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Electron Spin Resonance Study of the Species formed by Reduction of 
Manganese(i1) Chelates of Tetrasodium 3,10,17,24-Tetrasulphor1ato- 
phthalocyanine in Aqueous Solution 

By David J. Cookson and Thomas D. Smith,* Chemistry Department, Monash University, Clayton, Victoria, 

John F. Boas, Peter R. Hicks, and John R. Pilbrow, Physics Department, Monash University, Clayton, 
Australia 31 68 
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E.s.r. spectroscopy has been used to identify the products formed by reduction of the low-spin manganese(i1) 
chelates of tetrasodiurn 3,10,17,24-tetrasulphonatophthalocyanine Na,(tspc) on addition of various reducing 
agents. Addition of hydrazine to an aqueous solution containing [MnI1(tspc)l4- leads to the formation of low-spin 
[Mn0(tspc)l6- which is also formed on addition of sodium sulphide or dithionite to an aqueous solution of the 
manganese(ii) chelate containing 10% YIV of pyridine. The addition of sodium tetrahydroborate to an aqueous 
solution of [ M n I I ( t ~ p c ) ] ~ -  is thought to lead to diamagnetic [Mnl(tspc)lS-. When pyridine or imidazole are 
present in an aqueous solution of [MnI I ( t~pc) ]~ - ,  the addition of Na[BH,] leads to a free-radical species, which is 
thought to involve the phthalocyanine ring system. The magnetic parameters associated with the e.s.r. spectrum 
due to [Mn0(tspc)l6- have been determined by computer simulation of the experimental spectrum. The values of 
these magnetic parameters, together with the absence of extra hyperfine interactions due to certain axial ligands, 
lead to the proposal of a 3dz, ground-state configuration for the low-spin manganese(0) chelate. 

CONSIDERABLE recent interest has been shown in the 
oxidation and reduction properties of metal phthalo- 
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with closed-shell central metal ions (Mg2+ or Zn2+) , elec- 
tron addition is confined to the x orbitals of the ligand 
system. It has been shown that up to four electrons can 
be donated to these s y s t e m ~ , ~ ~ ~ ~ J ~  and these are added to 
the lowest-vacant e, orbital of the ring systern.la On the 
other hand, the metal 3d orbitals in a transition-metal 
complex lie close to the highest-filled al, orbital of the 
ring system, and it is therefore possible for reduction of 
the metal ion to take place. 

A number of e.s.r. studies have been made 1 2 s 2 1  on the 
reduction of phthalocyanines. Clack et aLZ1 obtained 
results which indicated that magnesium(II), aluminium- 
(111) , zinc(I1) , copper(I1) , and nickel(I1) phthalocyanines 
are reduced by addition of electrons to the ring system, 
whereas in cobalt(I1) phthalocyanine at least one electron 

(-jsoi 

s0,- 

[M (tspc I] '' ( 1 ) 

is added to a metal orbital. Guzy et a2.l2 made similar 
studies of chromium, iron , nickel, copper, and metal-free 
phthalocyanines which indicated that electrons are added 
t o  a ring orbital for the copper, nickel, and metal-free 
phthalocyanines, and to a metal orbital in formation of 
the one-electron reduction products of chromium and 
iron phthalocyanines. In the case of chelates, 
[3 , 10 , 17,24- tetrasulphonatophthalocyanine(2-)] met a1 , 
[M(tspc)I4- (1) , reduction of copper(I1) , nickel@) , and 
metal-free complexes appears only to involve the ligand,ll 
whereas reduction of [CoII(tspc)]*- may be interpreted on 
the basis of the first reduction step yielding [CoI- 

In  view of the limited information available on the 
reduction of tspc complexes in aqueous solution, the 
present investigation was undertaken in order to study 
the effects of solvent composition on the reduction pro- 
cess of [MnI1(tspc)j4- and to study the effect of the reduc- 
ing agent on the site of reduction in these complexes, i.e. 
metal ion or ligand. An earlier study dealt with solute- 
solute and solute-solvent interactions in aqueous solu- 
t ions containing the manganese (11) -t spc chelate. 26 

(tspc)]5-.', 8, 11 

RESULTS 

Addition of hydrazine to an aqueous solution of [MnII- 
(tspc)]*- resulted in an immediate colour change from blue 
to violet. The visible absorption-spectral changes associ- 

ated with this reaction are shown in Figure 1. Subsequent 
exposure of the violet solution to oxygen resulted in rapid 
decolouration of the solution, apparently due to oxidative 
degradation of the ligand.27 

The e.s.r. spectrum of the violet solution (Figure 2) bears 

LO 0 750 
h /nm 

FIGURE 1 Absorption spectra of: (1) an aqueous solution of 
[MnII(tspc)]*- (1.0 x mol dm--3); (2) the same solution 
containing 2% v/v of hydrazine and left in air for 5, 35 (3), 
50 (a), and 160 min at room temperature (5) 

some resemblance to that of a. low-spin 3d7 complex such as 
[Carr(tspc)]4--, with the difference being that I = 9 here 
rather than I' J= A consideration of the 
prevailing chemical condition paints to the formation of a 
manganese(0)-tspc complex resulting from two-electron 

as for cobalt(:r). 
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FIGURE 2 X-Band e.s.r. spectrum at  -140 "C of an aqueous 
solution of [MnI1(tspc)l4- (1.0 x mol dm-3) containing 6% 
v/v of hydrazine. The broken curve represents the computer 
simulation of the experimental spectrum using the parameters 
listed in the Table. Stick spectra relate to  x,  y ,  and z axes as 
well as to the direction corresponding to  the angular anomaly 
(designated a)  

reduction of [Mn11(tspc)]4-. A second species of MnO is 
thought to be responsible for the additional weak transitions 
discerned in the 300-350 mT region. On exposure to oxy- 
gen the e.s.r. spectrum due to the manganese(0) complex 
changed quite significantly as shown in Figure 3(a) .  The 

26 D. J. Cookson, T. D. Smith, J. F. Boas, and J. R. Pilbrow, 
J.C.S. Dalton, 1976, 1791. 

27 D. M. Wagnerova, E. Schwertnerova, and J. Veprek-Siska, 
Coll. Czech. Chem. Comm., 1973, 88, 756. 
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sharp line at  g ca. 2 indicates the formation of a free-radical 
species in solution. The solution eventually became pale 
green and gave the spectrum shown in Figure 3(b) which 
differs from Figure 3(a) in the absence of the sharp radical 
line. Addition of more hydrazine to this solution affected 

I I I 1 I d -  
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FIGURE 3 X-Band e.s.r.'spectra a t  - 140 "C of an aqueous solu- 
tion of [Mn'I(tspc)]*- (1.0 x mol d ~ n - ~ )  containing 5% v/v 
of hydrazine after standing in air at room temperature for (a) 60 
and (b)  180 min 

neither its colour nor its e.s.r. spectrum. The rate a t  which 
colouration of the solution occurred increased with increas- 
ing hydrazine concentration, indicating that hydrazine is 
probably playing a part in the eventual. degradation of the 
ligand.27 The nature of the free-radical species is uncertain. 

1 1 1 1  I h I 
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FIGURE 4 X-Band e.s.r. spectrum a t  - 140 "C of a 10% pyridine- 
water solution of [MnII(tspc)14- (1.0 x niol dm+) con- 
taining 5% vlv of hydrazine. The broken curve represents the 
computer simulation of the experimental spectrum using the 
parameters listed in the Table (for stick spectra see Figure 2) 

It may result from the formation of another reduced nian- 
ganese(r1)-tspc species or from a degradation process involv- 
ing the production of free-radical species. 

The effect of extraplanar ligands on the reduction process 
is demonstrated in Figure 4 in which a spectrum attributed 

to low-spin Mno is given. Weak lines towards the high- 
field end appear to be due to a second species present in low 
concentrations. Addition of hydrazine to a 10% pyridine- 
water solution of [Mnf1(t~p~)]4- gave a green solution, in- 
dicating that a new complex may be formed under these 
circumstances. However, no nitrogen superhyperfine split- 
ting was detected in the ' parallel ' region of the spectrum. 
When hydrazine was added to a solution of [MnIII(tspc)- 
(OH)14-, produced by oxidation of a pyridine-water solution 
of [Mn1I(tspc)IP-, an identical spectrum was obtained, pre- 
sumably as a result of a three-electron reduction process. 

The presence of imidazole or NN-dimethylformamide 
(dmf) had little effect on the spectrum shown in Figure 2. 
However, the rate of the subsequent oxidation process in- 
creased as indicated by the rapid rate of decolouration of 
these solutions in the presence of oxygen. 

No e.s.r. spectrum was obtained at  -140 "C from an 
aqueous solution of LMnI1(tspc)I4- to which sodium sulphide 
had been added, even though a colour change from blue to 
violet occurred. It is possible therefore that under these 
conditions reduction to [MnI(tspc)15- has occurred. Addi- 
tion of Na,S to a 10% pyridine-water solution of [MnII- 
(tspc)I4- resulted in an e.s.r. spectrum similar to those shown 
in Figures 2 and 4, indicating a two-electron reduction to 
[MnO(tspc)]". 

The redox processes associated with sodium dithionite led 
to a spzctra attributed to Mno (Figure 5 ) .  Similax results 

280 300 320 3L0 360 380 
Magnetic field / mT 

F I G U R E 5  X-Band e.s.r. spectra a t  -140 "C of a 10% pyridine- 
water solution of [MnIK(tsp~)]~- (1.0 x lov3 mol dm-3) to which 
sodium dithionite had been added. The broken curve rep- 
resents the computer simulation of the experimental spectrum 
using the parameters listed in the Table (for stick spectra see 
Figure 2) 

were obtained when Na,S was used. Sodium tetrahydro- 
borate, on the other hand, caused a departure from the 
trend that is emerging as far as reduction to  a manganese(0) 
chelate is concerned. Thus, addition of NatBH,] to an 
aqueous solution of [Mnf1(tspc)14- resulted in almost com- 
plete loss of the signal. It is tentatively proposed that this 
occurs as a result of reduction to a diamagnetic [Mn1(tspc)]5- 
species. The solution rapidly oxidizes in air and the e.s.r. 
spectrum indicates the presence of a high-spin manganese(I1) 
complex. The marked decrease in intensity of the colour of 
the solution is indicative of ligand degradation, as was ob- 
served in solutions containing hydrazine. In the presence 
of pyridine or imidazole the e.s.r. spectra shown in Figure 6 
were obtained. In this case, reduction to  a manganese(0) 
species is not evident. The presence of a free-radical signal 
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at  g 2.00 indicates that reduction of the phthalocyanine ring 
has taken place. However, no ligand superhyperfine split- 
ting was observed, even at  high spectrometer gain. 

I I I I I I I I 
300 320 3LO 360 

Magnetic field / mT 
FIGURE 6 X-Band e.s.r. spectra at -140 "C of an aqueous 

solution of [MnI*(t~pc)]~- (1.0 x mol containing (a) 
10% v/v of pyridine and (b) 1.0 x lo-, mol dm-3 imidazole, to 
which Na[BHd had been added 

Interpretation of the E.S.R. Spectra of Low-spin [MnO- 
(tspc)la-.-The e.s.r. spectra due to monomeric [MnO(tspc)]6- 
species may be described by the spin Hamiltonian (1), where 

= Cgx~XBa!  + g y S y B y  + g,SzBzI + A X S X I X  + AySyI, + A,SzI, + P [ L Z  - ;w + 111 (1) 

all the terms have their usual meaning and for MnO we take 
S = Computer simulations of the spectra 
were carried as described previously 2* using analytic ex- 
pressions for transition fields and intensities derived using 
perturbation theory. For axial symmetry, when for ex- 
ample g, = gy and A ,  = A,, the perturbation solutions 
reduce to those of Bleaney.2Dy3@ 

There are additional transitions which may occur due to 
the presence of finite quadrupole and nuclear Zeeman inter- 
actions, the so-called forbidden transitions. These are of 
the type in which the nuclear quantum number M changes, 
i.e. Am = f l  or f 2 .  A detailed discussion of these 
transitions including the correct derivation of transition 
fields in the case of axial symmetry has previously been 
given.Z* It sufficts to point out that such effects are not 
required in the cases described in this paper. Inclusion of 
values of the axial quadrupole parameter P of up to 0.0005 
cm-1 gave no significant improvement. Values of P larger 
than this are not permitted in the present perturbation 
theory where /PI lA,I and ] A y ] .  In particular, the ad- 
ditional lines seen in Figures 2, 4, and 5 are not due to such 
forbidden transitions but appear to have a natural explan- 
ation in terms of additional species present in small con- 
centrations. The e.s.r. parameters due to these weak 
species have not been allowed for in the spectral fitting. 

It is clear that the computed spectra do not match the 
experimental results perfectly and this is attributed to the 
influence of the weaker spectra in the 280-320 mT region. 
Nevertheless there can be no doubt that the spectra in 

28 J .  A. De Bolfo, T. D. Smith, J .  F. Boas, and J. R. Pilbrow, 
J.C.S. Faraday TI ,  1976, 481. 

2s B. Bleaney, Phil. Mag., 1951, 41, 441. 

and I = 4. 

Figures 2, 4, and 5 are indeed due to low-spin MnO (3d7). 
Errors quoted in the Table are based on variations of the 
parameters of equation (1)  which still give rise to acceptable 
results. Linewidth anisotropies required were 0.8-1.2 mT 
in the z direction and 1.6-2.0 mT in the xy plane. Further 

Spin-hamiltonian parameters for manganese(0) 
complexes of tspc 

Solvent for 
[ MnII( tspc)] 4- f 0.005 

(1 x Reducing -.----------h---q 
mol dm-3) agent g, g, g, 

Water N2H4 2.154 2.161 1.859 

Hyperfine 
constants 

f5 x cm-l 

A ,  A ,  A ,  
28 32 138 

gl gll A l  All 
10% Pyri- N,H, 2.135 1.874 39 142 

10% F'yri- Na,S,O, 2.135 1.888 40 145 

d i n e  
water 

dine- 
water 

alteration in linewidths did not produce improvement in the 
overall spectral shape. 

DISCUSSION 

The various chemical changes brought about by addi- 
tion of reducing agents to aqueous solutions of [MnII- 
( tspc)I4-, toget her with related solute-solute, solute- 
solvent, and axial protonation reactions, are summarized 
in the Scheme. 

While the evidence of e.s.r. and chemical change points 
to the two-electron reduction product of [MnII(tspc) J4- 
being a low-spin manganese(0)-tspc species, i.e. the 
additional electrons are both placed in metal orbitals, the 
actual ground state of the manganese(0) complex is not 
so readily established. It has been generally accepted 
that the equivalent [CoT1(tspc)I4- (also 3d7) has its un- 
paired electron in the d,t orbital, directed with its main 
lobes normal to the plane, along the x axis. At first sight, 
the same ground-state orbital would appear to be appro- 
priate for manganese(0)-tspc. However, a more critical 
appraisal indicates that this may not be so. First, 
addition of pyridine to a 5% hydrazine-water solution of 
[Mno(tspc)16-, which results in a colour change from 
violet to green and values of gll ca. 1.87 and gl ca. 2.13, 
does not give rise to the observation of nitrogen super- 
hyperfine splitting. This would be expected if the pyri- 
dine molecules were co-ordinated to the MnO in the out- 
of-plane positions and if, in the ground state, the electrons 
were in an essentially d,s orbital. I t  should be noted 
that addition of either pyridine or hydrazine to 
[CoII(tsp~)]~- results in the observation of nitrogen 
superhyperfine structure, whereas nitrogen superhyper- 
fine structure is not observed for any of the manganese(0) 
species, even under conditions favourable for its observ- 
ation. 

Secondly, when the value of gll < 2 in cobalt(I1) 
phthalocyanine complexes, gl is considerably different 
from 2.0 and is usually close to 3. It is clear that this is 

30 A. Abragam and B. Bleaney, ' Electron Paramagnetic 
Resonance of Transition Ions,' Oxford University Press, 1970, 
ch. 3. 
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not the case for [Mn0(tspc)l6-. Thus doubt must be cast 
on any interpretation of the ground state in terms of a dze 
orbital. Of the other possible ground states, a d x ~ - y ~  
orbital {cf. [CuII(tspc)]4-> may be ruled out as no nitrogen 
hyperfine structure is observed from the four in-plane 
nitrogens. Furthermore, it is unlikely that a ground 

Reduction to a manganese(0) species with sodium 
sulphide or dithionite requires the presence of an extra- 
planar ligand such as pyridine. It is possible, therefore, 
that the reduction process involves the initial formation 
of a five- or six-co-ordinate species which in turn reduces 
the redox potential for the two-electron reduction step. 

[Mn*( tspc)] 6-  

low spin 
SCHEME (i) H+; (ii) OH-: (iii) 5% v/v dmf; (iv) [Ni11(tspc)l4- or [ZnII(tspc)14-; (v )  10% VIV dmf; (vi)  N2H4; (vii)  0,, ligand 

degradation; (viii) water; (2%) 10% v/v py plus S2-, S,0,2-, or N,H,; ( x )  BH4- plus py or imidazole; ( x i )  BH4-; ( x i i )  py 
or imidazole plus CN- or N3-; (x i i i )  0, 

state resulting from some combination of dxz and d,, In  addition to acting as a reducing agent, hydrazine is 
orbitals could have appropriate g values. The remaining also capable of co-ordinating to tspc chelates, as shown 
possibility is dw. This is attractive for it would have, on a in the cases of FeTII and CoII. The reaction, in water, of 
simple calculation, bothg values close to 2.0 and one would hydrazine and [Mnr1(tspc)I4- probably involves initial 
not expect to observe nitrogen superhyperfine coupling formation of a [MnI1(tspc)l4-*N2H4 adduct, followed by 
from either in-plane or out-of-plane ligands. Although reduction of this complex to the manganese( 0)  species. 
such an orbital has been considered as a possible ground However, due to the extremely rapid reaction rate, the 
state for cobalt(I1) complexes, no experimental con- presence of such an intermediate was not detected. 
firmation has been reported. However, the calculations The mechanisms of electron-transfer reactions in 
of Engelhardt and Green 31 show that the d,, orbital may chemical and biological systems have been extensively 
indeed be lower in energy than dzt. Indeed, their cal- i n ~ e s t i g a t e d . ~ ~ - ~ ~  In a recent article by Sutin 39 it was 
culations indicate that the g values obtained here could shown that electron-transfer reactions involving ferri- 
be accounted for on the basis of a d,, orbital. The 
specific conditions required are a cubic-field model with 
a strong tetragonal distortion and particular relations 
between the parameters Ds and Dt of the tetragonal 
crystal field.32 It must be borne in mind that the 
orbitals are not really one-electron orbitals, dzy, etc., at  
all, but seven-electron (or three-hole) Slater determinants 
which transform under the symmetry at  the ion site in 
the same way. However, for the present purpose, no 
problem arises in using the one-electron nomenclature. 

cytochrome C may occur via the edge of the po'phyrin 
ring system or directly at the metal-ion centre. This 
distinction is important when considering possible 
mechanisms for the reactions of [MnII(tspc)I4- with N2H4 
and Na[BH,]. In the case of hydrazine, electron transfer 
at the metal-ion centre occurs, whereas electron transfer 
on to the phthalocyanine ring occurs under similar 
circumstances with Na[BH,], highlighting the marked 
dependence of the reduction process not only on solution 
conditions but also on the nature of the reducing 

31 L. M. Englehardt and M. Green, J.C.S .  Dalton, 1972, 724. 
32 C. J. Ballhausen, ' Introduction to Ligand Field Theory,' 

3s H. Taube, ' Electron Transfer Reactions of Complex Ions in 

34 A. G. Sykes, Chem. in Britain, 1970, 6, 159. 
A. G. Sykes, Adv. Inorg. Chem. Badiochem., 1967, 10, 153. 

agent. 

McGraw-Hill, 1962, p. 102. 

Solution,' Academic Press, New York, 1970. 
36 N. Sutin, Accounts Chem. Res., 1968, 1, 225. 
37 N. Sutin, Ann.  Rev. Phys. Chem., 1966, 17, 119. 
38 H. Taube and E. S. Gould, Accounts Cizem. Res., 1969,2, 321 
3s N. Sutin, Chem. in Britain, 1972, 8, 148. 
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EXPERIMENTAL 

The manganese(1r) chelate of 3,10,17,24-tetrasulphonato- 
phthalocyanine was prepared by the method outlined by 
Weber and Bus~h.4~ In each case, thg reducing agent was 
used in excess to ensure complete reaction with [MnII- 
(tspc)]*- and to reduce the rate of reoxidation. The original 
mixing and subsequent transfer operations were carried out 
under a nitrogen atmosphere. 

* O  J. H. Weber and D. H. Busch, Inorg. Chem., 1965,4,469. 

The e.s.r. measurements, a t  room temperature and - 140 
OC, were made on a Varian E-12 spectrometer at  a micro- 
wave frequency of 9 143 MHz. 
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