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A. fNTRODUCTfON 

Like many of the great moments in science, the chemistry of phthalocya- 
nine and metallophthalocyanines began by an accidental discovery_ In 1907, 
Braun and Tcherniac heated an alcoholic solution of o-cyanobenzamide in 
order to study some of its properties [ 11. After cooling, small amounts of a 
blue compound precipitated_ The precipitate turned out to be phthalocya- 
nine. This was the first time phthalocyanine was synthesized. In 1927, de 
Diesbach and von der Weid attempted to prepare o-sylenedicyanide from a 
mixture of o-dibromobenzene and cuprous cyanide by heating in pyridine at 
200°C. However, they obtained a blue compound containing copper [Z). 
Later this blue compound was identified as coppertH) phthalocyanine. Thus, 
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the preparation of the first metallophthalocyanine was also an accident. In 
the early 1930’s, Linstead and his co-workers synthesized many metal- 
lophthalocyanines and reported that a phthalocyanine ligand consists of four 
units of isoindole and has a highly conjugated system [ 3 j _ In 1933, for the 
first time, he used the term “phthalocyanine”, which comes from the Creek 
naphtha (rock oil) and cyanide (dark blue). Later Robertson and to-workers 
[ 4-7) elucidated the structures of phthalocyanine and nickel( II), copper(H), 
and platinum(II) phthalocyanines using single crystal X-ray diffraction analy- 
sis (Fig. I). Since that time, many studies have been done on semiconduc- 
tivity, photoconductivity, photochemical reactivity, photosynthetic activity, 
luminescence and fluorescence which are based on the highly conjugated sys- 
tem of phthalocyanine and metaIfophthalocyanines f S,9] _ hlany bioinor- 
ganic interests have centered on these compounds because metallophthalo- 
eyanines have tnuch the same general structures as the naturally occurring 
met~lloporpllyrins. Of significance are a few studies on the reversible addition 
of diosygen to iron( II) phthalocyanine in an aqueous solution [ 10-131. 
&lore advances in this area are expected. Furthermore, metallophthalo- 
eyanines show a strong blue-green color and have high thermal and chemical 
stabilities so that they are estensively used as pigments. Figure 2 compares 
the metal ions complexed to phthalocyanines listed by Lever [8] and Moser 
and Thomas 19 J with metals complexed since their reports. References are 
given to the synthesis of these new compounds. Since the review of Lever 
[Sl, and the book of Moser and Thomas [9] were published, progress in the 
chemistry of phthalocyanine and metaflophthaloeyanines has been distinc- 
tive. Over 5,000 papers and patents have been reported during this time as is 
shown in Fig. 3. 

During this period, metallo~htl~alocyanines of f elentents (sand~vich-type 
metallophthalocyanines and uranylsuperphthalocyanine) have been synthe- 
sized and characterized [ 16,17,29,30,31]. Some new methods of studying 
the nature of phthalocyanine and m~tallophthalocyanines have been 
reported, e.g., X-ray photoelectron spectroscopy (ESCA) was used to study 
the nature of the bonding in some of these new compounds [32--351. 
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Fig. 3. Numlwr OC papers and patents pubiishcd during the past decade. From Chemical 
Abstrzwzts. 

Several reviews concerning the application of metallophthalocyanines as 
catalysts, polymers and pigments have been published during this period 
[36,41]. In addition, the interesting books of photovoltaic effects and 
photoconductivity have also been reported [ 42,431. 

To summarize the attractive results which have been developed since the 
review of Lever [S] and the book of Moser and Thomas 191, the synthesis 
and properties of new-type complexes (sandwich-type and superphthalocya- 
nine) which can be synthesized only with f-transition metals and spectro- 
scopic results such as IR, visible, NMR and ESCA, will be presented in this 
review. 

B. SYNTHESIS 

(i) General synthesis 

Metallophthalocyanines can be prepared by various methods. The most 
general methods are illustrated in the following equations [8,9] where 

PC = phthalocyanine dianion, M = metal 

M + 4 phthalonitrile dry “,rI:,.,,r PcM 

M f 4 phthalic anhydride -t- 4 urea z PcM + 2 Hz0 + CO:! 

MXz + PcLi, s PcM + 2 LiX 
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The use of catalysts with metal salts and phthalic anhydride has proved SUC- 
cessful for the synthesis of metallophthalocyanines 144-461. For instance, 
coppert II) phthalocyanine is prepared from phthaiic anhydride, urea, boric 
acid, and copper chloride in the presence of ammonium molybdate in tri- 
chlorobenzene at 195--2OO’C with excellent yield (>‘iO%) and fewer imine 
impurities [ 441. The synthesis of soluble metallophthalocyanine complexes 

has also been of recent interest, For instance water-soluble metallophthalo- 
cyanine complexes are synthesized as follows [10,47]. A mixture of the 
monosodium salt of 4-suifophthalic acid, ammonium chloride, urea, ammo- 
nium molybdate and metal( Ii, III) salt is heated for several hours at 180” C in 
nitrobenzene. The crude product is treated with hydrochloric acid, sodium 
hydroxide and finally washed with aqueous ethanol_ After being reflused for 
a few hours in absolute methanol, the blue, pure product is obtained {yield 
ea. 80%). On the other soluble derivatives, Russian chemists have reported 
systematic studies 14%-511. Tetra-nitro, -chloro, -amino and -hyclrosy 
phthalocyanine complexes of cobalt( II), for instance, are prepared from the 
respective phthalic acid derivatives and anhydrous cobalt( 11) chloride in the 
presence of urea and ammonium ntolybdate in nitrobenzene at 180--190°C. 

in general, the stability of metallophthalocyanine compleses depends on 
both the charge and size of the metal ions, Thus, metals with a high charge: 
size ratio form compleses which resist replacement by protonic acids and 
thermal decomposition (Al( III), Cu( II) etc.). For those compleses, sublima- 
tion in vacua and reprecipitation from concentrated sulfuric acid and water 
can be effectively employed. While those compleses with a lower charge: 
size ratio deposit significant amounts of free phtl~alocyat~il~e by the sublima- 
tion and reprecipitation methods unless great care is taken. 

(ii) Sandwich-type derivatives 

Linstead and co-workers [ 52-54) and Robertson 1551 showed that the 
composition and structure of most metallophthalocyanines can be expressed 
by the formula PcM, PcMX and P&IX, for bi-, tri- and quadrivalent metals. 

The first complex of unusual geometry was synthesized by Barrett et al. 
[ 531 in 1936. This complex, a tin(W) phthalocynnine containing two phthal- 
ocyanine ligands (PczSn), was prepared by the reaction of PcSnCl, with 
PeNa* in chloronaphthalene. The absorption of this complex is shifted to a 
longer wavelength compared to those of normal metallophthalocyanines. 
Recently, the structure of this complex was elucidated by an X-ray diffrac- 
tion study which will be described later [ 561. Though many kinds of metal- 
lophthalocyanines have been synthesized, compounds having this unusual 
composition were not reported until sandwich-type compleses of f-elements 
were prepared [ 16,17,24---281. The synthesis of f-element phtl~alo~yatlit~es 
has played an important role in advancing the chemistry of metallopl~thalo- 
cyanines with the preparation of sandwich-type complexes and superphthal- 
ocyanines. 
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Kirk et al., in attempting to prepare neodyn~ium phthalocyanine, sepa- 
rated two compounds from an N,N-dimethylformamide (DMF) solution by 
chromatography on an alumina column [IS]. The most easily eluted com- 
pound has an absorption maximum at 634 nm, giving a blue solution, while 
the other has one at 679 nm, giving a green soltition. From elemental anal- 
ysis, Kirin et at. found that the blue compound is a diphthalocyanine com- 
plex f 5’71. No consistent analysis figures were obtained for the green com- 
pound, but because its optical spectrum is similar to that of a monophthalo- 
cyanine complex, they have suggested a formula, PcNdCl. 

Misumi and Kasuga also prepared some lanthanide diphthalocyanine com- 
plexes which were characterized by elemental analysis and visible spectra 
[ 171. They also found the green complex, which they presumed to be the 
n~onophthalocyanine complex, was difficult to isolate from solution. In an 
electrochromatographic separation of the crude reaction products in DMF, 
the blue diphthalocyanine complex moves to the anode whereas the green 
monophthalocyanine complex moves to the cathode. The magnetic 
moment of cerium diphthafocyanine complex is 1.80 B.M. (room temp.), 
and this compound moves to the anode in the electrochromatographic sepa- 
ration in DMF. They suggested the osidation state is 3s for the cerium ion 
of this compound_ In a solution of I-bromonaphthalene, the spectrum of the 
diphthalocyanine comples changes to that of the monophthalocyanine com- 
plex. This was explained by the reaction of the comples with trace amounts 
of free bromine present in the solvent by which one of the ligands was 
removed and PcNdl3r was formed. The same shift of spectrum also occurs in 
1-chioronaphthalene, DMF + acetic acid, DMF + hydrochloric acid, and 
D&IF + nitric acid. 

On the other hand, MacKay et al. reported that the green compound of 
gadolinium phthalocyanine is also the diphthalocyanine type complex 
according to analytical, ESR and magnetic susceptibility measurements f58). 
They explained the behavior of the blue and green complexes by an equilib- 
rium between the two forms in a non-aqueous solvent 

Pc:GdH --L Pc,Gd- + H’ (1) 
fpr*rn) (blue) 

where the formation of the green complex is favored under acidic conditions 
and the formation of the blue complex, which is an anionic form, under 
basic conditions. This result is different from those of Kirk et al. [57] and 
Misumi and Kasuga [ 171 who concluded that their green complex was mono- 
phthalocyanine because the visible spectrum resembles those of normal 
monophthalocyanines. MacKay et al. [ 581 concluded that the color changes 
observed can be due to changes in a a-electron distribution on formation of 
anion, cation or neutral species rather than due to a change from diphthalo- 
cyanine to monophthalocyanine. 

They mentioned, however, the existence of ytterbium monophthalocya- 
nine (PcYX) [58]. We may consider, therefore, that the green compounds 
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consist of two types of complexes; the protonated type of the sandwich 

compIex and the monophthalocyanine comples, while the blue compound is 
the ionized sandwich-type compound_ Recently, Corker et al. also reported 

that the color of lutetium phthalocyanine is changed as a result of formation 
of an organic-free radical (see Section C (ii)) [59]. 

MoskaIev and Kirin also prepared water-soluble sulfonated ammoniutn 

sa!ts, NH,[(SO,NHJ),Pc,M] with M = Y, Gd, Lu [60]. They reported that 
the solution color of these salts changes according to the pH of the solut.ion 
(green with a low pH, and blue with a high PI-I). 

Reaction of AnI, (An = Th, Pa, U) with phthalonitrile at 250°C yielded 

actinide diphthalocyanine complexes [ 24-261. Pc?Pa was also formed from 
PaIs, and Pc,Np was prepared from NpIs [27]. The dark violet Pc,.4n com- 
pleses can be sublimed without decomposition at 550°C and lo-’ Torr. 

These complexes are stable to air. The molecular weights of these com- 
pounds were determined by mass spectrometry [ 24j. The electronic spectra 
are characteristic for diphthalocyanine complexes. Americium phthalocya- 

nine was also prepared from americium acetate and phthalonitrile [ 281. 
Comparison of the properties of americium phthalocyanine with those of 

trivalent lanthanides indicates that the americium ion in this compound is in 

the trivaIent state and its structure can be described by a sandwich-type 
model. As Kirin and Moskalev mentioned, formation of these diphthalocya- 
nine complexes must require a minimum of an accessible 3+ or 4+ oxidation 
state of central metals and ionic radii for these oxidation states which are 
greater than the phthalocyanine radius 1611. The crystal and molecular struc- 
ture of PczU( IV) was determined from three-dimensional X-ray data [ 621. 

The uranium atom is coordinated eight-fold by the isoindole nitrogen atoms 
of the two phthalocyanine rings. One Iigand is rotated by 37” past the 
eclipsed configuration. The phthalocyanine ligand in this compound is not 
planar but convex. The distance between the N, (the central isoindolc nitro- 

gen atoms) planes of the two macrocycles is 2.81 _&. This structure is almost 
the same as that of Pc,Sn( IV). In Pc,Sn, one ligand is rotatecl by 42” past the 

eclipsed configuration and the distance between the N, planes of the two mnc- 

Fig. 4. Elevation view of bisphthalocynninatoneodymium( III) [ 63 1. 



recycles is 2.70 A [56]. The degree of shift from the staggered orientation of 
Pc,U is larger than that of Pc,Sn because the distance between the two Nq 
planes of PcZU is longer than that of PczSn so that the benzene rings of the 
two phthalocyanine rings in Pc2U need to be closer than those of Pc$n to 
make an effective interaction between them (3.35 A). Furthermore, the 
structure of Pc?Nc t H was elucidated by Kasuga et al. [63]. This compound 
has an esactly staggered orientation and phthalocyanine ligands do not show 
the degree of convexity that Pc,U and Pc,Sn show (Fig. 4). The distance 
between the N, planes of the two macrocycles is 2.96 A. 

(iii) Stcperph thalocyanines 

Baumann and Binert prepared phthalocyanine containing 6 units of 
phthalonitrile per one atom of cobalt when cobalt salts were heated with 
phthalonitrile, phthalic acid or phthalic anhydride and urea at 160-170°C 
[64]. Such phthalocyanine compleses of copper and nickel were also 
prepared by Barnhart and Skiles who proposed the following structure for 
these complexes (Fig. 5) 165). Perkins and Whelen also synthesized nove! 
copper and nickel phthalocyanine compleses which have 5 phthalonitrile 
units 1661. The compounds containing 5 or 6 phthalonitrile units are con- 
sidered to be the phthalocyanine precursors. While the detailed structures are 
not known, these unusual metallophthalocyanine compounds have bright 
colors and may be useful as dyes [66]. 

A uranyl phthalocyanine comples was also prepared from uranyl salts and 
phthalonitrile but no structure was suggested until experiments by Friedel 
et al. [67]. Lus [29] suggested a structure of the uranyl complex of cyclo- 
pentakis(2-iminoisoindolenin) (superphthalocyanine, SPcH,, Fig. 6) based 

Fig. 5. Proposed metallophthnlocyanine precursors. M = Ni( II) or Cu(II). 
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Fig. 6. Structure of uranylsuperphthalocyaninc [30]. 

on the following evidence: the compound sublimes at 400-500°C and lo-’ 
Torr without decomposition, the mass spectrum has a molecular ion at m/e 
910 and is consistent with the proposed structure. The electronic spectrum 
can be well explained by the electron-gas model of Kuhn (Table 1) [SS]. This 
ligand is probably the first 20-annulene with a n-electron system to be real- 
ized. This structure was determined from an X-ray diffraction study by 

TABLE 1 

A comparison of absorption spectra of phthalocyanine and superphthalocyanine com- 
pounds [ 29 ] 

Compound L A,,, (-1 

Calc. Esp. 

PCZU 

SPCUO:! 

16-annulene 21.6 A 

2O-annulene 
27 A 

645 643 

910 915 
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Marks and co-workers (301 who confirmed the structure proposed by Lus 

c291. 
Marks and Stojakovic (311 also reported that the replacement of the 

uranyl ion in SPcUOI by other metal ions produces the corresponding fonr- 
subunit transition metal comples in high yield 

SPOUO, + MXz * PcM + U02Xz + pllt~~~o~titrile (2) 

where M is Co, I%, Cu, Zn, Sn or Pb. 
The rnec~~a~~istic features of the tr~smetallation reaction were investi- 

gated in most detail for the CuCl, system. As shown in Fig. ‘7, the contrac- 
tion proceeds smoothiy. Figure 7 shows an interesting optical characteristic 
of SPcU02, e.g. very strong absorption (log e = 4.82 at 914 nm) in the near 
IR. 

C. PROPERTIES 

(i) Visible and IR spectra 

It has been known that IR absorption spectra of phthatocyanine and 
nletallophth~ocyanine compounds show differences between ot- and fi-poiy- 
morphic forms 1691. Infrared spectra of the o- and P-polymorphic forms sus- 
pended in Nujol are similar in the 3,OUO---8,000 nm range. However, there are 
noticeable differences at 12,500---14,500 nm. 

In the visible region, it was reported that transmission spectra of sublimed 
thin Films of the Lu-crystalline forms of P&I,, PcCu, PeNi, PcCo and PeZn in 
the 500-900 nm region change sharply as a result of the a to p transforma- 
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Fig. S. Absorption spectra of X4-PcCu: p, monomer molecule in benzene; - -. - ., 
dimer molecule in benzene, - - - - - -, solid phase [ 731. S = octadecylsulfonnmide. 

tion induced by heating to above 300°C [ ‘701. In the fl crystal of the metal 
comples, an intramolecular distortion or site symmetry should split the Ea 
molecular states. These in turn should also be red shifted and split by the 

crystal environment. Therefore, the changes in the visible spectra are ob- 
served [ 70]_ 

The electronic spectra of monomeric and dimeric phthalocyanine com- 
plexes are also different. Hush and Woolsey interpreted the spectral differ- 
ences of monomeric and dimeric silicon phthalocyanine in terms of exciton 
coupling of neutral-excitation transitions of the two phthalocyanine rings of 
the dimer [‘ill. 

Abkowitz and Monahan studied the degree of molecular association of 
copper-4,4’,4”,4”’ -tetraoctadecylsulfonamidophthalocyanine (X4-PcCu, X = 
octadecylsulfonamide) in benzene and tetrahydrofuran by electronic and 
ESR spectra [72]. Electronic spectra in the visible region demonstrate the 
existence of the monomer--dimer equilibrium. Self-association is manifested 
principally in the appearance of new absorption bands as the comples con- 
centration in solution is increased. Figure 8 shows the resolved monomer and 

dimer solution spectrum of X4--PcCu in benzene [72]. 

A comparison of the resolved solution dimer spectrum with that of the 
solid shown in Fig. 8 strongly suggests that the solid phase of the phthalo- 

cyanine complex (X,-PcCu), like the liquid phase, is also composed of 
dimeric pairs of phthalocyanine complexes. 

2 x,--PcCu y (x,-Pccu)~ (3) 

In the 10-6-10-3 M concentration range, the dimerization constants, K, 

are (1.58 + 0.09) X lo4 M-’ and (1.41 f. 0.50) X 10’ M-’ at room temperature 



in benzene and tetrahydrofuran, respectively. 
ESR measurements involving water-dimethylformamide solutions of the 

copper( 11) and vanadyl tetrasulfophthalocyanine complexes carried out at 
room temperature and 77 K also provide good evidence for the formation 
of the ciimer 1733. The ESR spectrum of an aqueous solution of the copper 
derivative at room temperature consists of a weak isotropic line at g Ca. 2. 
At 77 K the isotropic signal is also obtained at g ea. 2. The addition of 
dimethylformamide to form solvent mistures containing up to 50% (v/v) of 
DMF has little effect on the signal observed at 77 K in the g ea. 2 region 
though a signal can be detected at g ea. 4. The low-field component of the 
spectrum (at 64) is attributable to AM = ? 2 transitions arising from the 
triplet state formed by coupling of the copper(I1) ions in a dimeric form of 
the copper( II) derivative while the signal at g ca. 2 indicates that the corre- 
sponding A!12 = f. 1 transition may also be observed. In solutions containing 
still greater amounts of DMF (90% v/v), the spectrum in the g ea_ 2 region 
shows the presence of a highly resolved spectrum, similar to that observed by 
Rollman and Iwamoto f 101 f in dimethylsulfoxide, due to monomeric 
species though a very weak NY = 2 transition is still present. The study of 
dimeric-tetrasulfop!lthalocyanine and its metal derivatives shows the equilib- 
rium constants for dimer formation (74). From this study, the stability of 
the dimcrs is found to be Cu(II) > H2 > Fe(X1) > V03’ - Zn( II) > Co(I1). 
The role of the metal ion in determining the instability of the dimer is 
thought to be due to competition betiveen water molecules and phthalocya- 
nine molecules for other phthalocyanine molecules such that the water mole- 
cules bond to the metal ion in the axial sites. On the basis of a simple 
electrostatic model, the separation between the two parallel planes in the 
activated complex is estimated to be ca. 5 & 1731. 

The IR and far IR spectra of phthalocyanine and its metal derivatives were 
systematically studied by Kobayashi et al. [75,76I. All of the divalent metal- 
lophthalocyanine compieses are usualiy taken to belong to DJh point group, 
whereas metal-free phthalocyanine has D ?,, symmetry. The E,, mode of vibra- 
tion, which is IR active for complexes with D 4h symmetry, is known to split 
into two other IR active modes, B?, and B 3U, without too much change in 
the peak position when the compounds happen to assume D,, symmetry as a 
result of minor substitution. Such an effect of splitting is shown for those in 
the lower frequency region. In the higher frequency region, the characteriza- 
tion of doublets is difficult because of the overlapping of a greater number 
of peaks which make the spectra in that region much more intricate. In the 
case of metailophthalocyanines, the absorption bands apparently corre- 
sponding to those which appear as the doublets for metal-free phthalocya- 
nines are detected as singlets which exhibit considerable shifts to higher 
frequencies as shown in Table 2. 

The corresponding absorption peaks are always shifted in the same order 

Ni> Co> Fe> Cu> Zn> H, (4) 
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TABLE 2 

Absorption frequencies showing the splitting behavior of I-f2 phthnlocynnine (cm-‘) [ 751 

HZ Fe CO Ni cu Zn Pd Pt 

4S9 51s 519 521 509 512 51-1 516 
49s 
552 574 574 57s 575 57% 57s 581 
559 
617 642 642 645 640 637 618 615 

This strongly indicates that the absorption bands are affected by the com- 
plesed metal ion. 

in the far IR region, three remarkable metal dependent bands esist in each 
spectrum of metallophthalocyanines [ 761. Two of these bands are also ob- 
tained in metal-free phthalocyanine, one being at 342 cm-’ and the other at 
259 cm-’ and 289 cm-’ as a doublet. On the basis of the same criterion con- 
cerning the splitting behavior, the 342 cm-’ series (5) are assigned to be out- 
of-plane vibrations associated with the isoindole ring which is closely coordi- 
nated to the metal ion. The frequencies of these metal dependent bands shift 
in the order 

Hz > Cu> Zn> Pd> Fe> Co> Ni> Pt (5) 

The frequencies of the other metal dependent bands (6) around 300 cm- ’ 
also shift in the order 

Zn> H,> Cu> Fe> Pd> CorNi> Pt (6) 

The third group of metal dependent bands (7) which appears with high 
intensities in the region 150-200 cm -i for Fe-, Co-, Ni-, and Cu-phthalocya- 
nines is assigned to the metal-ligand vibrations, because these strong bands 
are not observed in the spectrum of metal-free phthalocyanine. The frequen- 
cies of the metal-ligand vibrations in the derivatives shift to higher fre- 
quency in the order 

Zn> Pd> Pt> Cu> Fe> Co> Ni (7) 

(ii) Electrochromism 

Lutetium(II1) diphthalocyanine deposited as a thin film on the electrode 
surface exhibits electrochromism and was investigated by Moskalev and Kirin 
[77] _ Three main types of absorption spectra of the l~~tetium{ III) diphthalo- 
cyanine film, corresponding to the electrode potentials of 0.0, -0.8, and 1.0 
V may be distinguished in Fig. 9. 
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Fig. 9. (a) Absorption spectra of a film of lutetium-diphthalocynnine on the electrode at 
different electrode potentials in 0.1 M potassium chloride solution (the numerals against 

the spectrai curves denote the electrode potential in volts relative to the saturated silvcr/- 
silver chloride electrode). (b) hitsorption spectra of sulfonated lutetium-diphthalocyanine 
in aqueous solution: (1) ionized form [Pc2Lu]- at pH 11.5; (2) protonated form Pc;zLuH 
at pH 4 ; (3) absorption spectrum of a film of the molecular complex [ Pc,LuH]12 on glass 
[iiT 1. 

The transition from one type of spectrum to another gives rise to isos- 
bestic points on the optical density plots, giving evidence of a direct conver- 
sion of one form of diphthalocyanine into another as the electrode potential 
is varied. 

The absorption spectra of the protonated and ionized forms of lutetium- 
(III) diphthalocyanine in an aqueous solution and the absorption spectrum 
of a film of the molecular complex with iodine on a glass support are 
presented in Fig. 9. Comparison of the spectra in Figs. 9a and 9b reveals a 
profound similarity between the spectrum of the protonated form, Pc,LuH, 
in solution (Fig. 9b, curve 2) and the absorption spectrum of the film on the 
electrode at a potential of 0.0 V (Fig. 9a), and similarity also exists between 
the spectrum of the ionized form, [Pc,Lu]-, in solution (Fig. 9b, curve 1) 
and the spectrum of the film at a potentid of -0.8 V (Fig. 9a). Hence, judg- 
ing from the absorption spectra, at negative electrode potentials there is a 
reversible transition between the protonated and ionized forms of lutetium- 
(III) diphthalocyanine in the film via a reaction of the type: 

[PczLu]- + H’ = [PeZLu]H (9) 

Comparison of the absorption spectrum of the diphth~ocy~~ne film at 
an electrode potential of 1.0 V (Fig. 9a) with the absorption spectrum of the 
film of the molecular complex, [PQLuH] - 12, on glass (Fig. 9b) also reveals 
a similarity. Moskalev and Kirin suggested that in the region of positive elec- 
trode potentials, a molecular complex is formed by the diphthalocyanine 
complex with acceptor species in the electrolyte, which may be 02 and Hz0 
mole&es. The formation and decomposition of the molecular diphthato- 
cyanine compiex at positive electrode potentials may be represented by eqn. 

(9) 

A + Pc,LnH -+ A f [Pc2LuH]* + A . [Pc*LuH] 
r______--__-__-__-I 

(9) 



St 

I . . . . , 

-1.0 -06 -02 0 02 06 10 

Fig. IO. Vnriittion of Lht steady-stntc optic:d tirnsity of the lutctirtm-tiit,lltll;rlocy;tnitIc 
film with clcctrodc potential: ( 1 ) ;IL 6’73 nm; (3) at 6.10 nm. Th - al-I-o\vs zll+1ir:.st ti1c CIIITPS 
indicate tllc tlircctiou of mrnsuwmcnts 011 the potcwtial SCillC [ii 1. 

In this eqilation the asterisk denotes the tliphthaloeyanine comples which 
is in an activated state due to high potential and is therefore capable of intcr- 
action with the electron acceptor, A. The continuous arrows in the equation 
denote the direction of the reaction involving the formation of the comples 
as the eIectrode potential is increased, and the dashed arrow shows the path- 
way for the decomposition of the comples as the potential is reduced. The 
validity of eqn. (9) is confirmed by the presence of a loop in the curves relat- 
ing the optical density at the 673 nm absorption band to the electrode 
potential (Fig. 10, curve l), which is probably due to a difference between 
the pathways for the formation and decomposition of the molecular com- 
plex. In contrast, curve 2 in Fig. 10 does not show a hysteresis, in agreement 
with the comples identity of the forward and reverse pathways in the ioniza- 
tion of the diphthalocyanine at negative electrode po ten Gals (reaction (8) j. 

Moskalev and Kirin also observed ele~tro~~lromism for the c~ipt~t~laIocy~- 
nine compleses of other kmthanides and also yttrium and scandium, which 
demonstrates that this interesting phenomenon is common to this class of 
phthalocyanine complexes [77]. The possibility of applying the property of 
electrochromism in diphthalocyanine complexes was studied by Nicholson 
and Galiardi [ 781. They prepared a dispiay in which PcZLu”‘H was coated 
on the surface of an electrode. Pc2LuH undergoes a remarkable series of 
color changes when subjected to direct-current signals up to about 1 V while 
in contact with an aqueous electrolyte. A full spectral range of colors is 
generated by adjustments of the applied voltage. As they mentioned, with 
further developments this system may become useful for full color imaging 
and graphic displays, as well as alphanumerics. 

Corker et al. also investigated the electrochromic behavior of the lutetium 
complex in DMF solutions using ESR and optical techniques to character- 
ize the species giving rise to different colors [59]. Electrolysis of a DRlF 
solution yields reversibly four different colors: violet, blue, green, and yel- 
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low-red. Two of these, the violet and the green, exhibit ESR signals indica- 
tive of organic-free radicals. They attributed these results to oxidation and 
reduction of phthalocyanine ligands as follows 

[Pc2LuUIHf - 5 [ Pc,Lu”H) 2 [ PczLu’“H]- 5 [ Pc~Lu~~‘I-I]‘- 001 

wwxlwtron rrtluction WIC”~ll!Ct~~fl t\v04cctwbn 

osirlation osidotion 

violet blue green yrlxolv-red 

In eqn. (lo), the blue species is PclLu( III)H and the green is [PclLu(III)H]‘, 
as opposed to other groups’ results [ 16,17,48]. Corker et al. [ 591 also inter- 
preted the pH effect as follows 

PclLu’U H f PcZLu”H; (11) 
(blrw: high ptl) (ftrw~~: low Pft) 

Protonation to form the green species occurs at one of the nitrogen bridge 
atoms of the phthalocyanine ligand. With this interpretation, the cation 
formed at the low pH would not be a radical. However, the positive charge 
created upon protonation of the bridge nitrogen would move into the K-sys- 
tern of the ligand. Thus, the protonated species should have the same optical 
spectrum as that of the cation radical in eqn. (11). Even though their work is 
somewhat crude on characterization of an initially prepared green complex 
and measurement of electrical potentials, their explanation of the electro- 
chromism of the lutetium phthalocyanine complex is valuable and attractive. 
(See Section vi for further studies on radical phthalocyanine species.) 

In the PMR spectrum of PcGe(OSi(CrHs)X)z, multiplets are centered at 6 
(ppm) 9.70, 8.38, -1.24 and -2.42 f79J. On the basis of Lever’s work, the 
low-field multiplets (9.70 and 8.38) can be assigned to the tr and fl ring pro- 
tons (see scheme below) [80]. The remaining triplet and quartet (-1.24 and 
-2.42) can then be assigned to the methyl and methylene protons of the tri- 
ethylsiloxy group. 

\ 

The macro-rings of these compounds have a ring current which shifts the 
proton signals of cr and fl protons of the rings toward a low magnetic field 
and shifts those of methyl and methylene groups of the axial ligands toward 
a high magnetic field. 

The metal complexes having the ring current and vacant coordination sites 



a3 

TABLE 3 

‘H NMR data for PcKU derivatives *, ** [ 311 

Compound ‘H NMR 

PcZn 9.50 (8 H,m), 7.94 (8 H.m) 
(O-CH~)JPcZn 9.19 (8 H,d, J = 8.8 Hz), 7.69 (4 H,d, J = 8.0 Hz), 2.76 (12 H,s) 
SPCUO* 9.06 (10 H,m), 7.68 (10 H,m) 
;WiHhSP-‘z 8.96 (10 H,m), 7.46 (5, H,d, J= 7.2 H-L), 2.46 (15 H,s) 

2 
*** 9.38 (S H,m), 8.04 (8 H.m) 

* FT data in 6 (ppm). ** AI1 data in CciDd at 30°C. *** 2% MezSO-dG added to enhance 
solubiiity. Key: s = singlet; d = doublet, m = muitiptet. 

are potential chemical shift reagents. Dichlorogermanium( IV) and iron( II) 
phthalocyanines were regarded as possible shift reagents [ 311. However, 
their use as shift reagents is limited by solubiiity problems. Using Fourier 
transform techniques, Marks and Stojakovic f 311 reported NM R studies of 
lithium, zinc, and uranyl phthaiocyanines (Table 3). The high field multi- 
plets were assigned to the fl ring protons (e.g., 7.94 for P&n, 7.09 for 
(&CH,),PcZn). On the other hand, metalloporphyrins are more soluble than 
metallophthalocyanines and are useful for NMR shift reagents. A few papers 
have presented more detailed discussions on NMR studies of metallopor- 
phyrins [81,82]. The smaller shielding ability of the I~lltl~alocyanine ring 
relative to the porphine ring can be ascribed mainly to the result of pertur- 
bations of the central porphine-like ring by the azo nitrogen atoms and the 
benzo rings and to effects from the anisotropy of the benzo rings [ 811. 

The location of acidic protons in metal-free phthalocyanine has been the 
subject of long debate. Proposed structures are the bonded structure and the 
bridged structure as shown in Fig. 11. 

Niwa et al. presented evidence for the bonded structure utilizing X-ray 
pliotoelectroll spectroscopy (ESCA) f 32,331. In the bonded structure of 
phthalocyanine, there are three chemically different nitrogens, namely, two 
pyrrole nitrogens (N I ), t wo aza nitrogens (N2)? and four meso-bridging aza 
nitrogens (NJ) (Fig. lla). The 1s binding energies of the aza nitrogens in both 
structures are so close that they cannot be observed as two separate peaks 
(a Iimitation due to the resolution of spectrometer). On the other hand, the 
Is binding energy of the nitrogen bonding with the central hydrogen atom 
is higher than the energies of the aza nitrogens. Two nitrogen 1s peaks with 
a relative intensity ratio of 0.33 (2 N, : (2 NZ + 4 N3)] (see Fig. lla) should 
be observed for the banded structure. In the bridged structure, on the other 
hand, a ratio of 1 .O [ 4 N t : (2 N2 + 2 N3] (see Fig. llb) should be observed. 
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(3) 03) 

Fig. 11, The molcculnr structures of PcH2 : (a) bonded PcH2: (b) hridgcd PcH2, 

The observed nitrogen 1s spectrum indicates that the bonded structure of 
pltt~l~o~yanine predominates (Fig. 12). 

In the nitrogen fs spectrum of copper phthalocyanine, a single sharp peak 
was observed accompanied by a weak satellite. The profile of the single sharp 
peak indicates a small energy separation between four equivalent central 
nitrogens and four equivalent rneso-bridged nitrogens. This separation indi- 
cates a small difference in the charge densities on the two different kinds of 
nitrogens [33] _ 

He I photoelectron spectra of metal-free and metallophthafocyanines (Mg, 
Fe, Co, Ni, Cu and Zn) were also obtained for the gaseous molecuIes [831. 

Fig. 12. The nitrogen 1s spectrum for PcH2 
luted into overlapping Gaussians [ 321. 

using Mg Ka X-ray. The spectrum iS deconvo- 
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Comparison of these spectra reveals that the uppermost occupied orbitals are 
ringlike, and not metal 3d-like, in all eases. The experimental results and 
inferences were compared with recent ab initio calculations, and indicated 
that the X, local density method is a promising one for describing the elec- 
tronic structure of these large molecules. 

Tsutsui and co-workers also investigated the ESCA of diphthalocyanine- 
Ianthanides, Pc,LnH (Ln = La, Ce, Pr, Nd and Gaf and -actinides, PczAn {An = 
Th and U) [34,35,84]. As in copper phthalocyanine, the nitrogen 1s 
spectra of these sandwich-type complexes show a single sharp peak [ 841. 
This indicates that the central metal is equivalently surrounded by eight cen- 
tral nitrogen atoms and that the charge density of the central nitrogen atoms 
is accidently the same as that of the outer-bridging aza nitrogen atoms. They 
also examined the satellites accompanying Ianthanide 3d,,2 and actinide 
4d5,? signals [35f. In the case of Pc2LnH, a shake-up satellite was not ob- 
served in the Pr”‘(f) and Nd”‘(f3) compounds which have sufficient vacant 
f-orbitals to receive electrons from ligands, whereas La”‘(f*) and Ce”‘(f’) 
compounds showed satellites_ Analyzing the data carefully, they concluded 
that f-orbitats play an important role in the core-ionization process to give a 
sharp variation in intensity of the satellites_ 

(0) Conductivity 

The superconductivity of organic or inorganic polymers (especially the 
polymers of one-dimensional stacks) has come of interest. In general, the 
stacked material consists of electron donors and acceptors. From theoretical 
models, the high conductivity is known to occur if the donor is planar and is 
highly polarizable. The phthalocyanine compounds a.re easily osidized, and 
therefore are candidates for donors. 

Marks and co-workers did an intensive study of the conductivity of par- 
tially oxidized phthalo~yanine complexes [30] _ The osidation of Fe, Co, Mi, 
Cu, Zn, Pt and metal-free phthalocyanines by iodine vapor or solution results 
in darkly colored solids with a range of stoichiometries (eqn. 12). The exact 
composition obtained depends on the conditions and hence is a direct mea- 
sure of the degree of partial oxidation. 

PcM + ; fl- - (PcM)( I), (12) 
hI = Fc. Co. Ni. Cu. Zn. Pt or H2 

The reaction is reversible, and iodine can be removed by heating the solids 
in vacua. The fact that these materials exhibit truly mixed or partial valcncy 
is supported by Kaman, iodine-129 Miissbauer and X-ray powder studies 
[85,86]. Electrical conductivity measurements were performed on pressed 
pellets using a locally designed four-probe apparatus. The powder data can 
be fitted to eqn. (13), where E, is the activation energy for conductivity 

u=uOe E:,/HT (13) 
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TABLE 4 

Conductivity data * [ 301 

Compound s Room & (eW 
temperature 
conductivity 
(n-l cm-‘) 

(PcCu)I, 1.71 4.2 0.021 
(PcPt)I, 0.96 2.4 0.016 
(PcCo)I, 2.20 2.3 0.040 
(PcNi)i, 0.56 0.7 0.024 

1.0 0.7 0.036 
12-1 0.8 0.021 
0.60 0.1 0.065 
1 .o 0.06 0.082 

(PcFe& 1.93 4 x 10-3 0.127 
2.74 2 x 10-3 0.070 
3.85 1 x 10-4 0.254 

(Quinolinium) (TCNQ), 4.0 0.03 
Quinolinium (single crystal) 100 -0 
PcNi 1 x 10-11 1.6 
PCCO 2 x lo-‘0 1.6 
PcFe 2 x 10-10 

* All measurements employed compressed pellets escept as noted. 

Values of E, derived from a least-squares fit are given in Table 4 together 
with room temperature conductivity values and data for unoxidized phthalo- 
cyanines. For all values of x, the conductivities are dramatically increased by 
iodine oxidation. In particular for x < 3, the increases are roughly nine to 
ten orders of magnitude. In these cases the activation energies are nearly zero 
(roughly 50-fold less than the parent complex). As shown in Table 4, the 
pressed pellet conductivities of (PcCu)(I),.,, and (PcPt)(I)0.93 are comparable 
to those of quinoline (TCNQ), and have even lower activation energies for 
conduction. These conductivity results, along with structural and spectros- 
copic data, indicate that the partial iodine oxidation of phthalocyanines 
indeed produces a new class of molecular metals. A single crystal of PcNiI 
eshibits metallic electrical conductivity isotropically [87]. A single crystal 
EPR study of PcNiI provides evidence that the partial oxidation is predomi- 
nantly ligand-centered, rather than metal-ion centered. 

(vi) Electrochemistry 

Redox processes have an important role in biological systems. Studies of 
the redox processes in metallaporphyrins and metallophthalocyanines which 
mimic biological systems are important in elucidating the mechanism of 
dioxygen transport in hemoglobin and myoglobin. 



Lever and Wilshire have shown that the potential of a Fe(III)/Fe(II) 

couple is tuned by such factors as the nature of the porphyrin and its side 
chains, the axial ligands, ion pairing, solvation and oligomerization of the 
metalloporphyrin, etc., and that metallophthalocyanines are more sensitive 

to these factors than metalloporphyrins so that the former system is useful 
to study such factors [ SS,S9]. 

Many kinds of reduced species of metallophthalocyanines were reported 
by Taube and co-workers [90-92]. Some of these species were used in 
catalytic reactions as EDA (electron donor and acceptor) compleses, e.g. 
ammonia synthesis [93-961, Fischer-Tropsch synthesis [ 9’7,981, and hydro- 
formylation reactions [ 99]_ Lever and co-workers also synthesized oxidized 
species of first row transition metal phthalocyanines, and the isolated (cat- 
ion) radical species were characterized by electronic and 1R spectra, magne- 

tism, ESR and Mijssbauer spectral methods, and osidative titrations [ 1001. 
These compounds were prepared by the reaction of oxidizing agents with 
PcM( II) complexes (M is a first row transition metal), e.g. when thionyl 
chIoride was mixed with chromium, iron and cobalt phthalocyanines, the 
oxidized species (C12M tilPc-‘) were produced. Manganese phthalocyanine 
when osidized may be espected to produce a radical product, but a five 

coordinate complex (CXMn ‘*‘PC’-) was obtained instead of a radical species. 
Vanadium, nickel, copper and metal-free phthalocyanines did not react with 

thionyl chloride and osidized species were not obtained. 
Furthermore, it is important to measure redos potentials of metallo- 

phthalocyanine compleses. Because of the poor solubility of these com- 
pounds, solution chemistry of these compounds has not proceeded so easily. 

Rollman and Iwamoto studied reduction potentials of sulfoderivatives of 
metallophthalocyanines in DMF, but could only measure two or three reduc- 
tion steps because of the presence of the counter ion Na’ [loll. On the other 
hand, Clack et al. measured reduction potentials of some metallophthalocya- 
nines (manganese to zinc, aluminum and magnesium) by generating their 
reduction product, and oxidising them back to the neutral comples [102]. 
They could measure four or five reduction potentials using this method. It is 

known that an electron is added to ea - K* ligand orbital or vacant d orbitals 
of central metal depending on its redox potentials. They reported that the 
central metals of the Mn, Fe and Co complexes are-reduced together with 
the reduction of ligand. Oxidation potentials of metallophthalocyanines 
were also studied [ 1031. In the case of Fe( II), Co( II) and Ni( II) compleses, 
the first oxidation occurs at the central metal atom, where as in the case of 
Cu(I1) and Zn(II), ligand oxidation is observed. 

Subsequent oxidation occurs at the ligand in all cases. The Iigand oxida- 
tion potentials are approximately independent of the metal ion for Fe, Co 
and Ni, but drop to a lower value for Cu and Zn. 

Recently, an electrochemical study of iron(I1) phthalocyanine was 

reported in non-aqueous solvents by Lever and Wilshire [89]. They reported 
that the oxidized product was Fe” I PC”-, and the reduced products were 
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Fe’Pc2- and radical Fe’Pc”- complexes, respectively. 
From the results of a cyclic voltammetry study, the osidation reaction 

shows a critical dependence on solvent and supporting electrolyte, and the 
reduction process is also dependent on solvent. The potential of the Fe”‘- 
PC’-/Fe”Pc’- couple shifts according to the order in eqn. (14) with Fe”-PC’- 
being most easily oxidized in a tetraethylammonium or lithium chloride 
solution. 

ClOj < Br- < Cl- (14) 

This tendency was esplained by the concept that a supporting electrolyte 
having large electronegativity prefers a higher iron oxidation state. The iron- 
(II) is oxidized more easily in DMF than in pyridine (Py) according to the 
following trend 

Py < Me,SO < DMA I DMF (15) 

where MezSO and DMA are dimethylsulfoxide and N,N’-dimethylacetamide, 
respectively. The tendency in eqn. (15) can be explained by the ?r-acceptor 
capability of the phthalocyanine ring. Strongly donating solvents act as axial 
ligancls and enhance the back-donation of charge from metal to the phthalo- 
cyanine ring. The ferrous state is stabilized by the back-donation of charge, 
lvhile in the higher oxidation state (ferric state) the back-donation does not 
seem to be so important (7~ mechanism). Thus, the iron(I1) species is more 
stabilized in pyridine and is difficult to oxidize. 

The reduction reaction, the Fe’*Pc’-/Fe’Pc’- couple, is also affected by 
solvent 

DMA < Me&GO < Py (16) 

However, the tendency is contrary to that of the osidation reaction, e.g. the 
potential is shifted most negatively in pyricline. This solvent effect is 
explained by the fact that the ferrous state is stabilized by increased donor 
properties of the solvent, that is, the dZ2 energy ievel of iron is destabilized_ 
Thus, the iron(I) state (an electron added to one of the d=z orbitals) becomes 
more unstable (a mechanism). The relation of 7r and u mechanisms with the 
changing environment of the iron may tune the potentials of the iron redox 
couples_ A similar tendency, though less pronounced, has been observed in 
iron porphyrins [ 104,105]. As Lever and Wilshire mentioned, one of the 
biological roles of cytochromes, in which a protein component can be 
changed, is to alter the environment of an iron atom to change significantly 
the potential of the Fe”*/Fe” couple [89]. 

Furthermore, in porphyrin systems a four-coordinate ironf I) complex is 
available, while a five-coordinate iron(I) complex (low-spin d’) exists in the 
phthalocyanine systems. This may be explained by the fact that the fifth 
ligand is attracted to the iron complex having the electron-withdrawing 
phthalocyanine ring more strongly than to the iron complex having the elec- 
tron-donating porphyrin unit. This is also supported by comparing potentials 



for the Fell/Fe’ couple between iron phthalocyanine and iron tetraphenyl- 
porphine complexes. The potential of the porphyrin system is shifted 500 
mV more negative than that of the phthalocyanine system [106]. 

Recently, the electrochemical behavior of surface bound rnet~llopl~t~~~lo- 
cyanine complexes was compared with those of solution and absorbed forms 
at SnO, in Me,SO and aqueous media f 1071. In this system, copper and 
cobalt tetrasulfophthalocyanines are bound to SnOz electrode surfaces modi- 
fied by either (y-aminopropyl) triethosysilane or 3-(N-(2-aminoethyl)amino- 
propyl) trimethosysilanes. The voltammetric results for both the copper and 
cobalt derivatised electrodes suggest that the phthalocyanines can be bound 
to the electrode surface in more than one fashion with subsequent variations 
in stability and electrochemical behavior. The stabilities of the bound cobalt 
and copper derivatives on Sn02 electrodes may also facilitate their utilization 
in photoelectrochemical hydrogen production. Since no phthalocyanine 
solution is needed for photosensitization, multilayered stacks of the 
chemical!y modified electrodes on optically transparent. substrates may 
provide higher light capture efficiencies than electrodes in contact with a 
concentrated phtltalocyanine so!ution. 

D. COORDINATION CHEMKTRY 

The coordination chemistry of metalloporphyrins has become of interest 
because of their varied chemical and physical properties being reflected in 
the biological significance of porphyrinic materials (such as chlorophyll, 
hemoglobin, cytochromes and vitamin Bt ?) in photosynthesis, gas transport, 
enzymatic catalysis, metabolic regulation and control, electron transport, etc. 
[ 108-110~. This attention has also been given to the coordination chemistry 
of metallophthalocy~nines which have structures simila_l- to metalloporphy- 
rins. However, there have been few studies on coordination aspects of metal- 
lophthalocyanine compounds because of their poor solubilities in almost all 
solvents. 

Ercolani et al. synthesized nitrosyl derivatives of Cr-, &in- and Fe-phthalo- 
cyanines and these compounds were characterized by elemental analysis and 
IR spectra [ fll--1131. Kinetic and equilibria studies of carbon monoside 
binding to iron( II) phthalo~yalline were also performed in toluene, but the 
carbonyl derivative could not be isolated because of the facile loss of carbon 
monoxide in the absence of a carbon monoxide atmosphere [ 1141. However, 
using ruthenium( II) phthalocyanine, a carbonyl derivative was isolated and 
characterized [ 1151. Osmium(I1) carbonyl phthalocyanine was also prepared 
and its structure was determined by X-ray diffraction (Fig. 13) [ 116). 

In this structure, a pyridine molecule is situated between two benzene 
rings of adjacent phthalocyanine ligands, and carbon monoside is bound per- 
pendicularly to the osmiumfI1) ion. 

The reversibility of dioxygen bonding to iron(I1) porphyrin complexes has 
received attention because they mimic heme [ 117-1201. Collman et al. 



Fig. 13. Structure of PcOs( II)(CO)Py (981. 

prepared a “picket-fence” type comples of an iron(H) porphyrin derivative 
[ 121). This compound absorbs dioxygen reversibly at room temperature. 
James and his co-workers reported that a ruthenium(H) tetraphenylporphine 
or octaethylporphyrin complex is a reversible diosygen carrier in dimethyl 
formamide, din~ethylacet~ide, or pyrrole solvent at room temperature 
f122]. 

In the case of metallophthalocyanines, iron(H) tetrasulfophthalocyanine 
was reported to be a reversible dioxygen carrier in the solid state and to be 
oxidized in an aqueous solution [lo]. On the other hand, Fallab and co- 
workers reported that iron( II) tetr~sulfophthalocyanine reversibly complexes 
diosygen in an aqueous solution (F‘ig. 14) [ll]_ 

McLendon and Martell reexamined the reaction of iron tetrasulfo- 
phthalocyanine with dioxygen in an attempt to resolve these conflicting con- 
clusions [ 121. They supported the contention of Weber and Busch [ 101 that 
iron( II) tetrasulfophthalocyanine is irreversibly oxidized by air in an aqueous 
solution and that a dioxygenated complex is not formed. If the stability of 

Fig. 14 _ proposed structure of dioxygcnnted iron( II) tetrasulfophthalocyaninc. 



91 

the dioxygenated iron(I1) tetrasulfophthalocyanine depends on the stability 
of the sandwich-type structure which contains dioxygen between two com- 
plexes (Fig. 14), one of the stabilizing factors would be the hydrogen bond- 
ing between sulfonyl groups. Then, the concentration of the comples and 
pH of a solution seem to be important factors, yet no definitive evidence has 
been reported. About the same time, Collamati and Ercolani reported that 
iron( II) phthalocyaninc can reversibly absorb dioxygen in 96% H,SOJ [ 131. 

Furthermore, Ercolani et al. examined kinetically the reaction of iron( II) 
phthalocyanine with dioxygen in concentrated (96%) sulfuric acid by mea- 
suring the change in absorbancy [ 1231. Analyzing kinetic data, this reaction 
was found to be a two-step process. The first step is the fast reversible reac- 
tion following eqn. (17), while the second step is irreversible and obeys the 
rate law of eqn. (18). 

R(moll-’ s-‘) = 12.1[OZ] [PcFe]/(l + 3.92 X 10-‘[OZ]) (17) 

R(mo1 1-l s-‘) = (3.2 X lo-’ + G.l[O,])[PcFe] (18) 

Considering the kinetic study of the reaction of iron porphyrin with 
diosygen, their esperimental data show the following reaction mechanism 
[ 1241 

S,FePc * SFePc + S (19) 

SFePc + 0, * SFePcO, (26) 

SFePcO, + SFePc + (SFePc),O, (21) 

where S is HSO; and the charges are omitted for simplicity. The pentacoor- 
din&e intermediate (SFePc) which is generated from the reaction of PcFe 
with HSO, reacts with dioxygen and produces reversibly a 1 : 1 type dioxy- 
genated complex. The reaction of the diosygenated comples with another 
SFePc complex results in a 1 : 2 type species. This species is unstable and is 
decomposed to an iron(II1) ion and an oxidized phthalocyanine. 

From the result of the solvent dependence of the iron(II)/(III) couple (see 
Section C, eqn. (15)), it seems more likely that diosygen uptake is favored 
only in weakly coordinating solvents such as HZ0 and DMF. Recently Colla- 
mati 11251 has reported the isolation of (PcFe)Z02. 

Lever et al. isolated a dioxygenated manganese phthalocyanine complex 
and characterized it by elemental analysis, IR (isotopic substitution with 
oxygen-B), electronic, ESR and mass spectral methods and by magnetism 
[ 126]. This compound is a manganese( III) superoxide derivative_ When imi- 
dazole was added to an aerated DMA solution of this superoxide derivative, a 
,u-oxy species which is easily reversed to the superoxide derivative under 
dioxygen was obtained. 

As an oxidation product of oxygen with chromium(I1) phthalocyanine, 
both Elvidge and Lever [ 1281, and Ercolani et al. [ 1291 reported Cr(III)- 
PcOH, confirmed by magnetic data and oxidative titration [ 129]_ 
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More recently Nil1 et al. [ 1271 identified the oxidation product oxo(phthal- 
ocyaninato)chromium( IV) “dimer” using IR and Raman spectra, magnetic 
data, mass spectra and isotopic oxygen data. Further work is necessary to 
clarify the osidation chemistry of chromium phthalocyanine. 
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