mn(III) porphyrin radical cations

Electrochemical oxidation of MnTPPCl, Mn Tetrakis
(p-methoxy tetraphenyl porphyrin) Cl and Mn(OEP)Cl have
been reported.4 The one=electron oxidation product for
each of these systems (2 1,1V Vs SCE) had been isolated.
The pmr spectrum of the oxidised species indicates that}
the pyrrole protons (&, %, protons) signals are shifted
upfield and broadened. ESR spectra of these systems

consist of strong absorption at g = 2 (linewidthZ 300-500G)



and a weak and very broad signal around g = 3, A magnetic
moment Of 4,7BM was obtained for TPPMn(Cl) (C10,) whish was
found to be invariant with temperature in the range -~50°C

to 29°C, All the oxidation products are formulated as Mn (III)
porphyrin radical cations, The g = 2 signal is assigned to
the /i radical, The broadening of this signal is considered
to arise from spine-spin interactions between the de~electrons
and the 77 -electron. Assignment of Ma(III) f) radical

cation is also consistent with the broadening and loss of
intensity of Soret band and inerease in the intensity of

long wavelength region,

Tede? v \ orph <]

Chemical oxidation of Mn(III) porphyrins has been

studied extensively.29-36

Mn (III) porphyrins have been
found to be versatile synthetic 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 effeciently used to

oxid ise water thermally and photochemically. Hence the
oxidation products of Mn(III) porphyrins are of great
importance as unique catalysts for oxidation reactions,

Some early papers in the literature contain ambiguous
assignments to the oxidation state of Mn in oxidised Mn(III)

porphyring based on insuffieient experimental data. Clean



synthesis, isolation and structural elucidation have been
reported for Mn(IV) (porphyrin) X, and (Mn (IV) porphyrin X)20.37’38
Oxidation of Mn(III)TPPX in alkaline methanolic solutiens

»y iodosyl benzene or sodium hypochlorite leads to the

~ or NCO .

formation of Mn (IV)TPPX., where X is OCHa", N

2 3
Oxidation of Mn(III)PX in an inert medium like chloro 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 reperted,

I.4.3 Monomegie Mn (IV) Qg;ghx;;gzg-4o

ESR ef Mn(IV) perphyrins have been reported. ESR
spectra were recorded for Mn(IV)P(NCO)Z, Mn(IV)P(N3)2 in

dichloromaethane solution at 12K.36

Interestingly, the esr
spectrum depends on the nature of the two axial ligands
Mn(IV)TPP(NCO)2 exhibits a strong signal at g = 3,92 and a
resolved (a), = 69G) structurc at g2 2, This indicates that
the ligand £ield is axially symmetric and the zero £ield
splitting, D> hV for the § = % system., On the other hand,
Mn(IV)TPP(OCH3)2 yields g values as 5.46, 2.4 and 1.0, The
signal at g = 5,46 is very strong and resolved (aMn = 72G) .,

This signal indicates highly rhombic character of the S = %



10

system. Using the available-theorctical models £for the
ESR of S = % systems, an approximate estimate of

D72 1,7 em™* has been made for the Mn (IV) porphyrins.

In contrast to Cr(III) porphyrins (S = %) 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(IXI) ion. A monomeric Mn (IV) porphyrin
containing two molecules of iodosylbenzene has also

40 A similar esr spectrum (g = 3,52, g = 2)

been reported.
was reported for the species obtained during ‘Q irradiation
of Mn (III)TFPCl 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.

43-4% 51 the interconversion of

A recent study
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 OCHs-, leads to the formation of Mn(IV)P(OCH3)2.

Ieded /4 —oxo Mn (IV) porphyrins

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 subtle difference
in the synthetic procedure is not clearly discussed in the

37445 Loint out that treatment

literature. Camenzind ¢t al
of Mn(III)TPP (OAC) in dichloromethane with iodesyl benzene
leads to very little oxidation in about halfe-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.?® The M =oxo dimer has =Mn(IV)~=O=Mn (IV)-moiety
with an effective magnetic moment i efg = 2BM. No epr
signal has been obscrved down to 8K, 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)=0 porphyrins in the literature does not contain
adequate data for the assignment of the Mn = 0 vibrations

in the IR and the similarity of the optical spectra to

/M ~ox0 Mn(IV) system point to the fact that the species is
not Mn(IV) = 0 system but is very likely to be

PMn (IV) «0=Mn (IV) P, A /t =00 Mn(IV) system as an adduct of
iodosyl benzene has also been reported (/2 off = 1,5BM).

This compound is also epr-silent. The low magnetic moment in
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the/i -0xa system indicates strong antiferro magnetic
coupling of the d-electrons (I 250 cm-l). Mossbauer

study of 127

I in the iodosyl benzene adduct have also
been reported?®, The complexes Z-(NB)Mn(IV)TPP;720 and
éf(OCN)Mn(IV)TPP;720 are thermally unstable and decompose

slowly.So

When solutions of these systems are allowed to
decompose partlally and frozen at liquid nitrogen temperaw
ture, a 16~line esr spectrum is obtained. The epr spectrum
is shown to be very similar to the known mixed valence

Mn (I1I)~0-Mn (IV) systems.>>¢52

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

52

flashed with a pulse of light and frozen. A coupling

of § = % Mn(v)_/ and 8 = 2 /[ Mn(I1I)_/ leads to a
ground state $§ = % in the mixed valence dimer. The theory
of the esr of this system is discussed in detail for

Mn (III)=-0=Mn (IV) dipyridyl systems.53

Teded o, ins

Craig ¢t g;§4 and Buchler gt gi?s have indepen-
dently reported the synthesis of Mn (V) nitrido porphyrin.
Treatment of Mn (IIX)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
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( (mom)

max = 424, 538, 626nm), erystal structure and magnetic

data have been reported. This system is diamagnetic, Mn (V)
is a d2 system and apparently the ground state ;s non-
degenerate and does not have any low lying exciﬁed states.,
A similar situation is observed for PCr(V)EEN’(dl) 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-0, ¢:omplexe856"'59

Mn (II) porphyrins bind irreversibly to dioxygen.
The esr data clearly indicates that Mn exists as Mn(IV)

in the dioxygen complex. A typical set of esr parameters

are:56 D = 2,46 cm—l, E/b = 00,3291 cm"l, A (55

-4 cm-l’ B (55

Mn):" 52,6 %

10 Mn) = 86.4 x 10~% em™ for MnTPP (0,) system.

17O in the O

1

A hyperfine coupling for moiety was found

2

to be equal to 2 x 10”% em™l. The adduct is aceordingly

formulated as Mn(IV)P-O,” . Ap edge-on geometry for O,

2
moiety has been proposed on the basis of EHT calculations.60

Recent ab initio calculations alsc support the same view.61

I.5 Iron pOgghzr;nssz'gs

Much has been said on the nature of oxidation

produets of iron porphyrins. A recent review summarises

2' 62"65

the earliexr resylts upto 1982.3 The early studies 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 oxidstions.

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

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

I.5,1 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 involved/ There are also other classes of enzymes
containing isobacterio chlorin (sirohydro chlorin) which

66:67 on the basis of

‘have very low oxidation potentials.,
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 paragraphs, 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
being investigated for the past twenty five years.65
Early electrochemical studies by Wolberg and Manassen66

as well as by Felton et QL.62'63

were not very conclusive
about the assignment of structure to the species, which
was not completely characterised. Chemical oxidations of
Fe (III) porphyrins, using iodosylbenzene,76 chloroperoxy
benzoic acid,g3 antimony pentachIOride71 or Fe(ClO4)382
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 bhenzoic acid has been deseribed as

Fe (IV)P /i cation radical.>® Oxidation with Fe(ClO4)3 or
SbCle lead to Fe (III)P cation radicals. Electrocﬁemieal
oxidation in the presence of perchlorate as countgr-ien
has been studied in detail with Fe(III) porphyrins and
(Fe(III))ZO.ss'69 The products have been isolated on a
synthetic scale and detailed magnetic measurements,
MoOssbauer and nmr studies have been performed on these
systems. Solution magnetic measurements using nmr method
has lead to a value of 5.5 BM for TPP(CCH;)Fe (C10,)

and the corresponding OEP system over a temperature range



16

of 215-300K, A similar oxidation product obtained by using
SbCl5 as oxidant, exhibits a magnetic moment of 5.1 BM over
a temperature range 5-300K, M&ssbaucr data shows increased
isomer shifts in comparison with the Fe (III)P, whereas
decreased shifts are expected for Fe (IV) species, The
oxldised species is esr-silent. In 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 lsotropic 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 /i radical eatien, Approximate correlation

have been made using the phenyl proton shifts in

(TPP)FeCl0, and the mesoproton shifts in OEPFeCl (Cl0,) in

4
assigning the ground state of the unpaired ;) electron

as a, and Ay, reapectively. On the basis of above data,

u
the electrochemical oxidation products of FeP had been

assigned as Fe (III)P cation radical .

A rceent work by C.A. Reed and co=workers report
the preparation of analytically pure FeCl(TPP)SbCls,

Fe('I‘PP)(ClO4)2 using radical cations of thianthrene and

764,71

phenoxathiin, Detailed magnetic susceptibility measure-
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ments and X-ray crystal structure have been reported for

these two systems. The temperature dependent-magnetic
susceptibiiity data for FeCl (TPP)SbCl6 has been interpreted as
arising from strong antiferro magnetic coupling of S = 5
iron atom and S = % porphyrin radical, leading to S = 2

ground state. A value of J between -125 to =250 <:'m.1

has
been estimated. On the other hand, Fe(ClO4)2TPP radical
cation exhibits a magnetic susceptibility of 6.50 BM

at room temperature. A maximum value of 6,75 BM is reached
at 100K, This value is greater than the spin only value
for S = %, % uncoupled system. A ferromagnetic coupling
between S = % iron and S = % porphyrin radical has been
postulated to explain the observed susceptibility data,
with J ~ 40 cm L. ESR spe .tra were not observable for both
these systems down to 4,5K. The crystal structure data
indicated that the Fe atom 1s out-of=-plane of porphyrin
ring in FeClTPP(SbCl6) and in the plane, in Fe(ClO4)2TPP.
In the later situation the orthogonality of the d-orbitals
with a, = (i orbital of porphyrin could lead to S = 3
state. The overlazp in Fe’I‘PPSbCl6 could lead to strong
antiferromagnetic interaction between unpaired electrons
on the metal and the ligand resulting in S = 2 state,

The magnetic susceptibility data for FeTPP(C1O,), reported
by Boersma and Goff74 (/= 4,8 BM) Ciffers considerably

71

from the value of 6.75 BM obtained by Gans et al'~. The
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latter authors have done the measurement ih 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(1I1I)TPP_;%*,
Z-Fe(III)OEP;72+ with Fe in the low=-spin state have also
been generated and studied by nmr.72 The low spin systems
have been obtained from the corresponding high spin systems
generated electrolytically, by adding directly excess of
imidazole into the nmr tube, Thus éfFe(III)TPPIm2_72+ and
[ Fe (I111) OEPIm,_7°" 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 silent,

I.5.3 f‘ =..0X0 iron porphyrins

One and two=-electron oxidation products of
/J‘-oxo iron porphyrins have been reported,69 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 absorption at 7o 1290 em™! characteristic of

porphyrin 77-cation radicals. The magnetic susceptibilities
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of the one- and two-~electron oxidation products (ClO4~
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 iscbacterio-
chlorin (DMOE-iBC) and its metal complexes (Free base :
0.37V vs SCE Zn complex : 0,07V vs SCE) have much lower
oxidation potentials than the corresponding porphyrin
systems, Oxidation of Fe (II) (DMOE~-1iBC) (pyridine) (CO)
yields a /4 cation characterised by visible electronic
and esr spectrum at room temperature. Fe (II) (DMOE iBC)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 sites in sulphite
reductase and nitrite reductase. An iron oxophlorin radical

system has also been identified by esrz5

I,5.4 Fe(IV) porphyrins

A clear identification of Fe(IV)P was probably

made for the first time by Chang and Kuo76

77-81

and also by
LaMar et al. The later group had obtained / Fe (IV)OP fbas~’
by treating / Fe (III)P-0-0-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 phOSphéne in the presence of Fe(II)P oxygen.

Chang ahd Kuo76

had obtained a green species on
oxidation of Fe (III) starpped porphyrin with iodosyl-
benzene in neutral mediﬁm. This was identified as Fe (IV)OP
in the high spin state (/X = 4,9 BM)., The optical spectrum
of this species was observed to be very simlilar to that of
the active site in catalase enzymes. The nmr spectra of
Fe(IV)OP (high spin) and (NMeImFe (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 Cl0,  lead to the formation

4
of §) 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)ClO4)2
with OCHB- ion leads to the formation of Fe (IV)P(QMe),.

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 dimethoxy system is low spin Fe (IV)

(M= 2,9 BM), But its nmr spectrum is different from that
of [/ 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 P ring, 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 CH cl, around

84

2
~70°C to obtain a species characterized as Fe (IV)OP,

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

/\ —radical cation, Fe (III) P (C10,) ,a Thus, a reasonably
 clear picture have emerged out of the confusion prevailing

over a decade, Fe(IV) porphyrins aré also esr silent,

I.5.5 Fe(IV)P radical cation

This species has been postulated as the active

85-92

center in HRP-compound I, Mossbauer data of the

HRP-I indicates the presence of Fe (1v) .88 NHR results

91-92 ESR and

point to the presence of /1 =radical cation.
ENDOR studies have also been made on this system. These
latter studies indicate a free radical system, strongly
coupled to a paramagnetic metal center?7The overall magnetic

susceptibility accounts for S = % state., On the basis of
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these data,the present explanation for HRP-I 1s that it

is FPe (IV)P* with Fe in the low spin state (S = 1) coupled
to a /1 radical cation (S = %). Fe(IV)Pt is reported to

be formed during the oxidation of Fe (III)P by chloro-
benzoic acid in methylene chloride-methanol system at
--78°C.93 This product is epr silent, and 1ts magnetic
susceptibility i1s ¢.2 BM, Though this system is distinctly
different from Fe (III)P% in its nmr spectrum, it is not
identical to compound I of HRP, Further characterisation

of the chemically obtained species is necessary.

ing
An ireon porphyrin contain / Fe-C bond has been

oxidised to Fe (IV) porphyrin.95

Phenyl Fe (III) (p-tolyl TPP)
was oxidised with bromine. The product was identified by

nmr data as Fe (IV) porphyrin.

Using a chemical oxidising agent, NeN dimethyl-
aniline~Noxide, a facile oxidation of Fe (III)TPP has been’
observed.96 The oxidation product has been assigned as

Fe (V)P., No detailed structural assignments are available,

I.6 Nickel porphyrins

One electron oxidation product of nickel porphyrins

were reported to undergo valence tautomerisme.
oxldation product at room temperature was identified as the

cation radical while at 77K the colour changed from green
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to red with a strongly anisotropic esr spectrum (qL= 2,286,

Ty1 (11)

9 = 2,086)« This species was identified as 4
system. It was also observed that when the oxidation was
done using Br2 as the oxidant no spectral echanges occured
at low temperatures, When the oxidation had bheen carried
out in the presence of PF6- ion, Ni(III) species was
cbserved at low temperatures., A recent resonance Raman
study of the system also confirms the above observation.

100

Apparently PF,.~ stabilises Ni(III) whereas Br does not.

6

1.7 Cu porphvrins

Cu (II) porphyrins on oxidation form the radical
cations, In solution the oxidised spaecies has two unpsired
electrons (M = 2.4 BM), 108202 poyearium nme of cu(TPP)?
has also confirmed the preéence of radical cation., The
crystalline of one-electron oxidation product of Cu (TPP) ,
wlth-SbCls, is diamagnetic while in solution A = 2.4 BM.IO3
This value matches with that for two non-interadting
S = % magnetic centers. From the nmr data the ground state
for the unpaired /1 elsctron in cu (TPP) T was assigned

104

Cu (OBP) 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°C, dimerie species have been obseryed
with S = 1 state, dimer has one electron each on the Cu
atoms and distance between the Cu atoms had been obtained

[
as 3.7 A from the observed epr spectrum.los

Another type
of oxidised species was detected by epr when a frozen
solution of Cu(IPP) was irradiated by ))-rays. This
species gave a characteristic triplet state epr spectrum,
corresponding to only one Cu center. The radiation induced
oxidation haé most likely yielded a monomesic Cu radical

species.106

I.8 Ag porphyrins

Silver (II) porphyrins have unusually low oxidation
potentials, The first one-clectron oxidation produet of
Ag (II)CEP and Ag (II)TPP were shown to be diamagnetic and
no /1= radical spectrum was cbserved.1°7-11° 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 presented above on
some of the recent work on the oxidation products: of
transition metal porphyrins as studied by magnetic resonance,
optical spectra and magnetic susceptibility measurements,
It is clear from the material presented, that no single

physical technique is adequate to understand the structurel
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features of the systems discussed. A number of problems
still remain to be solved regarding the magnetic properties
of oxidised porphyrins. 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 porphyrinse.
ESR had been the main technique used, supported by visible

absorption and ecyeclic voltametric dats,
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CHAPTER II

]

DETAILS OF EXPERIMENTAL TECHNIQUES® S

II,1 INTRODUCTION

This section of the Chapter deals with the
synthesis of metalloporphyrins used in the present work,
purdification of solvents and other chemicals used in
Cyclic Voltammetric and esr studies. A brief account of

the Cyclic Voltammetry is also presented.

II.2 SOLVENTS:!

The following solvents were used throughout the

experimentation,

(i) Benzene

For extraction and running chromatographic column
commercial benzena (drum sample) has been used after twice
distillation. For other experimental purposes like optical
measurements and recrystallization etc. Spectroscopic

- grade solvent (Sarabhai M, Chemicals) were used.

(1i) Hexane and Cyclohexane

Commercial drum sample of hexane and cyclohexane

have been ugsed after distilling twice,
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(iii) Chloroform

Drum sample, distilled twice and dried over Ca012
has been employed for synthesis, extraetion and running
columns. For recrystallization and other physical measure-

ments spectroscoplc grade was employed.

(iv) Dichloromethane

Drum sample or E, Merck synthetic grade dichloro-
methane was twice distilled, refluxed over K,CO, (anhydrous)
for about 4 hrs and distilled, This sample has been used
for synthesis, extraction and column chromatography. For
cyclic voltammetriec measurements, optical measurements and
EPR measurements, the spectroscopic grade solvent distilled

once, has been employed,

(v)  Msthapol and BEthanol

Absolute alechol has been prepared from the distilled
drum sample, These alcohols were used for synthesis,
recrystallization ete. A.R. Grade (S.D.'s Fine Chemicals)

alcohols were also employed,

(vi) Dimethylformamide (DMF)

DMF (SDS, AR) has been kept over anmhydrous Cuso,
OVernight, distilled under reduced pressure and kept over

activated molecular sieves.
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(vii) 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 metalloporphyrinse.

(1)  Perchloric agid

Perchloric acid (Merck GR) has been used directly.

(i1) Trifluoro acetic acid (TFA)

TFA (Fluka AG) was distilled before usee.

(1ii) Aluminum Chloride

A solution of aluminum chloride has been made by-v
dissolving aluminum chloride (anhydrous) in distilled,:dry

and deaerated dichloromethane.

(iv) Boron trifluoride (BF3) solution

A saturated solution of BF., has been made by

3

passing BF_, gas through distilled and dried dichloromethane.

3

(v)  Antimony pentachloride (SbClS) solution

2 ml of antimony pentachloride (Fluka AG) has
been dissolved in 50 ml distilled, dry and deaerated

dichloromethane.
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IT.4 REAGENTS AND SUPPORTING ELECTROLYTE82‘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.

(1) Vanadyl sulfate' (Anhydrous)

Vanadyl sulfate (anhydrous) has been prepared by

the action of conc. stO4 and 302 on VZOS'

V205 + stO4 + 802 + SHZO = 2VQSO4.3H20

Apout 2 gms of V,0r, 1.3 ml H,50, (conc.) and sbout
1 ml of water were mixed thoroughly to form a paste, After
keeping overnight, some more water was added and SO2 gas
was passed through the suspension till all V20s was
dissolved. It was then filtered through a sintered 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 bright
blue crystalline material was kept in a vaccuum dessicator
containing PZOS' It is highly hygroscopic.

(11) Sodium perchlorate?

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 of 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 hasg been

tested by running a cyclic voltammogram.

(iii) N-Bromo Succinamide gNBS)1

Commercially available N=brome succinamide has
been recrystallized from hot water several times., White
crystalline pure N-bromo succinamide has been ebtained.

Melting point : 170 -« 175°C,

(iv) ZTetra n-butylammonium pexchlorate gmagg)l

A saturated solution of tetrabutylammonium iedied

(SISCO, Extrapure) has been prepared in distilled water.

T® the solution, sodium perchlorate has haen added, while
tetrabutylammonium perchlorate precipitates qut instantly.
It has been stirred constantly and filtered fast in ogyder

to avoid the liberation of iodine, More sodium perchlorate
has been added to the filtrate till white precipitate of
tetrabutylammonium perchlorate no longer forms. The
precipitates has been suction«filtered and dried by pressing
between filter papers. After properly drying, the tetra-
butylammonium perchlorate was dissolved in methanel and

reprecipitated out by adding distilled water, It was then
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filtered and dried as before,then recrystallized frem
methanol, Glassy crystals were formed. The purity »f the

sample has been tested by running a cyclic veltammogram.

II.5 METALLOPORPHYRIN®™S

(1) Protoporphyrin IX-d;gxethylester4

Hemin (from OX blood, CSIR, Biochemicals, New
Delhi) was demetalated and esterified. Demetalatien,
esterification and extraction have been done according
to the standard method as reported in the literature%

About 2gm of powdered FeSO, is added. A fast stream of HCl

4
gas 1is passcd 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 colour

change f#om reddish to pinkish. This can be easily identi-
fied by recording an optical spectrum. The absorption

band due to Hemin ( 2x. 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 mrder 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 Na2s04
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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 A1203
(neutral) has been employed. 1:10 CHC1,/Benzene mixture
has been used for eluting the porphyrin ester. The green
band of chlorin has been seperated 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 mixturee
The purity of the sample has been checked by proton nmr
and by running a TLC against standard PPIXDME (Sigma
Chemicals, USA).

(
,\mrg{) 407, 505, 540, 575, 603(s), 630.

(ii) Vanadyl protoporphyrin IX dimethyl esgg;?

Vanadyl protoporphyrin~IX dimethylester has been

prepared by using anhydrous VOSO,. In a round bottomed

4
flask fitted with a condenser 50ml of glacial acetic acid,
l.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 fully. 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) keeping'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.

(nm) .
;\max' 410, 500(s), 535, 575 (in chloroform).

(1ii) Vanadyl mesgporphyrin IX-d;methyleste£§

The vanadyl complex has been made in the same way
as in the case of wanadyl protoporphyrin. Purification has
been done by running through a column of silica gel, using
benzene as solvent, Vanadyi mesoporphyrin IX-dimethylester
has been crystallized out from methanol-benzene mixture,
The optical spectrum was taken in CHC13.

rf;;“} 405, 530, 567,

(iv) Tetrabromo-tgtraghenzggogghzrin7’8
About 1.2gm of purified TPP and about 2,32gms of
NBS in C.H'Cl3 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-methanocl mixture and dried in a

vaccumm dessicator at about 60°.

}\rf‘gfg 437, 534, 575(s), 620, 685.

(v). Vanadyl tetrabromo tetraphenyl chphxgigs

The vanadyl complex has been prepared by Adler'56
method, About 100mg 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
fitted with a reflux condenser, The mixture has been
refluxed till metallatlon occurs, The reaction has been
forwarded by adding a few drops of pyridine, Metallation
has been checked optically. After conplete metallation the
reaction mixture has been extracted with benzene and washed
thoroughly with water. The benzene fractien has been dried
over anhydrous sodium sulfate keeping overnight., By
evapsrating the solvent, VO tetrabromo tetraphenyl porphyrin

has been obtailned in the solid form. It is then purified
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through a column of A1203 {(neutral). The unreacted TPP
comes out first from the column and a greenish purple band
which contain the vanadyl tetrabromoporphyrin f£ollows.

The column has been run using benzene~hexane mixture. The
pure vanadyl tetrabromo tetraphenyl porxrphyrin has been
obtained by recrystallization from methancl-benzene

mixture,

(vi)« Copper tetrabromo tetraphenyl go;ghx;in4

Cu'I‘PPBr4 has been prepared by standard method as
reported in the literature?'About 100mg of TPPBr4 has been
dissolved in chloroform in a round bot#omed flask and
refluxed for about 5 mins. A saturated solution of copper
acetate in methanol has becen added to the TPPBr4 solution
(when it is hot) and allowed to reflux for some more time,
Completion of the metallation has been checked 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.

The second fraction contains the pure metalloporphyrine.
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Pure CuTPPBr4 crystals has been obtained by recrystalli-

zation from benzene-mecthanol mixturec,

(nm)

max’ 425, 550, 587.

(vii) 2Zinc_ tetrabromo tetraphenyl Eo;ghxrin4

The method of preparation is the same as that
for other zinc porphyrins, About 100mg 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 1s extracted by adding some more chloroform and
washed thoroughly with wat.r so as to remove all the
unreacted zinc acetate. The chloroform layer 1s then dried
by adding Na,SO, (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.

X(I’;f;;, 435, 530 (s), 567, 610(s).



46

(viii) Nickel tetrabromo tetraphenyl Qo;phxrin6

The nickel complex has been prepared}?éler's methog.
About 100mg of TPPBr4 has been taken in about 200 ml of DMF
(Dimethylformamide), 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
Na,SO, (anhydrous) overnight, Byevaporating the solvent,

2 4

the solid N1TPPBr, has been obtained which was further

4
purified through a column using benzene/hexane as solvent.
Pure Ni‘I‘PPBr4 crystals were obtained by recrystallization

from benzene-methanol mixture,

A\ 2 432, 550, 590,

II,6 INSTRUMENTATION
II.6.1 CYCLIC VOLTAMMETRY

Redox potentials were determined using Mckee-Pederson

MP 1502 system. A digigraphic 2000 XY recorder was used for
recording the voltammograms. The clectrolytic cell comprises
of the following: An E}ico platinum clectrode, 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 clectrode, A saturated
calomel electrode (ELICO-type ER 72 P) has been employed as

a reference electrode, Throughout the electrochemical
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investigatiens (for oxidation) dry CH Cl2 has been used

2
as the solvent, The amount of solvents employed were 5
to 10ml. TBAP (0.,1M) has been employed as supporting
electrolyte and sodium perchlorate has been emplayed in
the salt bridge, The solvent in the elcctrolyte 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 CH,Cl,/TBAP (0+1M) medium.

IT,6.,2 EPR

EPR measurements were done using X band EPR
spectrometer, model E 109 (varian) system, employing
absorption 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 done at Madras and Bangalere
and those at ligquid 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

spectrameter installed in NEHU, Shillong.



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,

48
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CHAPTER III

ESR SPECTRA OF DIMERIC SPECIES OBTAINED FROM THE OXIDATION

PRQDUCT OF VANADYIL OCTAETHYL PORPHYRIN

III.,1 INTRODUCTION

Vanadyl porphyrins being d1 systems are the simplest
among the transition metal porphyrins. One~electron oxidation
of vanadyl porphyrins leads to the 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 4 electron and ligand pi electron. In this chapter
we present the results of low temperature esr studies on
the one-electron oxidation product of vanadyl octaethyl
porphyrin,

The porphyrin ligands that are being used for
physicochemical studies broadly fall into two types :1-6
(1) those whieh do not have any substituents in the meso
positions. Typical examples are octacthyl porphyrin,
etioporphyrin, protoporphyrin and many other naturally
occuring porphyrins. We shall call thesec systems as CEP
type. (OEP = Octaethyl porphyrin). (ii) those which have
alkyl or aryl substituents in the meso positions ( TPP type,
TPP = meso tetraphenyl porphyrin). In a metalloporphyrin

with D4h symmetry, the two highest occupied pi moleculsx



Fig.,III,1, Structures of metalloporphyrin
( Octaethylporphyrin )
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orbitals are very close lying, with symmetry labels a1y and

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

2u
order of 0.5eV or less.6 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 a,, ground state (a is the
highest occupied pi m.o.) and those belonging to the TPP
type have anu ground s‘.:.a't:e.z-5 This is only a general
observation. In certain situations, for the same system

(eege CoO(III)OCEP radical cation) the ground state of the pi

radiecal changes from a
7,

a to a uvwhen the axial ligand is

1 2
& There are only a few exceptions of this type

changed.
and the 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 shalll discuss the results of our low tempera-
ture esr studies on the radical cation of vanadyl octaethyl
porphyrin.

At room *temperature, vanadyl octaethyl porphyrin,
/ VO(CEP) _/ is oxidised to the radical cation in solution.g'1o

The visible electronic spectrum of the species and the redox



52

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 electron 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 4.02
between the two electrons was obtained. Hence it was
considered that a direct measurement of the zero field
splitting from the esr spectrum of = Zrozen solution

would be a good check on the results obtained from the
linewidth analysis, Hence we had studi.d the esr spectrum
of the radical cation of VO(OEP) at licuid nitrogen

temperature and the aralysis of th.s speetrum is presented

in this chapter.,

IIT.2 EXPERIMENTAL DETAILS

Radical cation of VO(OEP) was generated by dissolving
solid VO(OEP) in trifluorocacetic acid (10-3M) or by adding .
a few drops of perchlorie acid to a solution of VO(OEP)

in dichloromethane. ESR spectra of the sample was recorded
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at licguid nitrogen temperature using a cold f£inggr dewar.
Mcasurements were mace using a Varilan E-109 ‘epy spectyo-
meter operating at W bard with 100KHz field modulation.

Computer simulaticts were <done on a DEC 10 compykgr using

computer programs doscribed elsewhere.

ITI,% RESULTS &AMND DISCUSSION

The esr spectrum of the radical cation of VO(OCEP)
at liguid nitrogen termperature is present@d in figure III,2.
This spectrum appears to arise from a triplet state. But
the number of lines are too large to be agcounted for by
the hyperfine coupling from a single vanadium nucleus.
A dimerisation cf the VO(OEP) radical cation at low temperas
tures is not unexpected since the radical cations of Zn,
Mg and Cu complexes of OEP are known to d;meyise.ll‘lz
In the case of the radical cations of 2Zn (OEP) and Mg (OEP)
the dimer is dizmagretic since the pi eleetrons pair upe.
In the case of the radizal cation of Cu(OEP) the dimer has
one unpaired electron each on the Cu atomie orbital which
are ferromagnetically coupled.13 Magnetic susgeptibility

1 for the

measurements have indicated a value of J = =20m
exchange integral. We have considered a simglar situation

for the dimer of the radical cation of vanadyl porphyrine.



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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ITII.3.1 THEORETICAL BACKGROUND

Diamagnetic dimers are formed from the radical
cations of Zn(QEP), 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.ll’12

From these studies it is apparent that the
exchange interaction between the two pi electrons in the
dimer is greater than 200 cm L (=T > 200 em™l). 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(CEP)
leads to a value of =J = 2 cm-l, 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(CEP) we can make a reasonakle assumption that the

J values for both these dimers are of egual magnitudes.
Thus the vanadyl dimer is treated as S = 1 system with one
unpaired electron each on the Eﬁ orhital., Since both the
‘monomeric units are identical in the dimer 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 justified by the good
agreement of the computer simulated cpectrum with the

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

as follows:

H=H, + H, + H,
in

1 2 t

where Hl and H, are individual spin hamiltonians for the

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

dipolar interaction between the two unpaired electrons.

Since Jdd is small, the electron electron interaction is

considered as purely dipolar. The terms H1 and H2 are of
the type :
N
@ A

A n
H = . -.B + : @ . L) 4 i =
17 P09 1(ﬁ1‘11 i=1.2

[

where the g and A tensors are icdentical for both the units.
14

The detailed treatment of this problem is well-documented.
Using the computer program mentioned in reference 13, we
have simulated the esr spectrum of the radical cation of
vanadyl porphyrin varying the paramecters, g,A and the
distance between the two vanadium ztons. The best agreehent
was obtained for the following values of spin Hamiltonian

parameters, gr = 1,965, qj = 1.964, A, (51V) = 2712.4 Mrads-l

éi.(51V) = 715,78 Mradsnl distance between the metal ions =

=]
4.7A,
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111,32 DISCUSSION

Tﬁe experimental spectrum and *he 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(CEP) radical cation is governed by three exchange

J- - , the exchange inter-

integrals, namely, Ja Jnn Y m

a‘’ an
action between the two pi electrons is of the order of

~200 cm&l. 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.
(-2 e Y). The exchange interaction between the d electron
and the pi electron is cerﬁainly mucih less than qﬁ;] .

The analysis of the esr spectrum of ths monomeric radidal
cation of VO (CEP) indicateé that the d-pi exchange is |

larger than microwave frequency. Thus this parameter is.

also expected to be in the same rangs as Jad’

ITI,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
vanadium atoms in the dimer has been obtained as 4.7& 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 VOLTAMMETRIC STUDIES ON SOME METAL COMPLEXES

OF PROTO- AND MESO PORPHYRINS
IV.l INTRODUCTION

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 varicus electrode processes like
one~ and two-electron oxidations and reductions, .
Controlled potential electrolysis has been used to generate
the desired species and study it by varicus spectroscopic
techniques., Thus electrochemistry can be combined with
optical spectral studies or by esr and nmr techniques.
Tecnniques have been developed to 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 be identified spectros-
copically and wherever possible such systems have been
compared with the products obtaincd by chemical oxidation
or reduction. In some favourable cases, large scale
syntheses have been achieved by electrochemical techniguee.
The redox potentials obtained for metalloporphyrins have
been used very successfully in rationalising a large

volume of chemical or photochemical reactions undergone by



M=V0, Cu, Ni, Zn

R=-CH=CH, for PPIX DME
-CH-CH; for MPIX DME
CH;GH OH for HPIX DME

Fig.IV,1l, Structures of metalloporphyrins ( Proto-,Meso-,
and Hematoporphyrin IX dimethylester )
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porphyrins. Since both metal-centered coxidation-reductions
and ligand centered oxidation-reductions are possible

in metalloporphyrins, the electrcchemical 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 (alu'aZu) 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 2n, 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

ete are quite electro-active and the redox process may



Fige. IV, 2

d-electrons (metal)
fLeiectrons (ligand)
(i)
U R W BN Wi otk ]I~electrons (1igand)
" were wmemmmn e s s degleclirons  (metal)
(1i)
d-electrons JN1-~electrons
(metal) (ligand)

(iii)

HOMO represeni:ations for metalloporphyrin
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occur both in the ligand as well as in the metal center.
This can be understood by considering the occupied energy
levels of /i=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 metalloporphyrin

with bivalent metal

Mane =S s mapet =% 5 sm@Ene™t
B, % (1) £, % (2)
<2 2

Mne T2 5 m@Epet .S s M@EDPT T
B, 7% (1) £, 7% (2)

_ oX oX
A ox =By (2) =B

A

_ @ red red .
rea= By (W)= By (2) s

when oxidation~reduction is taking place in the ring,

a constancy of Zlox and AN had been observed,

red

FAY oxx = 043¢V, Are 4% 0.5eV. Also the quantity
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(OX)(l) _ Elred

.
& = Ey 1 (1) is constant for a variety of
2

2
metalluporphyrin (2.0 ? 0.15V) though the absolute

. magnitude of the potentials vary widely. Independence of

,

AN

ox’ A red and E; 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 7\ orbitals through ¢~ framework,

This influence affects only the absolute values of /i energy
levels but not the relative values i.,e. the difference

in the energies between HOMO and LUMO, Using Pariser=-Parr

- Zﬁ c
Pople /| electron energies, the values Zl‘red and <7

ox’

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 place or not, Correlation of the
Chavdge

redox potentials of metalloporphyrin with metal/densities,

gas phase ionisation potentials and A max of the metallo~

porphyrin Q band, have been amde. 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
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have not been available at the time the study was under-
taken. Our aim in undertaking these studies was to f£ind

out the oxidation potentials so that the radical cation

of some Of the systems could be generataed 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 Yeen made on these system by

Macor and Spiro.6

IVv,2 BASIC PRINCIPLE OF CYCLIC VOLTAMMETR 7-11

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 electrcde 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 pecaks potential corresponding to the
half~wave potentials of the electron-transfer process.

As an example let us consider the onee-electron oxidation
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of a molecule R

During the triangular sweep a peak is obtained at a
potential Ea corresponding to the process R-—e»R+. In the
reverse sweep the species RT is reduced back to R thus
giving rise to another peak at a potential Ec' The half
wave potential at the above reversible reaction is
obtained as Ea + Ec/2. The theory of cyclic voltammetry
is well documented and only the essential 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%{ by

the expression

E =E
5

RT
5 1,11 ( /nF)

=K

(0.0285/nF) seee | (IV.Z.].)

e

where n = number of electrons involved in--

the electrode reaction, T = 298K
and peak to peak difference is

Ea - EC = 0’059/1'1 v sece (IV.2.2)

at 25°C
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For @n irrevénsible procass,

E = E; = = 1,857 (0.,026/ (IVe2.3)

p 1/2 ocn LI BN
at 25°C

wvheras OKX = transfer coefficient (its value

is normally between 0.3 and 0.7) .

or,
E _-E, =X .04 : v
o ), 04048/ ¢

o

't 25°C voose (IVe2.4)

The current for a reversible process is given by Randles-~

- Seveik eguation which is expresscd aslo
3
5 2, Y ~
I_ = 2.69 x 10°n“ACD? X ceae  (IVa245)

ko

at 25°C,
where "X is the scan ratc in volts per second.

~and the ratio I, /1, =1 caee (IVa2.6)

For an irreversible process, at 25°C

;p = 3,01 x 10°n (. ng) 2CD? A ? siee (IVe2.7)

IVe3 EXPERIMENTAL

The preparation of metalloporphyrin, purification
of supporting electrolyte and solvents are discussed in

detail in chapter II,.
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V.4 RESULTS AND DISCUSSION

IVe4el Cyclic voltammetry -ef zinc protepnrphyrin

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 voltammogram of
Zn protoporphyrin and zinc tetraphenyl porphyrin (Figures IV.3
and IV.4)., The first oxidation pcak 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 measﬁre-
ments made by Stanienda and Biebl.12 These authors have
reported only the first oxidation potential and no mention
has been made on the agéregation tendencies, More recent
work by Macor and Spiro6 contains cyclic voltammetric
studies on Zn, Ni,'Co, Fe, Cr and Mn nrotoporphyrin
dimethylester.6 These authors report considerable £ilm
formation at the platinum electrode surface. They have
observed that for ligand centered oxidations, the inten-
sities of cyclic voltammetric 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

TN
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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

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 f£ilm 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 polymeri-
sation is possible) we can assign the two peaks to the
first oxidation potentials 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 wc can envisage the

following equilibrium in solution.
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A recent work on the cyclic voltammetric study

on dimeric crown ether porphyrin has clearly painted to

the different oxldation potentials for monomeric and dimeric
species.13 A difference of 150 to 200 millivolts between
the oxidation potentials of the monomer and dimer, Though
Macor and Spiro have reported negligible film formation

for free base protoporphyrin, we have noticed a splitting

of the first oxidation peak which is much less pronounced

than that observed for the zinc and cther metal complexes,

IVede2 Cyeclic veltammetry of Cepper and Vanadyl

protoporphyrins

The cyclic voltammograms of Cu and vanadyl
protoporphyrins are presented in Figures IV.5 and IV.6).
The half-wave potential data obtained from the cyclic
voltammetric systems are presented in table IV.1l , The
splitting of cach oxidation peak is nct 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 1Iv.1
Cyclic voltammetric data for proto- and Meso porphyrin systems at room temperature
Solvent : CH2c12

Concentration : 10—3M

Supporting electrolyte : TBAB

Sweep rate : 100 m v/s

Oxidation potential in volts
System %ifgf:;: E1/2 Reversibility
EI/Z(I) EI/Z(H) El/Z(m) El/Z(W) in volts |-

VOPPIX DME SCE 0.694 1.173 1.591[E?)(III)] 0.479 dimerisation
ZnPPIxDME " 0.565 O.785[E;(II)] "
CuPPIXDME " 0.543 1.398[E:(II)] "
VOMeso " 0.94 1.22 0.28 Reversible
VOMeso

(higher Concentration)  Ag/Agcl 0.636 0.974 1.282 1.449 dimersation

ZnTPP SCE 0.785 1.093 : 0.082 Reversible
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Fig.IV.5, Cyclic Voltammogram of Copper protoporphyrin IX dimethylester
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Fig,IV.6, Cyclic Voltammogram of Vanadyl protoporphyrin IX dimethylester
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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
voltammograms are recorded at different concentration
ranges. On the lower side of 1 millimolar concentration,
the first and second oxidation peaks and the reverse
cathodic peaks are clearly seen. Thc cyclic voltammogram
is very similar to that of VOIPP 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 0.01M different types of cyclic /
voltammograms are observed., (figures IV,.7 and IV.8(a) and IV.8(b))‘
In figure IV.8, 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,1,

IV,444 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 monemer and dimer had been attempted in

this case.

Iv,5 CONCLUSION

The cyclic voltammetric studies on Zn, Cu and
vanadyl protoporphyrins vanadyl mesoporphyrin and iron
hematoporphyrin have indicated clearly that aggregated
species exist in solutions in equilibrium with the
monomeric species. Wherever possible, the first and second
oxidation potentials for the monomor and'the aggregated

species have been obtained from the cvclic voltammograms.
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CHAPTER V

ESR STUDIES ON THE OXIDATION PRODUCTg

OF VANADYL PROTO~ AND MESO PORPHYRINS

V.l INTRODUCTION

It has been established clearly that when vanadyl
octaethyl porphyrin is oxidised a radical cation is

)‘Eormed.l'2

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~eclectron oxidation product of
vanadyl protoporphyrin, / VO(PROTO)_/ has shown aggre-
gation effects even in solution at room temperature.
While the eorresponding species from vanadyl mesoporphyrin,
/ VO(MESO)_/ is monomeric like that of VOOEP at concen-
trations in the range of 1073 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

mes©o porphyrin have been presented in Chapter II, Oxidations



74

were done in dry dichloromethane using a few drops of a
solution of antimony pentachloride (0,01 molar) in dry
dichloromethane, Dissolution of the vanadyl porphyrin in
pure trifluorocacetic acid also led to the formation of the
radical cations, These systems are quite stable at least
for a day. In general, the radicals werc generated just
before running the esr spectra, The solutionswere main-
tained in argon or nitrogen atmosphere. Optical 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

. 4
earlier.

The reversibility of oxidation of vanadyl porphyrin
in trifluorocacetic 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 trifluorcacetic 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 TIC of the resultant solid
showed the presence of VO(PROTO) with a small amount
(10%) of the demctalated 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
porphyrin periphery.5 The band at thce same wavelength is
obscrved before oxidation and after oxidation in
TFA-reduction with tricecthylamine sequence. Hence we have
concluded that apart from small extent 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 mecasurements be made
as soon as the oxidation is performed., That oxidation
‘indeed occurs 1s also confirmed by the esr spectral data,
A simplc oxo protonation does not lcad to the optical

spectrum of the type shown in figure V.1 - e We have
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confirmed this aspect by treating VO(TPP) with trifluoro-
acetic acid and recording the visiblce absorption and esr
spectra at room temperature. Only minor changes occur in

51

the V hyperfine coupling and the g value on the addition

of TFA to a solution of VO (TPP).

V.3 RESULTS AND DISCUSSION

Ve3,1 ESR SPECTRUM OF THE RADICAL CATION OF VANADYL

PROTOPORPHYRIN AT ROOM TEMPERATURE

The oxidation product of vanadyl protoporphyrin
has an unusual esr bechaviour compared to VO(CEP) or
vanadyl mesoporphyrin.3 At concentrations, in the range

4

of 10" ° molar no esr spectrum is observed in solution.

When the concentration is increascd to 10"'3

molar, an

esr spectrum containing fiftcen 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 fiftcen
line spectrum with a spacing of about 40 gauss is indi-
cative of hyperfine coupling from two cquivalcpt 51V
nuclei, This cculd arise from thrce possible situations:
(1) a dimer formed by two 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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specics and onc molecule of the unoxidisced speciese.

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 arc likely to pair up (the
pairing energy is of the order of 15 Kcal/moles) thus
leaving one unpaired electron cach 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 obscrved, onc expects a spacing between the
hyperfine lines equal to one half of the hyperfine coupling
of 51y observed in unoxidised vanadyl porphyrin. The
observed spacing in the present case is about one-third

of what is obtained for unoxidised VO(PROTO), The following
simple first order trceatment of the spin Hamiltonian would
indicate that the spectrum arises from situation (iii).

The reduction of the hyperfine coupling to one~third of

its original valuc 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 unoxidiscd molecule of VO (PROTO)

with S = %. Thus the dimcric species has three unpaired
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electrons with S = % or S = %, The equivalence of the two
51V nuclei indicates that the unpaired pi electron is
delocalised on both the molecules, In this regard, the
dimeric species resembles the dimer obtained on oxidation
of chlorophyll system, wherein the delocalisation of thec
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

more than two chlorophyll molecules. o’

In the present
study, the observation of hyperfine interaction with only
two 51V nuclel confirms the presence of only dimers in

solution. The isotropic spin Hamiltonian for the

dimer can be written as :

Reg a6, vs, @) by pas, @ 4ad® 8O

L@ 4@y g AW AR 5 AD A

+g\(2) . @(3))

e (V1)
The indices 1 and 2 refer to the electrons in the two
vanadium orbitals and 3 refers to the unpaired pi electron.
If Jjand Jsare quite large compared to the microwave .
frequency, then one observes an average a'value in solution.
Under this condition, if one usces the basis functions for
S = % state, with thc above Hamiltonian, we obtain the

allowed transition i I\\ <—>‘3

i>- ,
e 120 "3 with the energy
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to first crder given by

E=g @;B/_K + (a/3) (mI L, my (2))

[ N ] (V.z)

If we use S = % 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 spectrumfusing equation (2) are
presented in figures V.22 and V.2b. The computer simulation
includes second order hyperfine couplings. The spacing
between the lines is taken as one-third (3mT) of the >y
coupling in the unoxidised VO(PROTO) (8.8mT). 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 sgpectra of
unoxidised monomeric VO(PROTO) and the oxidised species,
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 liguid nitrogen temperature,
A detailed analysis of this spectrum is presented in the

next section,
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Fig.V.2(a), ESR spectrum of Vanadyl protoporphvrin IX dimethylester oxidised

T

with TFA at room temperature
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Fig.V.2(b). Stick plot of Vanadyl protoporphyrin IX dimethylester oxidised

with TFA at room temperature using a/3 = 528,4 M rad S-1
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Ve3e2 ESR SPECTR7 OF VANADYL MESOPORPHYRIN AT ROOM

AND LOW TEMPERATURES

Extensive broadening of the esr lines in VO (PROTO)
and the presence of more than one species at ligquid 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(MESO) as it is in the
case of VO(PROTO), . Monomeric species at room temperature
and dimeric species similar to that observed for VO (OEP)
at low temperatures have boen characterised for VO(MESO)

3 molar or less. In the

in the concentration range of 10~
concentration range of 10“2 molar aggrecgated 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 cculd be dene in the case of

VO (PROTO) .VO(MESO) could be oxidiscd to the radical cation
by oxidation with antimony pentachloride in dichloro-
methane or by dissclution in triflucroacetic acid, The

esr specﬁrum of the radical cation thus obtained is
presented in figure V.3, 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 led to the same spectrum. At ligquid

nitrogen temperature, a dimeric species (dimer A) is formed
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FigeVe3. ESR spectrum of Vanadyl mesoporphyrin IX dimethylester oxidised
with SbC15 at room temperature
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Fig.V.4. ESR spectrum of Vanadyl mesoporphyrin IX dimethylester oxidised
with TFA at liquid nitrogen temperature (dimer A)
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from two molecules of the radical caticn (figure V,.4)

in the same manner as that observad for VO(CEP), discussed
in chapter III, A computer simulation of the esr spectrum at
liquid nitrogen tenperature indicated that the parameters
are essentially unaltered from thcse cbserved for the

dimer from VO (OEP) radical caticn.

The esr spectrum of dimer A changes dramatically
when the concentration of VO(MESO) is increased to about
tenfold. The esr spectrum does not look like a triplet
state spectrum. The spoectrum consists of fifteen lines
and appears to be nearly isotropic. This could arise either
from an S = % system cr from i (%) manifold of S = %
system. In oxrder 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 voltammetric
data we shall assign this dimer as dimer B to distinguish
it from the dimer 24, The esr spectrum of this species is
similar to that cbtained for VO(PROTQO), 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 from the species
represented as / VO(MESO)_/ éfVO(MESO)_7t, a formulation
similar to the one made for the oxidised product of

VO(PROTO)}, Thus dimer B must be a S = % species, The esr
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Fig.V.5(a). ESR spectrum Vanadyl mesoporphyrin IX dimethylester oxidised
with TFA at liquid nitrogen temperature (dimer B)
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transition could arise from the S = % manifold of S = %
state., If the zero field splitting for the S = 2 system

2

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

Il

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

effective spin of S = we have simulated the esr spectrum,

o] 12

The simulated spectrum indicates that the g and A values
are very nearly isotropic. (qu 1,913, g“ = 1,911,

Ay = T40.222 Mrads“l, A" = 807.51 Mrads"l). 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™l) for VO(PROTO). Thus the species
identified as dimer B is considered to arise from one
molecule of VO(MESO) radical cation and one molecule of
unoxidised species, (Figures V,5a and V,5b). Oxidation of
VO (MESO) with SbCly in dichloromethanc leads to a different
type of situation compared to that in the case of trifluoro-

3M solutions of

acetic acid. At room temperature with 10~
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 ligquid nitrogen 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_. are used a new type of esr spectrum

5
(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
from that of dimer A spectrum. Only a single 51V coupling

is discernable, A similar spectrum has becen reported for

VO (Etioporphyrin) oxidised with SbCl., though an analysis

5
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 hithertc observed only at room

temperature, A spin Hamiltonian for this system could

be written as

A A A
H = @(Q.g. B +S.. g.e B)
1* 91 2+ 92
S O S S Y
[T T
o e e (v.3)

This spin Hamiltonian is similar to the one adopted

to interpret metal-free radical-interaction in spin label

10,11

bound metal complexes.a In thesc system, J 2 O or of the
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Fig.V.6(a). ESR spectrum of Vanadyl mesoporphyrin IX dimethylester oxidised with SbClc3 at

liquid Helium temperature; (a) g = 2 region (b) half-field region
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order of 10™% cm_l. In the case of VO(MESQ) radical cation,

however, J;§>»h‘ﬁ where » is the microwave frequency,

in otherwords J':> 0.3 cm'l. In view of the strong exchange,
we can consider that both the electrons experience an
average environment., /Zin approximate Hamiltonian for the

system can be written for this system under strong exchange

condition as follows

A A A N
H=8.g.8+8.a.%+8.p.%8+a5. 8 .%
(] A [ 1 2

cee (Vo4)

considering only the dipolar interaction as the contri-
buting factor to ZFS. - interactions. Here S is the total
spin angular momentum cperator 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 indicated by the esr
spectrum. The powder spectrum was tnus obtained for the
system and an estimate of D value wes made from this
simulations then hyperfine coupling terms were included
as perturbation terms and the powder spectrum was
calculated for the best 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 ocbtained as 1200 MHz., Considering an
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axially symmetric Hamiltonian with zeeman and zero field

interaction only, we have

H = &H e g . 2+ D, (sx2 + SY2() + D, (Szz)
cos (Va5)
In terms of D and E, the Hamiltonian is (E = 0)
BPHg .8 +D (szz-% (8 +1)S ).
where D = % D‘? cr D“ = % D = 800 MHz. If we assume

the same principal axes for g and D tensor then, the
symmetry axis 1s perpendicular to the porphyrin plane,
The inter electron axis iz in the plane of the porphyrin

ring. Hence if we express the ZFS tensor along the

(] ] / 1 .
inter electron axis (2 ) D£§'= ny =-3 Dz%" The quantity

Dﬂ is along an axis perpendicular to the inter electreon

axis and hence

D = Dys = Dvrs =—-:-]‘-D/,'
i XX vy 2 Tzz
] _ 2
Dgg (in MHz) = 1.298 g /R3

Where the inter electron distance R is expressed
in Angstrom units using a valug of:Déé = 1600 MHz, we get
a value for R as 3.22, we have assumed here the entire 2FS
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

of 1 cm“l. n 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.o0 wavefunction for the HOMO of porphyrin.

Using 244 and Ao, orbitals we can estimate the distance as

all atoms

R = C.2 R. se 0 (Vt6)
E 3 1
o - ‘-"

)
Where Ci2 is the square of the mo coefficient

for the ith atom in the a or a orbital and Ri is the

2u
distance of the ith atom from the center of porphyrin.

1u

Using the formula, we obtained the value of R as 3,30

for a and 3,21 for a

1u
highest occupied m.o0's for a metalloporphyrin with D

ou orbitals which are the two

4h

or C4v symmetry. Thus the estimate for the inter-
electron distance in the radical cation of VO(MESO) is in
reasonable agreement with molecular orbital picture,

The value of R obtained from linewidth studies reported
for VO(CEP) (3.87£) is however, largcr than the present
estimate,

There is a report in the literature12 on a monomeric
vanadyl porphyrin radical species obtained by ‘9 -
irradiation of VC(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 nucleus., The transition at g = 2 region was not

seen since in this region, strong lines from the unoxidised
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porphyrin were ocbserved. In our studies, 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

c¢hemical oxidation reported in the present work.

Ve4 CONCLUSION

VO (PROTO) and VO(MESO) lead to various types of
species on one-electron oxidation. Mcnomeric radical cation,
dimer of the radical cation and a dimer consisting of one
mclecule of radical cation and one molecule of unoxidised
vanadyl porphyrin had been identified, The monomeric radical
cation has alsoc 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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CHAPTER VI

CYCLIC VOLTAMMETRIC STUDIES ON SOME METAL COMPLEXES
OF TETRABROMO MESOTETRAPHENYL PCRPHYRIN

VIi.1l INTRODUCTION

The redox potentials of metalloporphyrins can
be tuned to one's requirement by modifying the substi-
tuents in the periphery of the metalloporphyrin.l'2
Substituents could be introduced in the ortho or para
positions of the phenyl rings in the meso positions or
in the X and @; positions in the pyrrole ring. A number
of studies have been reported on the redox potentials of

3.4 The

phenyl substituted meso tetraphenyl porphyrin,
redox potentials have been correlated with the Hammet
constants of the substituents.3'4 The effect of substituents
on the phenyl ring on the redox potenzial is only moderate
since the phenyl ring is twisted out of the plane of the
porphyrin ring to some extent. When tlic substituent is in
the beta position the effect on the redcx potential is

guite marked. Very few studies on the redox potentials of

5.6 The results indicate that

such systems are availablc,
with electron withdrawing substitucnts the shift in the
reduction potentials is quite large compared to that in

the oxidation potential. As an examplz, for tetra cyano

TPP the ostidation potential for the copper complex is shifted



M =V0, Cu, zn, Nl
X =Br

FigeVIele Structure of metalloporphyrin (MBr4TPP system)
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from 1.06V [ffor 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 different.,

The redox potential data are available for some
metal complexes of porphyrins with mono substituents in
the beta position and with symmetric tetracyano TPP.S'6
We have in the present work attempted cyclic voltammetric
studies on some metal complexes oOf symmetric tetrabromo
substituted TPP, Only the oxidation notentials 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

oxidatione
VI.2 EXPERIMENTAL DETAILS

The synthesis of 3ymmetric totrabromo 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. Dichlcoromethane and tetra
n~butylammonium perchlorate were used as solvent and
supporting electrolyte rospectively., Cyclic voltammetric
studies were done on the following systems: 2Zn(II), Cu(II),

Ni (II) and VO(II) complcxes of tetrabromo TPP,



TABLE VL1
Cyclic voltammetric data for Br4TPP systems at room temperature.

Solvent : CHZCI2

Concentration : 10_3

M

Supporting Electrolyte : TBAB
Reference electrode : SCE

Sweep rate : 100 m v/s

System Oxidation potential in volts E Reversibility
EM B0 EL,0 B B Epa 112 |

CuBrL}TPP 0.980 0.860 0.920 1.296 1.220 1.258 0.338 Rev.

NiBr[‘TPP 0.880 6.76k 0.822 1.240 1.092 1.166 0.344 Rev.

VoquTPP 1.264 1.184 1.224 L.454 1.372 1.413 0.189 Rev.

ZnBr, TPP 0.866 0.754 0.810 1.172 1.008 1.090 0.280 Rev.

4
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Fig.¥Ile.2,Cyclic voltammogram (oxidation steps) of Zn(Br,TPP) in CH2012 at room temperature.
Sweep rate 100 mv/s. '
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Fig.VI.3. Cyclic voltammogram of CuBr4TPP
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Fig.VI.4. Cyclic voltammogfam of NiBr4TPP



mmavumo\, FO weibouwre3zToA oTTOAS *S*IADTA

3°3'S A S170A

0C 0s20 005 0 0Sz0 001 0sz't

00sy
I T T T T

vrsi

v’ INIH¥HN D



91

VI.3 RESULTS AND DISCUSSION

The cyclic voltammograms are presented in figures
VI.2, VI.3, VI.4, VI, 5. The half-wave potentials for the
metalleporphyrins studied in the present work are listed
in table VI.i. The half-wave potentials of the corresponding
TPP and tetracyanoc TPP systems arc also presented for
comparison. The tetrabromo system is cexpected te 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 attompted to identify
the first oxidation product by optic2l and esr spectroscopye.
Oxidation of Zinc and Nickel toetrabrimo TPP leads to the
formation of radical cations as indicated by esr spectra
(see figures VI,6 and VI,7). The oxidation was done using
antimony pentachloride as oxidising agont. Interestingly
we have observed that the cosr spectrum of the radical cation
of 2n(II) tetrabromo TPP is quite different from that of
the corresponding system from Zn (TPP). Zn (TPP) on oxidation
with antimony pentachloride ydelds a twelve-line spectrum

with a spacing of about 1.4 Gauss. Normally one expects a
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nine linc spectrum which arises from the coupling of four
equivalent nitrogen atoms. The twelve line spectrum may be
interpreted as arising from four cquivalent nitrogen atoms
and one nucleus having spin 3/2 having the same coupling
as the nitrogen. This nuclecus could be a chlorine atom
coming from the antimony pentachloride ion which is
present as the counterion, In the case of 2n(II)tetrabromo
TFP, we do not cbserve well-resolved lines. A broad three
hump~pattern is observed in this casc with an approximate
spacing of four gauss. The contributing nuclei to the
hyperfine structure could be the four nitrogen atoms,

the four bromine atoms and the chloringatom from counterion.

Since there are too many parameters for adjustments we

have not attempted any simulation of this spectrum.

The oxidation of Ni tetrabromo TPP is alsov
assigned on the ligand. The esr and optical spectra of
the species obtaincd on oxidation/éﬁé nickel complex with
antimony pentachloride are presented in figures VI.7 and
VI.8 respectively. The spcctra indicate only the presence

of a free radical specics.

The oxidation potentials for vanadyl tetrabromo
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 metallopcrphyrins 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 comparced 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

This thesis entitled "ESR AND EISCTROCHEMICAL
STUDIES ON THE OXIDATION PRODUCTS OF SCOME METALLO-
TPORPHYRINS" discussecs the results of investigations
on the electron spin resonance and electrochemical
studies on the oxidation products of some transition

metal porphyrins. It consists of six chapters,

A brief review isc prasented in Chapter I on the
structural studies (with emphasis on esr data) on the
oxidation products of Ti, VvV, Cr, Mn, Fe, Ni and Cu
porphyrins. This review provides a background material
to give a proper perspective for th: results of the
investigations presented in subsequcent chapters on

the oxidation products of vanadyl porrhyrins.

The details of the experimentzl procedures adopted

in this thesis are presented in Chanter IT.

The esr spectrum of the radical cation of vanadyl-
octaethylporphyrin at liquid nitrogen temperature is
presented in Chapter 11X, The esr spectrum indicates
the presence of hyperfinc coupling from two 51V nuclei,
Hence a dimer formaticn is indicated by the esr spectrum.
The dimer has a triplet ground statce in which the two
unpaired fT electrons pair up while the :.electrons on the

vanadium atoms are ferromagnetically coupled. This dimer
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is similar to that obtained from the radical cation of
Cu(II) octaethylporphyrin. Assuming that the zero field
interaction ariscs mainly from the dipolar coupling
between the eclectrons on the vanadium atom, as has been
done in the case of CuOEP, the esr spectrum has/ggﬁghter-
simulated to obtain the spin Hamiltonian parameters.

The distance between the two unpaired electrons and

hence between the two vanadium atoms has been obtained

o
as 4'.7A0

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
range 107°M, Vanadyl mesoporphyrin is monomeric in the
same concentration range and both monomer and dimer
exist in equilibrium at a concentration range 1O~2M.
Oxidation pontentials have been cbtainced 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 millivoltsa

The results of cyclic voltammetric studies presented
in Chapter VI are substantiated by the 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 (protoporphyrin)

was identified in solution at room temperature from a

study of the esr spectrum. This system has three unpaired

electrons (one each on the vanadium atom and one unpaired
7? electrons per two molecules). The esr spectrum obtained

at room temperature from this system has been shown to

arise from MS =X 1 states of S = 3 manifold., VO meso=-

2 2
porphyrin yields monomeric radical cation on one=-electron
oxidation at room temperature in the concentration range
1073M, At higher concentrations, a dimer similar to that
obtained for VO protoporphyrin is formed. ESR spectrum of
the dimer with S = % state has been chtained at 77°K and
is analyzed for the spin Hamiltonian paramcters.

A monomeric radical cation of VO-mesoporphyrin has
been identified around 10K. The parent compound has been
oxidised with at least tenfold excess of antimony penta-
chloride., This system yiclds a tvpicsl triplet state-esr
spectrum with a single 51V hyperfine coupling. The
distance between the unpaired 7} electron and the electron

Q
on the vanadium atoms has been obtained as 3.74, from

the esr spectrum.
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Cyclic voltammetric data on some of the metal
complexes of tetrabromotetraphenyl porphyrin are
presented in Chapter VI, It has been noticed that the
oxidation potentials are only marginally affected by
the substituents in the G) positions, in contrast to
the reduction potentials which are considerably
shifted under similar conditions. Whoraver possible
esr and optical data had been used to assign the

cxidation products.
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APPENDIX

The isotropic Hamiltonian for the threee-spin system is

given by eg.Wle The spin functions for the S = % manifold are

the following:
3.3>= AW K@ A
asH[ KW d@ pe +o @ B @K @Hpw) 4@ a&(s)]
3 3>

(1/3 [OQ(l)@ (2) 3G + @ (1)0((2)@(3) +P(1) @(2) o((s)J

'§2.,- >=pw @ @ (A1)

Using these functions and the Hamiltonian of eq 2,
we get the eigenvalues, to first order, as

(1)

=
#

y = Gr2agp8g +am P 0 @) 4 asmo + a2,

(1)

=
i

, = a2aPg + a/eram M +n P wsn2)9-as00,

(1)

to
i

= =a/29PB4 - Weat, M +n Phianng - wes,

(1)

=
i

== - am W 4 n ) v a4 a9,

I
(A2)
where g = (1/3)(2g1 + gz).
One observes the transition in solution,

%. -1~> (~>, %, - %> . which is independent of Jl and J2 with
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(1) (2)
T ) (A3)

+ (a/3) (mI + m

AE = g} B4

s

On the other hand, if we use the spin functions in

the S = -J-é- manifold, we expect the following results:

> =
(1/6) [og 1) B @ A= 2A@) a{m @)(3) PO A@XK® ]

‘11=

N
3] Fad

4

|

2 2
(1/67) L}( WP @Pe -2pwd@cke +@(1)o\<z>e(3>]

The eigenvalues to first order are

(1)

=
i

y = W + e +n )+ ana - amo,

(1)

63}
i

5 (-1/2)g@B/t_\' ~ (1/3)alm; + mI(Z)) + (1/12)9; - (1/3)9,

(a4)

and

) . (1) (2)
E = géB/'}(, F(2/3)a (mg +my ) (A5)

where g = (4/3)g1 - (1/3)g2.

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

coupling if the system is in the S = %— state,
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