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Electron -spin Resonance Studies of Manganese( 11) 4,4’,4,”4’”-Tet ra - 
sulphophthalocyanine 
By David J. Cookson and Thomas D. Smith, Chemistry Department, Monash University, Clayton, Victoria, 

John F. Boas and John R. Pilbrow,” Physics Department, Monash University, Clayton, Victoria, Australia 

E.s.r. measurements on manganese 4,4’,4”,4”’-tetrasulphophthalocyanine, [Mn’I(tspc)]. confirm earlier reports 
that in the solid state this complex is obtained as a manganese(l1) chelate. Measurements on aqueous solutions 
containing [Mnn(tspc)] show that disaggregation of the chelate occurs as a result of small additions (5-1 0% v/v) 
of polar organic solvents such as NN-dimethylformamide. In these circumstances the e.s.r. spectrum has been 
assigned to a mixture of low-spin forms of the manganese(l1) chelate. The solute-solute interactions which 
occur as a result of the addition of [NiI’(tspc)] or [Zn”(tspc)] to aqueous solutions of [MnI’(tspc)] are character- 
ized by the appearance of e.s.r. signals a t  77 K attributable to a high-spin form of the manganese(l1) chelate. The 
presence of ligands such as cyanide, pyridine, or imidazole, which are capable of axial interactions with [Mn’I(tspc)] 
promotes autoxidation of the manganese chelate in  aqueous solution. Measurements at room temperature and 
133 K provide evidence for a change in the spin state of the metal ion in the chelates as a result of changes in the pH 
of the solutions. 

Australia 31 68 

31 68 

A NUMBER of investigations have been concerned with 
the tendency of metal complexes of 4,4’,4“,4“‘-tetra- 
sulphophthalocyanine (tspc) to form aggregates in 
solution.1-9 For example, e .s. r. measurements involving 
water-NN-dimethylformamide (dmf) solutions of cop- 
per(r1) and vanadium(1v) and tspc have provided evidence 
for the formation of dimeric species in these solutions. 
Computer simulation of the e.s.r. lineshapes attributed 
to  dimeric forms of these chelates made possible a 
determination of the metal-ion separations, which in 
turn gave a measure of the interplanar distance in the 
dimeric chelates.* Similarly, e s r .  studies of frozen 
aqueous dmf solutions containing binary mixtures of 
cobalt(n), nickel(II), copper(II), and zinc(I1) and tspc 
have been used to discern various solute-solute inter- 
actions.10 

These results reinforce the general conclusion that 
depolymerization of the dye molecules is critically depen- 
dent on the solvent composition and the nature of the 
metal ion. The advantage of e.s.r. spectroscopy in these 
investigations is that it is possible, in principle, to monitor 
the distribution of polymeric, dimeric, and monomeric 
forms of the chelates, and to obtain structural inform- 
ation about the dimeric forms by observation of the 
appropriate signals. In favourable cases e.s.r. can also 
provide detailed information about the nature of any 
axial interactions which occur a t  the metal site. It 
seems a logical step, therefore, to extend these investi- 
gations to a system in which the aggregation process is 
less well understood, namely the manganese(I1) chelate 
of tspc. An additional complication which may arise 
here is that the valence state of the manganese ion could 
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depend on the nature of the groups co-ordinating to the 
ion in the positions above and below the plane, similar 
to the changes observed by Calvin and his co-workers l 1 9 l 2  

for manganese(I1) phthalocyanine. As well as the solute- 
solute and solute-solvent interactions which occur in 
solution, there will be the possibility of acid-base inter- 
actions with the degree of association and/or the co- 
ordination to the out of plane positions being affected by 
the pH of the solution. 

Phthalocyanine (H,pc) and its metal derivatives are 
only readily soluble in highly acidic media such as 
concentrated sulphuric acid. Conductimetric measure- 
ments indicate that in chlorosulphuric acid solutions of 
[Cu(pc)], [Ni(pc)], and [Zn(pc)] all the bridging nitrogen 
atoms are protonated but the results for CuII suggest 
that the two central tertiary nitrogen atoms are not 
protonated.13J4 In contrast to phthalocyanine, tspc 
and its metal derivatives are extremely soluble in 
aqueous solution. However, little information is avail- 
able concerning the acid-base behaviour of these 
complexes. 

This paper reports the results of an investigation of 
solut e-solut e, solut e-solven t , axial-ligand, and acid-base 
interactions in manganese( 11) tetrasulphophthalocyanine. 

RESULTS AND DISCUSSION 

Solid State and Do@d Powders.-In the polycrystdline 
form, [MnII(tspc)] had the e.s.r. spectrum at 133 K 
shown in Figure l ( a ) .  Diamagnetic dilution into the 
corresponding zinc(I1) or nickel@) chelate gave the 
spectrum shown in Figure l ( b ) ,  which is interpreted as 
arising from a high-spin [MnII(tspc)] complex with a spin 
of i. The six strong lines spaced at ca. 90 G intervals 
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into this category. Alternatively, if the zero-field 
splitting between the MS = -J-$ and M B  = &$ doublet 
is small, the strongest transitions will be MS = &+ 
-4 with gll and gl. An estimate of possible g values 
may be made from susceptibility data for manganese(I1) 
phthalocyanine 2o from which it is found that gll ca. 2.1 
and gL ca. 2.3. As for the high-spin S = 8 case, the 
outer transitions, M s  = %+* and -$+--$, may be 
broadened beyond detection. It is clear that none of 
our results fits into this latter category. Therefore, we 
conclude that our results may be described either in 

and centered around g = 2.0 arise from the 1Ws = Q+ 
-4 (A,mr = 0) transitions.* The weak lines observed at  
high spectrometer gain in between these six intense lines 
arise from ' forbidden ' transitions with Am, = &l, 
which become ' allowed ' a s  a result of state mixing by 
the fine structure term DSz2 in the spin Hamiltonian for 
high-spin MnI1.l5 The absence of features due to the 
other fine structure lines, i.e. those with M S  = &-+ 
&-Q and -+$+&- is probably due to small variations 
in D which result in the ' smearing out ' of these lines due 
to the large anisotropy. The partly resolved peaks in 

FIGURE 1 
HIG 

X-Band e.s.r. spectrum a t  133 I< due to  [MnII(tspc)] (microwave frequency 9 143 MHz) : ( a )  solid powder; 
corresponding zinc chelates in a ratio of 1 : 20 

(b) doped into 

Figure l ( b )  suggest that the manganese hyperfine struc- 
ture is slightly anisotropic. 

The configuration of the undiluted polycrystalline 
[MnII(tspc)] is not so clearly establised, although the 
positions and spacings of the resonances suggest that it 
is low spin with an effective spin of 4. This would be in 
agreement with the conclusions of Weber and Busch,l69 l7 

which were derived from magnetic-susceptibility measure- 
ments. The results do, however, establish that the 
complex contains MnII rather than MnIII as postulated 
by Fenkart and Brubaker.ls 

It is also proper to consider whether some of the spectra 
reported herein may, in fact, arise from MnII with a spin 
% ground state. However, as pointed out by Griffith,lS 
it is likely that resonance will be observed only in the 
lowest doublet which may be described by an effective 
spin of 9, gll ca. 2, and g l  ca. 4. None of our results falls 

l5 A. Abragam and B. Bleaney, ' Electron Paramagnetic 
Resonance of Transition Ions,' Oxford University Press, 1970, 
section 3.10. 

* I G = 10-4 T. 

16 J. H. Weber and D. H. Busch, Inorg. Chem., 1965,4, 469. 
17 J. H. Weber and D. H. Busch, Inorg. Chem., 1965, 4, 472. 

terms of the usual high-spin ($) or low-spin (8) configur- 
ations for MnII. 

Solute-Solvefit Interactions.-The e.s.r. spectrum at 
133 K of a 1.0 x mol dm-3 aqueous solution of 
[MnII(tspc)] in the range pH 6.5-10.0 could only be 
observed at  high spectrometer gain. Addition of small 
amounts of dmf (up to 5% v/v) resulted in a ten-fold 
increase in signal intensity, and gave the spectrum shown 
in Figure 2(a). No further increase in signal intensity 
was observed for additions of dmf above 5% v/v. 
Similar results were obtained on addition of dimethyl 
sulphoxide (dmso) and ethylene glycol, although addition 
of 10% v/v of acetone or acetonitrile did not change the 
signal from that observed in frozen aqueous solution. 

The spectrum observed in 5% dmf-water is interpreted 
as arising from a number of low-spin monomeric [MnlI- 
(tspc)] species with anisotropic g values. In pure water 

18 K. Fenkart and C. H. Brubaker, J .  Inorg. Nuclear Chern., 
1968, 30, 3245. 

l9 J. S. Griffith, ' The Theory of Transition Metal Ions,' 
Cambridge University Press, 1961, ch. 12. 

2O C. G. Barraclough, R. L. Martin, S. Mitra, and R. C. Sher- 
wood, J .  Chem. Phys., 1970, 53, 1638. 
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most of the [MnII(tspc)] is in a polymeric form, which 
gives no e.s.r. signal. However, the polymer is readily 

1 

,I 
J 

2 800 3 000 3 200 3 430 3 600 

H I  G 
FIGURE 2 X-Band e.s.r. spectra at 133 K due to a 15% dmf- 

water solution of [MnJI(tspc)] (1.0 x 10-3 mol dm-'3), pH: (a) 
6.5-10.0, (b )  5.5, (c) 2.0-4.4; microwave frequency 9 143 
MHz 

disaggregated by addition of quite small amounts of 
dmf. No e.s.r. signals were observed at  room temper- 
ature from either the pure aqueous solution containing 
1.0 x 10-3 mol d m 3  [MnII(tspc)] or from aqueous solu- 
tions containing 1.0 x mol dmP3 [MnII(tspc)] to 
which 5% v/v dmf had been added. The signal shown 
in Figure 3 did however appear on freezing the solution. 
This behaviour would be consistent with the interpret- 
ation of the spectra in terms of low-spin MnII. 

An explanation of the spectrum in terms of a dimeric 
species may be discounted because first no resonances were 
observed near g = 4, and secondly the number, intensity, 
and spacing of the lines at g ca. 2 is not compatible with 
that expected from dimeric species. Thus the explan- 
ation in terms of a mixture of low-spin [Mn'I(tspc)] 
species appears most probable, a conclusion in accordance 
with the magnetic-susceptibility data of Weber and 
Busch,16 where a magnetic moment of 1.80 B.M. was 
obtained for [MnII(tspc)] in solution. 

When more than 40% v/v dmf was added to aqueous 
solutions of [MnII(tspc)] there was a decrease in spectral 
intensity on standing in air a t  room temperature such 
that no signal was observed at 133 K after 2-3 h. The 

greater the amount of organic solvent added, the more 
rapidly did the signal intensity decrease with time. This 
is explained in terms of oxidation to a manganese(r1r) 
complex, as found by Fenkart and Brubaker.18 The 
mangaiiese(II1) complex is not expected to give an e.s.r. 
signal. 

Rather less concentrated solutions of [MnII(tspc)] are 
required for the optical-absorption spectroscopy measure- 
ments, namely 1.0 x 
mol dm-3 solutions for e.s.r. However, weak e.s.r. signals 
could be detected at  these lower concentration levels, and 
the spectral peaks had the same relative intensities as at 
the higher concentrations. 

The visible-absorption spectral data associated with 
the changes described above are shown in Figure 3. An 
aqueous solution of [MnII(tspc)] had two main bands in 
its visible absorption spectrum at  636 and 718 nm. Addi- 
tion of dmf [Figure 3(b)j resulted in an increase in the 
absorption at 718 nm. This effect parallels the results 
previously observed for the vanadyl, cobalt(Ir), and 
copper(I1) chelates and has been shown to arise from an 
increasing concentration of the monomeric forms of these 
chelates in solution. The manganese( 11) case, however, 
is complicated by oxidation processes and Figure 3(c) 
shows the effect of exposure to air of a 1.0 x lo4 mol 
dmd3 solution of [MnII(tspc)] in water to which 10% vlv 
of dmf had been added. Under these circumstances, the 
absorption at  718 nm again increased and has been 
assigned to [MnlI(tspc) (OH)I4-*H,O.l1 

compared with the 1.0 x 

O l  t I I I I 

4 50 550 6 50 750 
A /  nm 

FIGURE 3 Absorption spectrum at room temperature due to 
[MnII(tspc)] in (a) aqueous solution, (b)  5% dmf-water, and 
(c) 5% dmf-water after standing in air for 100 min [absorption 
scale twice that in (a)  and (b ) ]  

Solute-SoZute Interactions.-Addition of NiII to an 
aqueous solution of [Mn*I(tspc)] has a profound influence 
on the e.s.r. spectrum observed in frozen solution (Figure 
4). The six strong lines separated by ca. 90 G are charac- 
teristic of the high-spin form of [MnII(tspc)], whilst the 
other fine structure lines were not observed presumably 
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for the same reasons as discussed previously. The sharp 
line at g = 2.003 arises from a free-radical species 
associated with [NiI1(tspc)]. Addition of [ZnII(tspc)] 

I I __ 
2 800 

1 !I 
3000 3 20c 

HIG 

FIGURE 4 X-Band e.s.r. spectrum due to  a frozen aqueous solu- 
tion at 133 K containing [MnII(tspc)] (1.0 x 10-3 mol dm-3) and 
[Ninitspc)] (5.0 x mol dm-3) ; microwave frequency 9 145 
MHz (Sharp line at g = 2 due t o  free-radical impurity in 
[Ni" (t spc) ] } 

instead of [NiII(tspc)] gave a spectrum which differed 
only in the absence of the free-radical line. When small 
amounts of dmf (ca. 1-2% vlv) were added the spectrum 
indicates that there is a mixture of high- and low-spin 
species in solution, whilst addition of 10% v/v dmf gives 
the low-spin spectrum observed in the absence of nickel 
or zinc species. These results provide evidence for an 
interaction between [MnII(tspc)] and the corresponding 
zinc or nickel species in aqueous solution similar to that 
observed between [CuII(tspc)] or [CoIl(tspc)] and 
[NiII(tspc)]. The surprising result is that involving 
[ZnII(tspc)] and [Mnll(tspc)], since in both the copper(I1) 
and cobalt(11) cases the interactions between ' like ' 
chelates [i.e. copper(II)-copper(II) or cobalt  cobalt (II)] 
appears to be favoured over that involving 'unlike' 
chelates [Le. copper(II)-zinc(II) or cobalt(~~)-zinc(~~)]. 
In  contrast to the systems involving [CuII(tspc)] and 
[CoII(tspc)], the strength of the solute-solute interactions 
involving [MnII(tspc)], as demonstrated by the case of 
regeneration of the low-spin spectrum on addition of 
dmf, appears to be the same for both the manganese@)- 
nickel@) and manganese(II)-zinc(II) systems. 

Axial Interactions.-The e.s.r. spectrum at a sample 
temperature of 133 K of a 1.0 x 10-3 mol dm-3 aqueous 

solution of [MnII(tspc)] to which 5% v/v of pyridine had 
been added prior to freezing is shown in Figure 5. It can 
be seen that the spectrum is very similar to those obtained 
on addition of 5% v/v of dmf or ethylene glycol and may 
be interpreted as arising from a mixture of low-spin 
species. Although only a tentative identification can be 
made at this stage, the spectrum appears to be due to 
two species of low-spin manganese( 11) ions, with tentative 
g and hyperfine constants as indicated on Figure 5. 

Upon addition of imidazole, a spectrum was only 
observed at  high spectrometer gain, and here again a 
mixture of species appeared to be present. In both cases, 
exposure to oxygen resulted in a colour change of the 
solutions from blue to green and a loss of the e.s.r. signal. 
This results from oxidation to a [MnIII(tspc)] complex, 
which, by analogy with [MnlI(p~)] ,~l  may have the 
general formula [MnlI1(tspc)(OH)L] where L is the axial 
ligand. 

Similar results were obtained on addition of sodium 
cyanide or sodium azide. The rate of the oxidation 
process increased with increasing concentration of axial 
ligand. There was no evidence for the presence of an 
oxygen complex, which might be expected as an inter- 
mediate in the oxidation reaction. The strong ligand- 
field extraplanar ligands promote the autoxidation of the 
manganese(I1) ion to the trivalent state. This indicates 
that the highest-energy 3d electron of the manganese(I1) 
species occupies an orbital that becomes increasingly 
antibonding as the strength of binding to the unidentate 
ligands increases. In this connection, it should also be 

3 4 0 0  3 600 2 800 3 000 3 200 
HIG 

FIGURE 5 X-Band e.s.r. spectrum at 133 K due to a 5% pyri- 
dine-water solution of [MnII(tspc)] (1.0 x mol dm-3); 
microwave frequency 9 143 MHz. Species (I): gll = 1.87, gl 
= 2.18, All = 0.0049 cm-1, and A 1  = 0.0055 cm-l. Species 
(11): gil = 1.91, gl = 2.12, All = 0.0036 cm-l, and A 1  = 
0.0045 cm-l 

noted that, despite the e.s.r. evidence that an axial inter- 
action is occurring, no superhyperfine structure arising 
from interaction with out-of-plane nitrogen nuclei was 
observed. 

A cid-Base Interactions.-Dissolution of [MnII (tspc)] 
in a highly acidic medium, e.g. 3-5 mol dm-3 HC1, 

1967, 6, 1725. 
21 L. H. Vogt, A. Zalkin, and D. H. Templeton, Inorg. Chem., 
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resulted in demetallation of the chelate. The e.s.r. 
spectrum of the resulting solution indicates the presence 
of free manganese(I1) ions. The complex [MnII(tspc)] 
does however survive the extremes of pH which are 
involved in its preparation, i.e. 1.0 mol dm-3 HC1 to 0.5 
rnol dm-3 Na[OH]. 

Addition of 10% VIV of dmf to an aqueous solution of 
[MnII(tspc)] provides the best circumstances for the 
observation at  133 K of the e.s.r. spectrum of the mono- 
meric form of the complex. The effect of changing 
acidity on such a solution is demonstrated in Figure 2. 
Results for addition of 5% vlv of dmf to aqueous solution 
are almost exactly identical. Quite pronounced changes 
were observed, particularly in the range pH 2.04.4,  
where the spectra point to a high-spin configuration for 
[MnlI(tspc)]. The low-spin spectrum, observed at pH 
>6.0, can be regenerated by addition of sodium hydrox- 
ide. The cycle can be repeated, indicating that the 
phthalocyanine is not undergoing any major structural 
change. 

The room-temperature spectra due to aqueous solu- 
tions oi [MnlI(tspc)] a t  low pH consisted of six lines 
centred on g = 2.00, a result expected for high-spin 
forms of MnII. As the pH was increased, the signal 
decreased in intensity until it was no longer observed at 
pH >6.5. Similar results were obtained with the room- 
temperature and frozen-solution spectra of aqueous 
solutions, although the high-spin spectrum observed at  
low temperature was not well defined due to its large 
linewidth. 

The effect of changing pH on the absorption spectrum 
of a 5% dmf-water solution of [MnII(tspc)] was investi- 
gated. Addition of acid to a neutral solution resulted in 
an increase in the absorption at  718 nm and a corres- 
ponding decrease in the absorption at 636 nm. In 
alkaline solutions, the absorption at 718 nm was not 
observed and the main absorption was at 630 nm with a 
shoulder at 652 nm. 

Co?zcZztsioas.--The ease with which the addition of 
polar organic solvents can break down the aggregated 
form of the manganese(I1) chelate indicates that attach- 
ment of drnf to the axial sites of the chelate is more im- 
portant than solvation of the sulphonic acid groups. 
This contrasts with the case of [Corl(tspc)] where it is 
envisaged that the initial role of the polar organic solvent 
is to diminish the forces holding the polymeric form 
together, by clustering around the sulphonic acid groups 
on the periphery of the molecule.1° In the [CoII(tspc)] 
case, the axiai positions are initially occupied by 
weakly co-ordinated water molecules which are ultim- 
ately displaced by the organic solvent.1° However, one 
must consider in the case of the manganese(I1) chelates 
the possibility of the presence of both five- and six-co- 
ordinate species. It is clear from the results that, unlike 
the case of [ColI(tspc)], the e.s.r. spectra are unable to 
distinguish readily between five- and six-co-ordinate 
species. This is also clear from examination of the 

22 L. D. Rollman and S. I. Chan, Inwg. Chem., 1971,10, 1978. 
23 Y .  Henry and R. Banerjee, J .  Mol. Biol., 1970, 50, 99. 

signals obtained after addition of pyridine and imidazole 
to aqueous solutions. However, addition of [NiII(tspc)] 
or [2nI1(tspc)], which appear to form a molecular complex 
with the manganese(I1) chelate, gives rise to a high-spin 
spectrum. 

For [MnIr(tspc)] in its low-spin form with spin &, no 
superhyperfine structure from either the four in-plane 
nitrogens or from an out-of-plane nitrogen, e.g. from a 
pyridine or imidazole molecule, is observed. This implies 
that the unpaired electron is neither in the in-plane 
dxz-_y2 orbital { c j .  [CuII(tspc)]} nor in the out-of-plane 
d3,z-7a orbital {cf. [CoII(t~pc)]).~~ Thus the possible 
ground-state orbitals are dxy, d,, and dxy. The g values 
expected from the first two are, as a first approximation, 
gii = 4 and gl = 0, or both gll = 0 and gl = 0, whilst for 
the dzy orbital one may expect both g,l and gl to be close 
to 2. (For a detailed discussion see ref. 15, section 7.8.) 
In view of the assignment of a dxy ground state to 
[MnII(pc)(py)J (py = pyridine)12 and the order of the 
levels proposed for manganese( 11) phthalocyanine by 
Barraclough et aZ.,2O the proposed dxy ground state does 
not seem unreasonable. 

The g values and hyperfine constants given for the 
pyridine complex in Figure 5 are consistent with those 
expected from a dxy ground state. Similar g and hyper- 
fine values would apply to the spectra observed in the 
frozen solutions containing, for example, dmf and ethyl- 
ene glycol, in which the spectra are more complex than in 
pyridine. 

The change from a low- to a high-spin configuration of 
[MnII(tspc)] on acidification of aqueous solutions may be 
explained in two ways. The first explanation relates to 
a change in the axial ligand bound to the metal ion. 
The nature of the axial ligand co-ordinated to planar 
metal complexes has a marked effect on the spin state 
of the metal ion. For example, in an e.s.r. study of ferri- 
hemoglobin 23 the aqua- and fluoro-derivatives of this 
iron(rI1) complex were shown to be high spin whereas the 
azido-, cyano-, and hydroxo-derivatives were low spin. 
The classification of each derivative was related to the 
strength of the interaction between the iron(II1) ion and 
the axial ligand. E.s.r. studies a t  77 K of sperm-whale 
ferrimyoglobin,24 as a function of pH, showed a transi- 
tion from a predominantly high-spin form to a low-spin 
form at  pH 10. This result was shown to correspond 
to replacement of iron(II1)-bound water by hydroxide 
ion. A similar change could occur for [MnII(tspc);. 

A second explanation is related to the possibility of 
protonation of the tspc chelates. Demetallation of tspc 
chelates in strong acid presumably results in the form- 
ation of metal-free tspc, H,tspc, in which two of the inner 
basic nitrogen atoms are protonated. Addition of 
sodium hydroxide to a highly acidic solution of [MnlI- 
(tspc)] results in hydrolysis of the free metal ion, indi- 
cating that re-insertion of the metal ion does not take 
place under these circumstances. 

24 F. R. N. Gurd, K. E. Falk, B. G. Malmstrom, and T. Vann- 
gard, J .  Biol. Chem., 1967, 242, 5724. 
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The state of the tspc chelate prior to demetallation is 
the key to the explanation of the spin configurational 
change. Protonation of one or both of the inner nitrogen 
atoms of the manganese(I1) complex would be expected 
to produce dramatic sterochemical changes as a result of 
steric crowding and electrostatic repulsion.% Under 
such conditions, the metal ion is likely to move out of 
the plane of the cyclic ligand and consequently would be 
weakly bound by the ring nitrogen atoms, resulting in a 
change in the spin state of the metal ion. Further 
acidification of the solution would then result in complete 
demetallation of the complex. This result is surprising 
in view of the extreme conditions required to protonate 
metal phthalocyanines, i.e. concentrated chlorosulphuric 
acid, and the remarkable stability of these complexes 
in such a medium. 

25 A. Stone and E. B. Fleisher, J .  Amer. Chem. SOL, 1968, 90, 
2735. 

EXPERIMENTAL 
The manganese (11) chelate of 4,4’,4”, 4”’ - tetrasulpho- 

phthalocyanine was prepared by the method of Weber and 
Busch.le The corresponding nickel(I1) and zinc(I1) chelates 
were prepared in an identical manner using the appropriate 
metal sulphate. In all cases the composition of the products 
was established by elemental analysis. 

Measurements of pH were made using a Radiometer 
model 22 pH meter fitted with a glass electrode and a 
saturated calomel electrode. Visible absorption spectra 
were recorded a t  room temperature on a Varian 635 u.v.- 
visible spectrophotometer. X-Band e.s.r. measurements 
were made at room temperature and 133 K using a Varian 
E 12 spectrometer. 

We thank the Australian Research Grants Committee for 
support for equipment, especially for a Varian E-12 e.s.r. 
spectrometer, and a Research Fellowship (to J. F. B.). 
D. J. C. acknowledges receipt of a Commonwealth Post- 
graduate Award. 

[5/2502 Received, 22nd December, 19751 

http://dx.doi.org/10.1039/DT9760001791

