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According to the Nernst equation 
E = E> - (-R7y«F){ln([H3As04]/[H3AsO,]) -

In [(OH+) V(GH1O)] I (19) 

Foerster and Pressprich assumed tha t the only 
effect to be considered in the calculation of the po­
tentials was the variation in hydrogen ion activity, 
since the ratio of [H3AsO4] to [H3ASO3] was kept 
equal to unity. However, the present work has 
shown tha t the concentrations of arsenious acid 
and therefore the potentials a t various hydro­
chloric acid concentrations can be calculated only 
by applying the equilibrium constants found above. 
The results of such a series of calculations are shown 
in Table I I I and are compared with the experi­
mental values found by Foerster and Pressprich. 
The half-cell value of —0.559 v. given by Latimer2 4 

was used. 
I t is seen t h a t the calculated and observed values 

agree reasonably well except in 1 and 8 VF solu­
tions. Since the reaction between arsenic acid 
and iodide in 1 VF hydrochloric acid is slow, the 
potential of t ha t system may have been measured 
before equilibrium was attained, thus giving the 
high result. The concentration of arsenious acid 

(24) W, M. Latimer, "Oxidation States of the Elements and Their 
Potentials in Aqueous Solutions," Prentice-Hall, Inc., New York, 
N. Y., 1952, p. 115. 

Introduction 
Dent, Linstead and Lowe2 first investigated the 

oxidation of metal phthalocyanine complexes by 
eerie sulfate, using suspensions in dilute sulfuric 
acid, and showed a two-equivalent reaction to occur 
giving colorless products according to equation 1. 
(C8H4Nj)4Cu + 8H2O + 4H+ —>-

Cu2+ + 4C8HjO2N + 4NH4
+ + 2e~ (1) 

A reddish-purple intermediate was observed when 
two equivalents of Ce I V reacted a t 0° with suspen­
sions of the metal-free phthalocyanine, metal-free 
tetrabenztriazaporphin and its copper complex, 
followed in the two lat ter cases by a slower further 
oxidation corresponding to the up take of five 

(1) (a) John Harrison Laboratory of Chemistry, University of 
Pennsylvania; (b) Department of Electronics, University of South­
ampton, England. 

(2) C. E. Dent, R. P. Linstead and A. R. Lowe, J. Chem. Soc, 1033 
(1934). 

TABLE III 
COMPARISON OF OBSERVED AND CALCULATED POTENTIALS 

The observed half-cell potentials are those measured by 
Foerster and Pressprich.' The calculated potentials are 
based on the assumption 1, above. 

HCl 
(,VF) Eobsd, v. Ecalcd, v. 

1 -0.580 -0.559 
2 - .601 - .597 
4 - .641 - .643 
6 - .703 - .696 
8 - .808 - .756 

in 8 VF hydrochloric acid is very low; a small error 
in its value could cause a large error in the value 
of the calculated potential. Such an error is quite 
possible in view of the uncertainty in the calculated 
constants and may well account for the discrep­
ancy between the calculated and measured po­
tentials in 8 VF hydrochloric acid. 
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oxygen atoms.3 '4 However, using the water-
soluble tetrasulfonated metal phthalocyanine com­
plexes, Cahill and Taube 6 identified the reddish-
purple intermediate as a one-equivalent oxidation 
product by spectrophotometric t i t rat ion with 0.5, 
1.0 and 2.0 moles Ce I V per mole of phthalocyanine. 
In the previous experiments3 '4 an excess of Ce I V 

was always used, and the discrepancy between the. 
two sets of results may be connected with inhomo-
geneous oxidation occurring in the suspensions. 
An identical intermediate was obtained with the 
Cu11, Co11, Z n " , Al111 and Fe111 complexes, the 
particular metal only affecting its ra te of produc­
tion and its ra te of disproportionation and further 
oxidation, as represented by equations 2, 3 and 4, 

(3) P. A. Barrett, R. P. Linstead and G. A. P. Tuey, ibid., 1S09 
(1939). 

(4) R. P. Linstead and F. T. Weiss, ibid., 2981 (1950). 
(5) A. E. Cahill and H. Taube, T H I S JOURNAL, 73, 2847 (1951). 
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The paramagnetic resonance absorption technique has been used to show that the two-equivalent oxidation of both 
metal-free phthalocyanine and <*,|8,7,5-tetraphenylporphin proceed via a one-equivalent oxidation intermediate, with proper­
ties very similar to those of the more stable intermediates formed from the Cu11, Co11 and Aim phthalocyanines. All the 
intermediates are paramagnetic and have a g-value extremely close to the free-spin value, but the line width varies from one 
intermediate to another. The data are in accord with a postulated structure, common to all the intermediates, in which the 
macrocyclic ring remains intact and the unpaired electron is situated in a x-orbital. 
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where TSCP stands for tetrasulfonated copper 
phthalocyanine.6 

TSCP + Celv —> TSCP+ + Ce111 (2) 
2TSCP+ —> TSCP + stable, colorless products (3) 
TSCP+ + Celv —> Ce111 + stable, colorless products 

(4) 
The stability of TSCP+ , unlike the intermediates 
from the other metal complexes, was much greater 
in sirupy phosphoric acid as solvent, with a half-Hf e 
of about four hours at 2°. These equations imply 
that the metal is still bound in the intermediate, 
and this was confirmed by reduction, which gave a 
product with a spectrum identical to that of the 
original metal complex. Cahill and Taube5 pro­
posed that the intermediate is a higher oxidation 
state of the metal complex, formed by electron re­
moval from a x-orbital of the conjugated ring sys­
tem. Other strong oxidizing agents, with EQ above 
about 1.0 volt gave similar results, and still more 
were found effective by George,6 who compared 
this one-equivalent oxidation with those occurring 
in hemoprotein systems. 

Metal porphyrins possessing methine C-H groups 
which include all the naturally occurring por­
phyrins, are very susceptible to oxidative attack 
leading to ring fission,7 and, with the possible ex­
ception of the compound that iron uroporphyrin 
forms with peroxides in alkaline solution,6'8 there 
is no evidence for the formation of higher oxidation 
states of the metal complexes. However, with the 
metal free a,/3,Y,<5-tetraphenylporphin, where the 
methine H-atoms are replaced by phenyl groups, 
George and Goldstein9 found oxidation by eerie 
salts and the other strong oxidizing agents to yield 
a stable two equivalent oxidation product which 
could be reduced quantitatively back to the orig­
inal porphin. In this oxidation, carried out in 
sirupy phosphoric acid, the color change is from 
green to an orange-brown, but appears dull violet 
in the early stages indicative of a transient one-
equivalent intermediate. Linstead and Weiss4 

observed brown oxidation products from suspen­
sions of tetrabenzporphin and tetrabenzmonoaza-
porphin, and although the over-all reaction taking 
12 hours involved the equivalent of nine oxygen 
atoms, the brown color suggests that a similar two-
equivalent oxidation may occur initially. 

Cahill and Taube6 noted that the oxidation of 
metal-free sulfonated phthalocyanine solutions, un­
like that of phthalocyanine suspensions,4 pro­
ceeded rapidly giving colorless products with no 
noticeable formation of an intermediate: repeating 
this experiment we found the blue-green solution 
to darken somewhat at first, indicating that a very 
transient intermediate may be present in this sys­
tem too. 

Single equivalent oxidation intermediates of por-
phins, phthalocyanines and the diamagnetic metal 
phthalocyanine complexes would possess an un­
paired electron. Those of the paramagnetic metal 

(6) P. George, Arch. Biochem. Biophys., 45, 21 (1953). 
(7) R. Lemberg and J. W. Legge, "Hematin Compounds and Bile 

Pigments," Interscience Publishers, Inc., New York, N. Y., 1949. 
(8) J. Keilin, Biochem. J. (London), Bl, 443 (1952). 
(9) P. George and J. M. Goldstein, Abstracts of Papers read at 129th 

A.C.S. Meeting, Dallas, Texas, April, 1956, Division of Physical and 
Inorganic Chemistry, p. 13Q. 

phthalocyanine complexes would correspondingly 
have an additional unpaired electron. Their pres­
ence should be detected readily by paramagnetic 
resonance, and we have therefore studied the oxida­
tion reactions using this technique to see whether 
transient intermediates are actually formed from 
the metal-free compounds, and to gain further infor­
mation on the electronic structure of the relatively 
stable intermediates from the metal phthalocya­
nines. 

Experimental 
Sulfonated metal-free phthalocyanine was kindly supplied 

by Imperial Chemical Industries, Ltd. Professor H. Taube 
generously provided samples of aluminum and cobalt 
phthalocyanine and the tetrasulfonated copper derivative 
used in his original investigations,6 which had been supplied 
through the courtesy of Dr. N . M. Bigelow, Jackson Lab­
oratory, E. I . du Pont de Nemours and Co. The a,0,-y,8-
tetraphenylporphin, synthesized by the method of Rothe-
mund and Menotti,10 was kindly provided by Mr . J . M . 
Goldstein. I t had been purified chromatographically using 
alumina and then "Magnesol" (talc) columns. The infra­
red absorption spectrum was then determined and found to 
be identical with that reported by Thomas and Martell,11 

showing the sample to be of high purity and free from chlo-
rins and porphin-type impurities. The phthalocyanines 
were used without further purification. A previous analysis 
of the tetrasulfonated copper derivative showed it to be 
8 5 % pure, the main contaminants being inorganic salts in­
troduced during its preparation.6 Control experiments 
showed that typical impurities, chlorides and sulfates, had 
no effect on the oxidation behavior.6 No similar purifica­
tion procedure is available for the phthalocyanines, and 
probably the aluminum and cobalt compounds were as im­
pure as the copper compound. The correspondence be­
tween the changes in optical spectra and the changes in 
paramagnetic resonance absorption spectra described below, 
as oxidation proceeds first to one equivalent and then to two 
equivalent oxidation products, leaves little doubt that the 
transient intermediate with a g-value of 2 is the radical in­
termediate of the phthalocyanine, and not a radical species 
formed from impurities. 

Very concentrated aqueous solutions of the water-
soluble sulfonated derivatives were used, 10~ 3 -10 - 2 M, 
acidified with a little concentrated sulfuric acid. The 
aluminum and cobalt phthalocyanines and the tetraphenyl-
porphin were dissolved in sirupy phosphoric acid: concen­
trated sulfuric acid was an equally effective solvent, but was 
only employed for the two metal phthalocyanines. 

Paramagnetic resonance absorption measurements were 
made at both 1.25 cm. and 8 mm. wave lengths, and stand­
ard crystal-video methods of detection and display were 
used in both cases. Low temperature resonators12 incor­
porating nickel-silver wave guide feed were employed, 
and the solutions to be investigated were placed in a shallow 
circular Distrene cup, placed centrally a t the bottom of the 
Hut cylindrical cavity. The signals obtained from the in­
termediate oxidation products were very similar to those ob­
tained from free radicals trapped in low temperature car­
bons,13 and all but one had widths of about 10 gauss, with 
g-values very close to the free-spin values. They could 
therefore be observed as sharp absorption lines on the os­
cilloscope screen when normal field modulations of 200 
gauss were used, and their g-values could be measured very 
accurately by direct comparison with the absorption of a 
small quantity of hydrazyl placed on the solution. The 
magnetic fields were measured by a proton resonance meter, 
and its signal was displayed simultaneously with the micro­
wave signal on the same oscilloscope screen. 

The solution of the particular phthalocyanine or porphin 
was made up and tested in the spectroscope as a blank, no 
signal being obtained from the metal-free or diamagnetic 

(10) P. Rothemund and A. R. Menotti, T H I S JOURNAL, 63, 268 
(1941). 

(11) D. W. Thomas and A. E. Martell, ibid., 78, 1338 (1956). 
(12) D. J. E. Ingram, "Spectroscopy at Radio and Microwave 

Frequencies," Butterworths, London, 1955, p. GQ. 
(13) D. J. E. Ingram, J. G. Tapley, R. Jackson, R. L. Bond and A. R. 

Murnaghan, Nature, 174, 797 (1954). 
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metal derivatives. Ceric ammonium nitrate was then 
added, the solution stirred, and, after tuning the cavity for 
resonance, the whole resonator was quickly cooled to 90CK. 
in liquid oxygen. Photographs of the signal obtained were 
then taken, and, after warming to room temperature for a 
few minutes to allow oxidation to continue, the procedure 
was repeated thus enabling the progress of the reaction to be 
followed. 

Results 
(a) Metal-free Sulfonated Phthalocyanine, and 

a,/3,7,5-Tetraphenylporphin.—In both cases direct 
evidence was obtained for the presence of a tran­
sient free-radical intermediate. The initial solu­
tions gave no absorption when tried as blanks, but 
after addition of the ceric ammonium nitrate, in­
tense signals were observed with identical line 
widths of 10 gauss and g-values of 2.0024. The 
signal was observed to decrease and finally dis­
appear as oxidation wTas allowed to proceed giving 
the colorless products in the case of the phthalo­
cyanine, and the stable orange-brown product in 
the case of the porphin. This confirms that the 
signal is due to an intermediate oxidation product, 
and, on the basis of the chemical evidence which 
shows both over-all reactions to be two-equivalent 
processes,2'9 the intermediate is identified as the 
transient one-equivalent oxidation state in these 
particular reactions. The macrocyclic ring must 
be intact in the porphin intermediate since reduc­
tion of the two-equivalent oxidation product re­
generates the porphin quantitatively. By analogy, 
the ring is probably intact in the phthalocyanine 
intermediate, with ring fission occurring as a con­
sequence of the second oxidation step. This is 
certainly the case with the metal phthalocyanines, 
since Cahill and Taube6 showed that reduction of 
the one-equivalent oxidation product gave com­
plete recovery of the original complex. 

(b) Aluminum and Cobalt Phthalocyanine, and 
Copper Tetra-sulfonated Phthalocyanine.—The far 
more stable intermediates from these three metal 
complexes all gave well defined signals. As be­
fore, the absorption near the free-spin value de­
creased and finally disappeared as the oxidation 
went to completion, confirming that it is associated 
with the presence of the intermediate. The line 
widths and g-values, calculated by comparison 
with the hydrazyl signal, are listed in Table I with 
those for the metal-free compounds. The g-values 
are identical within experimental error, whereas 
the line width varies from one intermediate to 
another, and is especially broad for the interme­
diate from the copper complex. 

TABLE I 

PARAMAGNETIC RESONANCE ABSORPTION DATA FOR O N E -

EQUIVALENT OXIDATION INTERMEDIATES OF PORPHIN AND 

PHTHALOCYANINE DERIVATIVES 
Line 

width, 
Parent compd. g-Value gauss 

a,/3,7,5-Tetraphenylporphin 
(metal free) 2.0024 ± 0.0002 10 

Sulfonated phthalocyanine (metal 
free) 2.0024 ± .0002 10 

Aluminum phthalocyanine 2.0024 ± .0002 G 
Cobalt phthalocyanine 2.0024 ± .0002 6 
Copper tetra-sulfonated phthalo­

cyanine 2,002 ± .001 85 

With the cobalt and copper derivatives it was 
necessary to differentiate between the absorption 
due to the intermediate, the original metal com­
plex, and the final oxidation product. Fortunately 
both cobalt and copper salts have paramagnetic 
absorption spectra which are fairly well removed 
from g = 2.0, typical values being g± = 2.5-3.0, gu 
= 5.5-7.0 and g± = 2.1, gn = 2.4, respectively,14 

hence the free radical absorption produced by the 
intermediate is not obscured by the normal signals. 
The progress of the oxidation of the tetrasulfonated 
copper phthalocyanine is illustrated in Fig. 1. 
Here the different absorption spectra obtained from 
the same solution as oxidation by ceric ammonium 
nitrate proceeds are placed underneath each other 
in chronological order, the last spectrum being that 
of the products when the reaction has ceased. A 
similar sequence was obtained with cobalt phthalo­
cyanine, but in this case the signal due to the inter­
mediate was more readily identifiable by reason of 
its smaller width, 6 gauss as compared to 85 gauss, 
giving a much sharper absorption line. 

In the case of these intermediates from para­
magnetic metal complexes further experiments will 
be required to determine the additional g-values 
characteristic of the metal in the intermediate. In 
the present experiments it is possible that the par­
tially oxidized solution contained some metal 
phthalocyanine which had not reacted, and, judg­
ing from Fig. 1, a considerable quantity of the fully 
oxidized products. A further complication is that 
in the concentrated solutions which have to be 
used, the disproportionation reaction 3 is favored, 
regenerating the original metal phthalocyanine. 

Discussion 

These experiments have shown that in the two-
equivalent oxidation of both the metal-free a,/3,7,5-
tetraphenylporphin and phthalocyanine a one-
equivalent intermediate participates with proper­
ties very similar to those of the more stable inter­
mediates formed in the corresponding oxidation of 
the Cu11, Co11 and Al111 phthalocyanines. All the 
intermediates are paramagnetic and have a g-value 
extremely close to the free-spin value. This shows 
that there is very little coupling between the un­
paired electron and any orbital momentum, which 
would be in keeping with the suggestion of Cahill 
and Taube,6 with regard to the metal complex 
intermediates, that the odd electron is associated 
with a 7r-orbital of the ring system rather than with 
the central metal atom. Additional support for 
this kind of electronic structure lies in the narrow­
ness of the absorption lines for the intermediates 
from the metal-free compounds and the aluminum 
and cobalt phthalocyanine, although the much 
broader line for the intermediate from the copper 
phthalocyanine is difficult to account for, and more 
work may be necessary to understand its origin. 
The absence of hyperfine structure provides further 
support. I t is very unlikely that hyperfine struc­
ture is actually present and obscured with the con­
centrated solutions employed, since it has been ob­
served using crystalline samples of copper porphin 

(14) B. Bleaney and K. W. H. Stevens, Rep. Progr. Phys., 16, 108 
(1953), 
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derivatives where the copper concentration is much 
higher.15 

The production of a one-equivalent oxidation 
intermediate from the metal complexes, with the 
requisite physical and chemical properties, is re­
stricted to an electron removal process. The alter­
native, the removal of a hydrogen atom, can be 
ruled out for the following reason. The only H-
atoms in the metal phthalocyanine structure are 
those of the benzene rings, so the isolation of 
phthalimide in almost quantitative yield in the final 
oxidation products2 shows that these H-atoms are 
resistant to oxidative attack. In the case of the 
metal-free derivatives, however, there is the pos­
sibility that one of the H-atoms on two of the pyr­
role rings are involved. The existence of a stable 
two-equivalent oxidation product from the a,/3,y,5-
tetraphenylporphin favors this hypothesis, for a 
reasonable mechanism for its formation entails the 
removal of these two H-atoms and the introduction 
of a new double bond into the conjugated ring 
system.9 Hence the intermediates from the metal-
free compounds and from the metal complexes may 
differ structurally in being formed by H-atom and 
electron removal, respectively; however, both 
types of radical structure would be characterized 
by an electron in a non-localized orbital giving very 
similar g-values and line widths. Nevertheless, 
the difference might be one of mechanism only, be­
cause, in the acid medium used, any tertiary N-
atoms formally present very probably would be 
combined with protons giving cationic forms of the 
intermediates like those of the parent porphin and 
phthalocyanine.16 

Finally, it is of interest to compare the present 
results with those obtained in the pyrolysis of 
phthalocyanine derivatives. Previous work17 has 
shown that all diamagnetic phthalocyanine deriva­
tives give intense free radical absorption when 
charred at about 450°. This absorption also has a 
line width of about 10 gauss, and detailed measure­
ment has shown that the width is dependent to 
some extent on the diamagnetic metal present.18 

Similar absorption has been observed in any carbon 

(15) D. J. E. Ingram, J. E. Bennett, P. George and J. M. Goldstein, 
T H I S JOURNAL, 78, 3545 (1956). 

(16) A. Neuberger and J. J. Scott, Proc. Roy. Soc. (London), A213, 
307 (1952;. 

(17) D. T. E. Ingram and J. E. Bennett, / . Chetn. Phys., 22, 1136 
(1954). 

(18) J. E. Bennett, D. J. E. Ingram and J. G. Tapley, "Defects in 
Crystalline Solids, ' Physical Society, London, 1954, p. 65; ibid., 23, 
215 (1955). 
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Fig. 1.—Absorption changes throughout the oxidation of 
tetra-sulfonated copper phthalocyanine, showing the decay 
of the copper phthalocyanine peak, the appearance of the 
peak due to the cupric salt formed, and the small peak (at 
the right-hand side of the center spectrum) characteristic of 
the intermediate. Measurements taken at 1.25 cm. wave 
length and 90°K. 

formed by pyrolysis at temperatures below 500°.u 

The trapped free radicals have been identified with 
trivalent carbon centers resulting from the fission of 
ring structures in the solid compound. It would 
thus appear that in the pyrolysis of a phthalo­
cyanine the ring structure is permanently dis­
ordered, an unpaired electron is completely trapped, 
and, as a consequence, the free radical is very 
stable. On the other hand when oxidation occurs 
in solution, although a free radical is formed initially 
it is of a different kind. The macrocylic ring re­
mains intact and the unpaired electron is in a w-
orbital of the conjugated system. The stability 
of the free radical depends in this case on the rate 
of the disproportionation reaction that can occur 
by collision in solution, and on the likelihood of fur­
ther oxidation converting the radical into a two-
equivalent oxidation product. 
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