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dimethylpyridine, 2,6-dimethylpyridine and 2,4,6-trime- 
thylpyridine. The effects of a similar range of bases on 
the e.s.r. spectra of the corresponding adduct of the 
cobalt (11) chelate of protoporphyrin IX dimethyl ester in 
chloroform solution at  77 K were also observed. 

In order to account for the features of the observed 
e.s.r. spectra due to oxygenated porphyrins i t  is necessary 
to consider a spin Hamiltonian l4 (1) which allows the g 
and A tensors to be non-coincident in the X Y  plane l4 

(see also Figure 2). The effective spin S = i- while I = 
3 for the hyperfine interaction (h.f.i.) with the cobalt 

nucleus. I t  should be noted that we use xg, yo, and zg 
to denote principal g axes, in contrast to previous 
papers,16Js so as to reserve use of x, y ,  and z for a co- 

y, 

FIGURE 2 Simplified molecular structure of cobalt(r1)-oxygen 
adducts; principal g axes are xg,  yI, and zg;  principal A axes 
are X ( z ) ,  Y ( y ) ,  and Z ( x ) .  Symmetry is C ,  

ordinate system fixed at  the cobalt site. We retain 
X ,  Y ,  2 for use with the computer simulation program 
where zg and 2 remain c0mmon.~~-~8 In Tables 1-5, 
e.g. A x  is written as A, (X)  since z and X are common. 
The symmetry model in Figure 2 corresponds ideally to 
C, where the common two-fold magnetic axis for g and A 
is 2 or x. 

Since the symmetry is lower than orthorhombic, h.f. 
constants cannot be directly read from the experimental 
spectrum of a powder or frozen solution. The reason is 
that A values do not maximise or minimise along g 
directions except where there is a common axis (2 or x ) .  
The essential results of the computer simulations of the 
experimental e.s.r. spectra are summarised in Tables 

Previous studies have shown that various substituents 
on the meso-phenyl or on the pyrrole posit- 
ions24 affect a number of properties concerned with 
electron transfer from the metal centre. Porphyrin 
15N n.m.r. chemical shifts of complexes formed by 5,10,15, 
20-tetraphenylporphyrinatozinc( 11) with substituted pyri- 
dines may be correlated with electron-donating ability of 
the pyridine substituent .25 The present results, out- 
lined in Tables 1-3, indicate that the change in the 
magnetic parameters associated with the dioxygen 
adducts of various cobalt(11) porphyrins in toluene or 
chloroform containing pyridine or 2-methylpyridine are 

1-5. 

little affected by in-plane substituents on the meso- 
phenyl group. 

Variation in the nature of the nitrogeiious base does 
not greatly affect the magnetic parameters, as can be 
seen from Table 4. However, as shown in Table 5, the 
spin-Hamiltonian parameters associated with the mole- 
cular oxygen adduct formed by cobalt(r1) protopor- 
phyrin TX in the presence of various bases are sensitive 
to the substituents on the axial base, such that the 
introduction of a methyl group into the 2- or 4-positions 
of the pyridine base causes a marked change in the value 
of u. 

To explain the e.s.r. properties of Co-0, adducts, 
attention has been drawn to the possible formation of an 
0,- radical ion resulting from almost complete electron 
transfer from COIL to molecular oxygen, or from spin 
pairing resulting in the formation of a o bond. Particip- 
ation of a cobalt d,, orbital (Figure 2) through direct 
overlap with the unpaired electron in a X*  orbital is con- 
sidered most likely to be responsible for the occurrence of 
cobalt(I1) hyperfine structure in the 0,- model.26 Spin- 
polarisation mechanisms which imply indirect polaris- 
ation of d-electron orbitals on cobalt by the unpaired 
electron on 0, have been suggested as a result of a number 
of inconsistencies resulting from h.f. analyses based upon 
the 0,- p i c t ~ r e . ~ ~ - ~ ~  The implied spin pairing of an 
oxygen x* orbital and a cobalt d orbital to form a Q bond 
has been discussed in other contexts qualitatively 7 v s 0  

and is supported by molecular-orbital  calculation^.^^^^^ 
A summary of a simple model which takes into account 
both direct and indirect contributions to hyperfine 
structure is given in the Appendis. 

In Tables 1-5 it can be seen that, with a few excep- 
tions, the values of g + h all lie in the range ca. 12- 
14.5, implying that c ( ” ~  is ca. 0.06-0.07. The f + h 
values are positive, with one exception, for a range of 
porphyrins in toluene containing pyridine (Table 1 ) ,  but 
otherwise largely negative. [For definitions of (g + h) ,  
(f + h) ,  a”2, etc. see Appendix.] The data in Table 1 
suggest that the proposed model, with a judicious mix- 
ture of direct and indirect hyperfine coupling, accounts 
reasonably well for a range of porphyrins in toluene 
solution with 1% (v/v) pyridine. Within the limits of 
error, the f + h values are all very similar. On the 
other hand, for some of the same porphyrins in chloro- 
form solution, the values off + h are all negative, except 
in one case where i t  is barely positive (Table 2), and in 
chloroform containing 2-methylpyridine (1 ”/o v/v) the 
values are all either negative or zero. In these cases, 
one must conclude that the hyperfine coupling is due to 
direct interactions and the orbital t,h2 must be supple- 
mented, as allowed by the assumed C, symmetry, with 
admixtures of dZ2 and d,, orbitals. The base-variation 
results in Tables 4 and 5 show a more pronounced set of 
negative values of f + h, again consistent with more 
direct mixing into $2. 

In conclusion, we recognise that this simple analysis 
does not directly take into account specific involvement 
of ligands, bases, or substituent groups. A more com- 
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TABLE 1 

Magnetic parameters for the dioxygen adducts of various cobalt(1r) porphyrins in toluene solution containing pyridine 
(1% v/v) * 

2.079 
2.079 
2.075 
2.084 
2.076 
2.081 
2.077 
2.076 
2.076 

2.006 
2.008 
2.005 
2.009 
2.007 
2.004 
2.007 
2.007 
2.007 

1.989 
1.991 
1.989 
1.993 
1.990 
1.989 
1.990 
1.990 
1.989 

27 18.1 6.8 7.5 3.8 -6.8 3.0 
27 18.2 6.7 7.7 3.7 -6.8 3.2 
27 17.9 7.7 8.0 3.7 -6.2 2.5 
26 18.3 7.4 7.9 3.8 -6.6 2.8 
27 17.8 7.2 7.8 3.6 -6.4 2.7 
26 20.9 6.8 9.5 3.4 -8.0 4.6 
27 18.0 7.0 7.7 3.7 -6.6 2.9 
27 17.8 7.3 7.6 3.8 -6.4 2.6 
27 18.0 7.0 7.2 4.0 -6.8 2.7 

f + h  g + h  
0.9 12.4 
0.6 12.3 
1.4 11.6 
1.2 12.2 
1.1 11.7 

-1.4 13.3 
0.9 12.0 
1.4 11.9 
1.5 12.6 

* Fitting errors: in g values, < +O.OOl; in A values, f0 .5  x ern-'; in a, f 1". 

TABLE 2 

Magnetic parameters for the dioxygen adducts of various cobalt(I1) porphyrins in chloroform solution containing pyridine 
( 1 %  v/v) * 

[ W t m o p p )  1 2.086 2.005 1.989 28 21.4 6.8 9.5 3.4 -7.9 4.6 -1.4 13.2 
IC4tPP) I 2.081 2.008 1.992 26 20.2 6.0 9.0 3.2 -8.0 4.7 -1.8 13.1 

[ WtCPP)  1 2.081 2.003 1.989 26 21.1 7.3 10.3 2.9 -7.7 4.9 -2.3 12.4 
[Co(tcYPP)l 2.081 2.004 1.989 26 20.9 6.8 9.5 3.4 -7.9 4.6 -1.4 13.2 

[CO(tfPP) 1 2.082 2.009 1.993 26 18.7 6.8 7.9 3.7 -7.1 3.3 0.5 12.6 

* Fitting errors as in Table 1. 

TABLE 3 

Magnetic parameters for the dioxygen adducts of cobalt(1r) porphyrins in chloroform solution containing 2-methyl- 
pyridine (1% v/v) * 

Cobalt (11) A J Y )  A z ( m  AXP-1 ax aU a2 

porph yrin gu g x  g z  4" 1 0-4 cm-l f + h  g + h  
2.077 1.998 1.982 26 21.2 7.2 9.8 3.4 -8.0 4.5 -1.3 13.3 
2.081 2.008 1.989 26 20.0 6.1 7.6 4.1 -8.3 4.1 
2.082 2.003 1.986 27 20.8 6.7 8.9 3.7 -8.2 4.4 -0.8 13.9 

[CO(tCYPP)l 2.075 1.997 1.982 26 19.9 7.3 9.4 3.3 -7.2 3.9 -0.7 12.3 

0.0 14.5 
[Co(tmoPP)l 
[CO(tPP)I 
[CO(tCPP)l 

* Fitting errors as in Table 1. 

TABLE 4 

Magnetic parameters of the molecular oxygen adduct of [Co(tpp)] in chloroform solution containing various bases 
(1% v/v) * 

Base 
Pyridine 2.081 2.008 1.992 26 20.2 6.0 9.0 3.2 -8.0 4.7 -1.8 13.1 
2-Methylpyridine 2.081 2.008 1.989 27 20.0 6.1 7.6 4.1 -8.3 4.1 0 14.5 
4-Methylp yridine 2.081 2.008 1.989 27 20.0 6.1 7.6 4.1 -8.3 4.1 0 14.5 
2,4-Dimethylpyridine 2.081 2.011 1.984 26 21.5 6.6 10.5 2.9 -8.1 5.3 -2.8 12.9 
2,6-Dimethylpyridine 2.082 2.011 1.984 27 20.0 6.5 11.0 2.0 -7.0 5.0 -3.5 10.5 
2,4,6-Trimethylpyridine 2.081 2.011 1.983 26 20.0 6.6 11.0 2.0 -7.0 4.9 -3.4 10.5 

* Fitting errors as in Table 1. 

TABLE 5 

Magnetic parameters due to the molecular oxygen adduct of cobalt(r1) protoporphyrin IX dimethyl ester in chloroform 
containing various bases (1% v/v) * 

Base Rv 
Pyridine 2.082 2.008 1.990 26 20.2 6.0 8.5 3.6 
2-Methylpyridine 2.082 2.008 1.993 25 19.7 6.0 9.0 3.1 
4-Methylpyridine 2.081 2.007 1.993 25 20.0 6.0 9.0 3.2 
2,4-Dimethylpyridine 2.082 2.005 1.985 30 23.0 7.6 11.0 3.4 
2,6-Dimethylpyridine 2.082 2.011 1.984 27 20.0 6.5 11.5 1.7 
2,4,6-Trimethylpyridine 2.075 2.006 1.997 27 21.0 6.5 11.9 1.7 

* Fitting errors as in Table 1. 

aU a, 

-8.1 4.6 -1.2 13.7 
-7.6 4.6 -1.8 12.6 
-8.0 4.7 -1.8 13.1 
-8.6 5.3 -2.2 14.0 
-6.8 5.2 -4.1 9.9 
-7.4 5.6 -4.6 0.6 

f + h  g + h  
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prehensive theory which does not seem possible at  prc- 
sent is required to take such effects into account. 

EXPERIMEKTAL 

Samples of the p-substituted iizeso-tetrapIien\-lporpIi~rins 
were prepared by the procedure of &4cller et ~ l . , ~ ~  while the 
p-nitro- and P-carboxy-derivatives were preparetl as out- 
lined by Thomas and XIartell.34 Esterification of tlie tetra- 
p-csrbosyphenyl was carried out as described in the 
1iteratu1-e.~~ Conversion into the cobalt( 11) clielates was 
performed using methods outlined by Buclilcr 36 Proto- 
porpliyrin I X  was obtained from the Signia Chemical 
Company and converted into the cobalt( 11) chelates. E.s.r. 
spectra were obtained using a Varian E 12 spcctroineter 
operating a t  cn. 9.15 GHz. Low temperatures were 
achieved using a Varian liquid-nitrogen accessory. 

APPENDIX 

The hyperfine analysis was performed as folloxvs. I t  is 
supposed that all the 1i.f .  constants are negative and tliat 
they must first be corrected for the direct dipolar inter- 
action. For this we use the values ,' given in (Al) ,  based 

x Y Z  

upon co-ordinates for [Co(bzacacen) (O,)] [bzacacen = N,N'- 
ethylenebis(benzoylacetoncimine)] from an X-ray 

The electronic model is based, in simpler treatments, on a 
three-electron model according to the scheme shown in 

Adip.(Oz) = ( - 0 . 5 ,  -0 .5 ,  1.0) X cm-l (Al)  

. " / 

----- w' 4t zx, xy -- 4+ - 

co-02 .02 co 

FIGURE 3 Simplified molecular-orbital diagram for Co-0, 
complexes. The low C, symmetry will permit d-orbital mix- 
ing: d,z-,z mixing into 1,,41 is neglected and d,, mixing into tJZ 

is not included. Spin polarisation of two electrons in 1,,41 arises 
from electrostatic repulsion (exchange effect) between them and 
the unpaired electron in The lowest pair of d orbitals 
cannot be degenerate under C, symmetry 

Figure 3, where and #, are given by equations (A2) and 
(A3).  The antibonding orbital t,b3 is not filled. Since dZ2 

$1 = a'dz* + aff 'dyZ + Y ~ S  + Px* (xg )  (A2) 
t,h2 = EX* + a"d,, (A3) 

and dy,  transform according to the same representation of 
C, (where x is normal to the niirror plane), then we cannot 
separate their individual contributions. Of course, under 
C, symmetry, the d-orbital description in Figure 3 is only a 
first approximation. A good deal of orbital mixing must 
take place, e.g. d z e - , a  might be involved in t,bl. Tovrog 

et ~ 1 . ~ '  in connection with their back-bonding argument argue 
that, in &, a" should be small; $, is the orbital favoured by 
Hoffman et aZ.26 in an 0,- picture. In equation (A3) n*(xq) is 
the oxygen x* orbital participating in o-bond formation 
whereas T;* is the unpaired electron orbital; a', a'', 7 ,  p,  and E 

are all as defined by Tovrog e t  ~ 1 . ~ ~  The paraiiieter a"' is 
introduced by us  to allow for d,, mixing in $l. 

Intlircct hyperfine coupling 7lia spin polarisation is pre- 
suniccl to occur as a result of the polarisation of the spin- 
paired electrons in & by the unpaired electron in & by means 
of tlie electrostatic repulsion, e2/r12, in such a way that a net 
negative spin unpairing occurs a t  tlic cobalt. I t  is cori- 
sitlered to be an indirect effect because it does not involvc a 
direct overlap of t,bl and the d orbitals of t,b2.38 This does not, 
of itself, alter the spin density of the unpaired electron. 
llirect hyperfine coupling, as a result of the mixing of d,. in 
equation (A:<), can easily be understood. 

To complete the analysis, equations (A4)-(AG) are 
needed. In this model, f, g ,  and J? are all positive. Here, 

A ,  - ( A )  = ax =J 3 (f+ 6 + 2/l )  

A ,  - ( A )  = ay = 3 (f- 2g - JL 1 1 014) 
A ,  - ( A )  = a, = 3 (--2f + g - 11) 

( A )  = g ( A x  + A ,  + A,) 

f = PpOUCo-()a'2 
q = pa", 

IL = P p ~ U ~ o - ~ a ' " 2  

Z Y X  

(A 6) I 
P = 2pg&n(~-3)3d x 0.02 cm-l for cobalt(11) compounds, 
po is the spin density on the ' middle ' oxygen, and i7cO-o is 
an empirical spin-polarisation constant. In equations (A6) 
f and 12 represent indirect interactions involving spin 
polarisation of dZP and d,, respectively, while g represents 
the direct interaction due to dxz. Tables 1-5 give not only 
the spin-Hamiltonian parameters b u t  a,, aV, a,, f + h,  and 
g + h where we have used the relations (A7). 
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