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methods would give very similar results if the basis set were 
exhausted, but this is not done in the latter calculation here. The 
additional relaxation due to the inclusion of the higher energy 
virtual orbitals in the extended 2ph-TDA calculation would move 
the ionization energies down and put them into closer agreement 
with the OVGF results. The nearly perfect agreement with ex- 
periment thus results from the limited number of virtual orbitals 
that were taken into account. 

Electron ejection from the Itz and la ,  orbitals, which are 
essentially combinations of the C1 3s atomic orbitals, cannot be 
described within a one-particle picture. Here a strong mixing of 
ionization with ionization plus excitation processes occurs, leading 
to the strong splitting of the lines. The extended 2ph-TDA results 
are given in Table I and are graphically represented in Figure 1, 
which contains as an insert also the He I photoelectron spectrum 
from ref 6. For It, ionization the maximum pole strength of a 
component is obtained as 0.2, and for la ,  ionization it is obtained 
as 0.26. The 2hlp configurations, which couple strongly with the 
simple hole configurations, involve as particle states the 2e, 3al, 
and most important, the 4tz, 5t2, and 6tz orbitals. The 2e orbital 
is built up from C1 p and Ti d functions, and the other ones are 
built from C1 s and p and Ti p and d functions. In many cases 
the Ti d participation is strong. To a certain degree this can be 
interpreted as a repopulation of the d orbitals on Ti, but this should 
not be overemphasized as the splitting of the C13s lines is a general 
phenomenon (see references in ref 24) and is independent of the 
presence or absence of a transition-metal atom. The results 
obtained in this energy range are only qualitative or semiquan- 
titative for several reasons. One of them has been mentioned 
above. In this case the ionic states are dominated by 2hlp  con- 
figurations and the extended 2ph-TDA method gives only results 
that are accurate to first order of perturbation theory.22 To 
improve this, one has to include the 3h2p and 3p2h configurations 
(Le. the double excitations on top of the simple hole and simple 
particle states) in addition to the 2hlpand 2plh configurations, 
which are included in the present calculation. Such a theory has 
been developed:2 and a simplified version is being applied to some 
small molecules.33 However, the TiCl, molecule is just slightly 
too large for the application of this high-order and demanding 
theory. A second reason is the following one. In the inner-valence 
region, where we find this splitting of lines, we also find the 
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double-ionization threshold, which for TiCl, probably lies between 
30 and 40 eV. An infinite number of Rydberg states of the ion 
converge to this threshold. To describe them properly would 
require an extremely large basis set. Since this cannot be done, 
one does not calculate true eigenstates but pseudostates, which 
give only a rough idea of the spectral distribution. It has also been 
found for the Clz and the HC1 m o l e c ~ l e s ~ ~ ~ ~ ~  that d-type functions 
are necessary to describe this part of the spectrum. Experimental 
information on this energy range is scarce or unavailable for TiCI,, 
but more and more information is being obtained by (e,2e) 
s p e c t r ~ s c o p y ~ ~ ~ ~ ~  and synchrotron r a d i a t i ~ n , ~ * ? ~ ~  which together 
with theoretical calculations help to develop an understanding of 
the process in this interesting energy range. 
Summary 

The ionization energies of TiC14 are calculated in the outer- 
and inner-valence regions by ab initio many-body Green’s function 
methods, which include the effect of electron correlation and 
relaxation. The first five ionization processes can be well-described 
in the molecular orbital model of ionization. The calculated 
ionization energies lead to the assignment of the photoelectron 
spectral bands A, B, (C + D), and E as I t l ,  3t2, ( l e  + 2t2), and 
2al. For It, and la ,  ionization we observe the breakdown of the 
molecular orbital model of ionization and the intensity becomes 
distributed over many lines, which carry only a small fraction of 
the intensity associated with these ionizations. 
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The electrochemistry of (2,9,16,23-tetraneopentoxyphthalocyanato)cobalt, and some binuclear analogues, has been studied in 
dichlorobenzene and in dimethylformamide. The redox mechanisms and species on the electrode are discussed. With the use 
of an optically thin electrode, the electronic spectra of seven different oxidation states of the mononuclear derivative are reported. 
Data for a selection of oxidation states of several binuclear species are also presented. 

Introduction 

porphyrins have been extensively studied.2-16 However, relatively 

little spectroelectrochemistry has been carried out on phthalo- 
The electrochemistry and spectroelectrochemistry of metallo- cyanines”-25 due to their low solubilities in suitable solvents for 
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electrochemistry, which limits the use of optically transparent 
thin-layer electrodes (OTTLE). Such studies are desirable in view 
of the potential use of phthalocyanines as electrocatalysts,26-2s 
where an understanding of the nature of the redox processes of 
the phthalocyanine molecule is essential for the design of more 
efficient catalysts. The redox processes may occur a t  either the 
central metal atom or the phthalocyanine ring, but this cannot 
usually be distinguished by using electrochemistry alone. Spec- 
troelectrochemical studies of the phthalocyanines are also im- 
portant with regard to their possible use as electrochromic ma- 
t e r i a l ~ . ~ ~ - ~ ~ , ~ ~  

R e ~ e n t l y , ~ ' - ~ ~  we have reported the synthesis of a series of 
binuclear phthalocyanines formed by linking units of trineo- 
pentoxyphthalocyanine (TrNPc) together through a benzene ring 
by bridges of one, two, four, or five atoms. The three neopentoxy 
groups are randomly distributed in the 4- or 5-positions of the 
unlinked benzene rings and provide high solubility for the 
phthalocyanines in a wide range of organic solvents, such as 
toluene, o-dichlorobenzene (DCB), dichloromethane (DCM), and 
N,N-dimethylformamide (DMF). These complexes, in particular 
the cobalt derivatives, have been the subject of recent investigations 
as oxygen reduction catalysts and as multielectron redox cata- 
l y s t ~ . ~ ~ , ~ ~  We report here an electrochemical and spectroelec- 
trochemical study on the cobalt derivatives of mononuclear and 
binuclear neopentoxyphthalocyanines in DCB and DMF. 

The purpose of this work was to obtain, for the first time, the 
electronic spectra of a wide range of electrochemically generated 
CoPc redox species in organic solution and, in addition, to de- 
termine any possible effects of coupling in the binuclear species 
on the redox processes and spectra. Several scattered reports of 
CoPc redox species exist in the literature; however, these are 
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O(1) [CoTrNPcIa R - ' =  0 

Figure 1. Binuclear phthalocyanine compounds. 

incomplete and are often reported in the solid state where Davydov 
effects will disturb the spectra. 

Spectra are presented here for a series of seven electrochemically 
generated redox species of the mononuclear derivative. 

Of relevance to this presentation are the following species, with 
their abbreviations (Figure 1) (the number in parentheses is the 
number of bridging atoms connecting the two phthalocyanine 
rings): CoTNPc, (2,9,16,23-tetraneopentoxyphthalwyanato)cobalt 
(the mononuclear control molecule); EtMeO(5) [CoTrNPc] 2, 
phthalocyanine rings linked via -OCH2C(Me)(Et)CH20-; 
Cat(4) [CoTrNPcI2, phthalocyanine rings linked via -OC6H40- 
(0-catechol); C(2) [CoTrNPcI2, phthalocyanine rings linked via 
-CH2CH2-; O( 1) [CoTrNPc] 2, phthalocyanine rings linked via 
a single oxygen (ether) bridge. 

These binuclear complexes can exist in various conformations 
depending upon the nature of the bridging unit.35 The EtMeO(5) 
and Cat(4) species can close in a "clamshell"-like fashion (see 
Figure l), while geometrical constraints of the bridge restrict the 
C(2) and 0(1) species to an open conformation. Electronic 
coupling between the phthalocyanine rings may occur through 
space or through the bridge.3s For the series of binuclear cobalt 
derivatives, the degree of electronic interaction between the 
phthalocyanine rings has been found to increase in the order34 
C(2) < EtMeO(5) < Cat(4) C O(1). 

The nomenclature CoTNPc or [CoTrNPc], is used for a general 
species of undefined oxidation state, while for specific compounds, 
the oxidation states of both metal and phthalocyanine are defined. 
The Pc(-2) state is the standard oxidation state for the phthal- 
ocyanine ring.36*37 

(35) Dcdsworth, E. S.; Lever, A. B. P.; Seymour, P.; Leznoff, C. C. J. Phys. 
Chem. 1985, 89, 5698. 

(36) The symbol Pc(-2) refers to the dinegatively charged phthalocyanine 
unit in its standard oxidation state. The first ring-oxidized species is 
the radical Pc(-1), and the first ring-reduced species is the radical 
Pc(-3) .37 
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Table I. Electrochemical Data for Mononuclear and Binuclear Neouentoxvohthalocvanines 

Nevin et al. 

E+ V @Ep, mV)" 
oxidn redn 

compd I IIC 111 IV V 
H ~ T N P c  +0.77 +0.28 -1.35 -1.70 (70) 

+0.03 (89) -0.91 (70) -2.07 (80) 
COTNPC~ +0.38d -0.02 -0.85 (85) -1.99 (85) 
CoTNPc +0.87 (102) +0.59 (90) 

EtMeO(5) [CoTrNPc] +0.87 e +0.05 (165) -0.93 -2.07 (85) 
Cat (4) [CoTrNPc] +0.89 e +0.03 -0.93 -2.07 (95) 
C(2) [CoTrNPcI i  +0.87 +0.33 +0.03 -0.94 -2.07 
O( 1) [CoTrNPcI i  +0.91 +0.5 1 +0.04 -0.93 -2.07 

a DCB solution except as otherwise noted. Potentials are reported with respect to the ferrocenium/ferrocene couple. values measured by cyclic 
voltammetry at  100, 50, and 20 mV/s [ E l l 2  = (Epa + E,)/2] or differential-pulse polarography at 2 mV/s gave essentially identical potentials. 
Values of AEp (=Ew - E,) are given for a potential sweep rate of 20 mV/s. See text for assignment of couples I-V. b D M F  solution. 'The potential 
of this couple in DCB is very sensitive to traces of coordinating anions. Weak shoulder at 0.30 V, see text, assigned to couple 11'. 'Not resolved. 
/Additional weak waves are seen at  -1.36 and -1.7 V as a consequence of aggregation. 

Experimental Section 
The species H2TNPc,)l CoTNPc," EtMeO(5) [ C O T ~ N P C ] ~ , ~ ~  Cat- 

( ~ ) [ C O T ~ N P C ] , , ~ ~  C ( ~ ) [ C O T ~ N P C ] , , ~ ~  and O ( ~ ) [ C O T ~ N P C ] ~ ~ ~  were 
prepared by the literature routes cited. NJV-Dimethylformamide (DMF) 
(Aldrich, Gold Label, anhydrous, H 2 0  C 0.005%, packaged under ni- 
trogen), o-dichlorobenzene (DCB) (Aldrich, Gold Label), dichloro- 
methane (DCM) (Aldrich, Gold Label), and acetonitrile (Aldrich, Gold 
Label) were used as supplied. Tetrabutylammonium perchlorate (TBAP) 
(Kodak) was recrystallized from absolute ethanol and dried at 50 OC 
under vacuum for 2 days. [ C O " ' ( C N ) ~ T N P C ( - ~ ) ] K ' * ~  was prepared 
by adding a 10-fold excess of KCN to a solution of Co"TNPc(-2) in 
DCM/CH,CN (2:l). 

Electronic spectra were recorded with a Hitachi Perkin-Elmer Mi- 
croprocessor Model 340 spectrometer or a Guided Wave Inc. Model 
100-20 optical waveguide spectrum analyzer with a WWlOO fiber optic 
probe. Electrochemical data were obtained with a Pine Model RDE 3 
double potentiostat, or a Princeton Applied Research (PARC) Model 173 
potentiostat, or a PARC Model 174A polarographic analyzer coupled to 
a PARC Model 175 universal programmer. Cyclic voltammetry and 
differential-pulse polarography were carried out under an atmosphere of 
nitrogen in a Vacuum Atmospheres Drilab by using a conventional 
three-electrode cell. A platinum disk described by the cross-sectional area 
of a 27-gauge wire (area ca. IO-' cm2), sealed in glass, was used as the 
working electrode in DCB solution, and a platinum wire was used in 
DMF solution. A platinum wire served as the counter electrode, and a 
silver wire was used as a quasi-reference electrode. Potentials were 
referenced internally to the ferrocenium/ferrocene (Fc+/Fc) couple 
(+0.16 V vs. SCE).41 All D M F  solutions were prepared within the 
drybox. The DCB solutions were prepared in air, degassed by repeated 
freeze-pump-thaw cycles, and then transferred to the drybox. 

Spectroelectrochemical measurements were made with an optically 
transparent thin-layer electrode cell, utilizing a gold minigrid (500 
lines/in.),42 in conjunction with the Hitachi Perkin-Elmer spectrometer 
or by using a bulk electrolysis cell, consisting of a platinum-plate working 
electrode, platinum-flag counter electrode, and silver-wire quasi-reference 
electrode (reference and counter electrodes were separated from the 
working compartment by medium glass frits). Spectra were recorded 
during bulk electrolysis by immersing the Guided Wave fiber optic probe 
in the solution, degassed with argon. 

Solutions for electrochemistry and spectroelectrochemistry contained 
0.1-0.3 M TBAP, as supporting electrolyte. 

Results and Discussion 
Electrochemistry in DCB Solution. Figure 2a shows a typical 

cyclic voltammogram of CoTNPc in DCB. The molecule un- 
dergoes two quasi-reversible one-electron reductions and three 
quasi-reversible one-electron oxidations within the limit of the 
solvent (i, = ic, i a u'/~). Half-wave potentials and peak sepa- 
rations at a scan rate (0) of 20 mV/s are given in Table I. 

(37) Myers, J. F.; Rayner-Canham, G. W.; Lever, A. B. P. Inorg. Chem. 
1975, 14, 461. 

(38) Metz, J.; Hanack, M. J .  Am. Chem. SOC. 1983, 105, 828. 
(39) Day, P.; Hill, H. A. 0.; Price, M. G. J .  Chem. SOC. A 1968, 90. 
(40) Stillman, M. J.; Thompson, A. J. J. Chem. Soc., Faraday Tram. 2 1974, 

70, 790. 
(41) Gagne, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980, 19, 

2854. Gritzner, G.; Kuta, J. Electrochim. Acta 1984, 29, 869. 
(42) Nevin, W. A.; Lever, A. B. P., to be submitted for publication. 
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Figure 2. Cyclic voltammetry of CoTNPc (a) in DCB solution (Pt-disk 
working electrode) and (b) in DMF solution (Pt-wire working electrode). 
Scan rate = 50 mV/s, [CoTNPc] = 1 X IO4 M, and [TBAP] = 0.3 M. 
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Figure 3. Differential-pulse polarograms of (a) CoTNPc and (b) 0- 
(l)[CoTrNPc], in DCB solution (0.3 M TBAP). Scan rate = 2 mV/s, 
[CoTNPc] = 1 X lo4 M, and [O(l)[CoTrNPc],] = ca. 5 X IO-> M. 

The binuclear [CoTrNPcI2 complexes show voltammetry very 
similar to that of the mononuclear species, although the waves 
are generally broader and weaker. However, well-defined peaks 
were obtained by differential-pulse polarography; Figure 3 com- 
pares the results for O(l)[CoTrNPc], with those of CoTNPc in 
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Wavelength /nm 

Figure 4. Electronic absorption spectra of Co"TNPc(-2) (-), EtMeO- 
(5)[Co"TrNPc(-2)I2 (--), and C(2)[Co1'TrNPc(-2)], (--) in DCB ([Pc] 
X path length = constant). 

DCB. Values of half-wave potentials measured for the binuclear 
complexes in DCB are given in Table I. Note that the potential 
of the second oxidation couple (11) is very sensitive to traces of 
anions that can coordinate to the cobalt atom. 

No splitting of the redox peaks was Seen for any of the binuclear 
complexes, such as has been observed for the Co(II)/Co(I) couple 
of a "clamshell" cobalt porphyrinI3 and the Co(II)/Co(I) and 
Co(III)/Co(II) couples of "face-to-face" cobalt  porphyrin^.'^,'^ 
This tplitting is attributed to interactions between the two cobalt 
atoms, which are held in close proximity by the ligand geometry, 
resulting in overlap of their dZz orbitals along the cobalt-cobalt 
axis. The size of the splitting is proportional to the magnitude 
of the interaction between the cobalt atoms. In the case of the 
binuclear phthalocyanines studied here, however, the two 
CoTrNPc units of each molecule oxidize or reduce 
"simultaneously", even fer those species known to exist in a closed 
"clamshell" conformation in solution. Either electronic coupling 
between the cobalt atoms is not sufficient to cause an observable 
splitting of the couples, or more likely, in a preliminary chemical 
step, the more coupled conformations rearrange to a less coupled 
conformation, prior to the electron transfer. The electronic 
coupling is sufficient to be observed as a perturbation of the 
electronic spectra of these cobalt species.34 

Note that for the "clamshell" p ~ r p h y r i n , ' ~  linkage occurs via 
bridges between two benzene rings of each porphyrin ring, thus 
giving a more rigid geometry than for the binuclear phthalo- 
cyanines reported here. The broadening of the redox waves of 
the binuclear compounds relative to CoTNPc may arise because 
of the mixture of isomers that is present, having slightly different 
redox potentials. 

For comparison, half-wave potentials for the metal-free mo- 
nonuclear complex, HzTNPc, in DCB solution are also given in 
Table I. Two quasi-reversible one-electron reductions and two 
quasi-reversible one-electron oxidations are observed, corre- 
sponding to the first and second reductions and oxidations, re- 
spectively, of the phthalocyanine ring. 
Spectroelectrochemistry in DCB Solution. Typical absorption 

spectra for Co"TNPc(-2) and the "closed" and "open" binuclear 
species EtMe0(5)[Co"TrNP~(-2)]~ and C(2) [CO"T~NPC(-~)]~,  
respectively, are shown in Figure 4. The binuclear species show 
an additional band centered at ca. 50 nm to the blue of the normal 
Q band as a result of interaction between the phthalocyanine rings 
through "exciton c o ~ p l i n g " . ~ ~ ~ ~ ~  Spectroscopic data for CoTNPc 
species are given in Table 11. 

Polarization of a solution of CoTNPc in DCB in the OTTLE 
a t  200 mV negative of the first reduction couple (IV) results in 
the spectroscopic changes shown in Figure 5 and a change of color 
from blue to yellow. Isosbestic points are observed at 325, 360, 
395, 557, and 692 nm. The spectrum is typical of a ColPc(-2) 
species,'7~'9~zo~39~4~43~~ characterized by the appearance of a strong 
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Figure 5. Development of the electronic absorption spectra with time 
during the reduction of Co"TNPc(-2) at -1.1 V vs Fc*/Fc in DCB (0.3 
M TBAP). [CoTNPc] = 1.2 X lo4 M. 

Figure 6. Electronic absorption spectra of electrochemically generated 
[Co'TNPc(-3)I2- (-) and 0(1)[Co'TrNP~(-3)]~~ (--) in DCB (0.3 M 
TBAP). [CoTNPc] = 9 X 
M. 

band at  475 nm, assigned as a metal-to-ligand charge transfer 
from ColPc(-2) [d(xz,yz)] - T*( 1 bIu) Pc(-2),4°v45346 and a red 
shift and decrease in intensity of the Q band. The reduced species 
is fully reversible to the starting material by oxidation positive 
of the first reduction couple. 

Polarization at 200 mV negative of the second reduction couple 
(V) results in a change from yellow to a pink solution, the spectrum 
of which is shown in Figure 6. The observed small red shift of 
the MLCT band and decrease in intensity of the Q band relative 
to that of the first oxidation product are similar to those obtained 
by Clack and YandleZo for the chemical formation of the species 
[CO'PC(-~)]~- in DMF and by Le Moigne and Even43 for a 
chemically reduced thin film of CoPc. In addition, a weak near-IR 
band occurs a t  955 nm. The appearance of a band in the region 
of 950 nm appears characteristic of the ligand-reduced species, 
as has been observed previously for a number of metallo- 
 phthalocyanine^.^^,^^ Reoxidation at a potential positive of couple 
(IV) generates the starting material with ca. 20% decrease in the 
Q band intensity (no decomposition products absorbing in the 
region of 300-1600 nm were observed). 

Oxidation of CoTNPc in DCB in the OTTLE at  200 mV 
positive of the first oxidation couple (111), results in a rapid 
decrease in the intensity of the Q band and the formation of a 
pale pink solution. The broad, low-intensity spectrum, shown in 

M, and [O(l)[CoTrNPc],] = 4 X 

~~ 

(43) Le Moigne, J.; Even, R. J .  Chem. Phys.  1985, 82, 6472. 
(44) Taube, R. Z. Chem. 1966, 6, 8. 
(45) Lever, A. B. P.; Licoccia, S.; Magnell, K.; Minor, P. C.; Ramaswamy, 

B. S. ACS Symp. Ser. 1982, No. 201, 237. 
(46) Minor, P. C.; Gouterman, M.; Lever, A. B. P. Inorg. Chem. 1985, 24, 

1894. 



574 Inorganic Chemistry, Vol. 26, No. 4, 1987 

h 
hl 

0 

vl m 
Q\ 

c? 
v 

m m m w c 1  ~ w v 1 ~  
o o ~ - m d  w b m r -  P - p ' w w i -  w w p ' w  

86 6 
m m  vl 

d W P-b w w  

hh m N  m e r -  
l - ? Y  -?': 
- - N  S L m m  
vvv c n a - v c n 3  

b d  m N 0 - m  w w w  m w w w w w  

hhh 

o m 2  o o w o o ~  

I I /  B 

& 
0 
% 

n 
0 I I I  d 

3- 

t 
r 

z . 
d 

0, 
Y 

W 

Nevin et al. 

A ( n m )  

Figure 7. Electronic spectra of electrochemically generated 
[Co"TNPc(-l)]+ (--), [CO"'TNPC(-~)]~+ (-), and [Co"'TNPc(O)]'+ 
(-) species in DCB (0.3 M TBAP). [CoTNPc] = 5 X lo4 M. 

Figure 7, is unlike those observed for cobalt(II1) phthalocyanine 
species349399@947,48 but is very similar in appearance to those reported 
for the ligand oxidations of  phthalocyanine^^^.^^^^^ to form the Pc 
cation radical species, [Pc(-l)]+. Since this redox couple is a 
one-electron process, it must correspond to the one-electron ox- 
idation of the phthalocyanine ring, to give the species 
[Co"TNPc(-l)]+. Similarly, a broadening and lowering of in- 
tensity of the bands in the visible region is typically observed for 
the ligand oxidation in metalloporphyrin~.~*~"-~~ The results are 
in agreement with those of Gavrilov et al.24, who reported the 
oxidation of Co tetra-4-tert-butylphthalocyanine in DCB. In 
contrast, the first oxidation of cobalt tetraphenylporphyrin (Co- 
TPP) in noncoordinating solvents has been shown to occur on the 
cobalt a t ~ m . ~ - ~  

Polarization of the OTTLE at  200 mV positive of the second 
oxidation couple (11) results in the formation of a red-brown 
solution, with a spectrum shown in Figure 7. The broad, three- 
banded spectrum is typical of those found previously for chemically 
oxidized CoPc in CHC1347 and as a thin film37 and is assigned 
to a [CO"'PC(-~)]~+ species. Thus, the second oxidation occurs 
on the metal to give [Co"'TNPc(-1)I2+. 

Polarization of the OTTLE positive of the third oxidation couple 
(I) gives a decrease in absorption intensity to a broad spectrum 
with bands centered at  430 and 630 nm, as shown in Figure 7. 
Rereduction of this solution negative of couple 111 formed the 
starting species with ca. 50% loss of the Q-band intensity; however, 
the spectrum was identical with the initial spectrum in shape, and 
no decomposition products absorbing in the 300-1600 nm region 
were observed. To our knowledge, no report has previously been 
made of a phthalocyanine third oxidation product. In view of the 
similarity of the potential to that of the second ligand oxidation 
of H2TNPc, and the fact that the electronic spectrum (Figure 7) 
is very different from the Pc(-1) species, it is likely that'this is 
also the second ligand oxidation, to give [CO"'TNPC(O)]~+ rather 
than [CO'"TNPC(-~)]~+. 

Electrochemistry in DMF Solution. Figure 2b shows a typical 
cyclic voltammogram for CoTNPc in DMF, with half-wave po- 
tentials and peak separations at  20 mV/s given in Table I. The 
reduction processes are very similar to those found in DCB so- 
lution, having two quasi-reversible one-electron couples separated 

(47) Homborg, H.; Kalz, W. 2. Naturforsch., B Anorg. Chem., Org. Chem. 
1984, 3 9 4  1490. 

(48) Kalz, W.; Homborg, H.; Kuppers, H.; Kennedy, B. J.; Murray, K. S.  
Z .  Naturforsch., E :  Anorg. Chem., Org. Chem. 1984, 398, 1478. 

(49) Nyokong, T.; Gasyna, Z.; Stillman, M. J. Inorg. Chim. Acta 1986, 112, 
11.  

(50) Fuhrhop, J.-H.; Wasser, P.; Riesner, D.; Mauzerall, D. J .  Am. Chem. 
Soc. 1972, 94, 7996. 

(51) Dolphin, D.; Felton, R. H. Acc. Chem. Res. 1974, 7, 26. 
(52) Fuhrhop, J.-H.; Struct. Bonding (Berlin) 1974, 18, 1. 



Mononuclear and Binuclear Cobalt Phthalocyanines Inorganic Chemistry, Vol. 26, No. 4,  1987 515 

/ / /C  
/ / /C 
h ( 10.1 pA @A / / /a 

V 
/ / /a 

0.2 0 0.2 
t---t--t 

v I /a 

E ,  V v s  F&c 

I I I I 

0.6 0.4 0.2 0 02 

Figure 8. Cyclic voltammetry of CoTNPc in DMF (0.3 M TBAP) at 
various scan rates and switching potentials: (a) Co(III)/Co(II) couple 
at 2, 5 ,  10, and 20 mV/s; (b) Pc(-l)/Pc(-2) and Co(III)/Co(II) couples 
at 2, 5 ,  10, and 20 mV/s; (c) Pc(-l)/Pc(-2) and Co(III)/Co(II) couples 
at 20, 50, and 100 mV/s. [CoTNPc] = 1 X lo4 M. 

by ca. 1.1 5 V; however, marked changes are seen for the oxidation 
processes. The reversibility of the first oxidation wave (111) is 
strongly dependent both upon scan rate and the upper positive 
limit of the voltage sweep. If the voltage sweep is reversed at  a 
potential negative of the second oxidation couple (11), a broad 
flat irreversible return wave is obtained at  slow sweep rates, which 
increases in magnitude with increasing sweep rate, as shown in 
Figure 8a. 

Sweeping the potential positive of the second oxidation potential 
results in an increase in the return wave for a given sweep rate, 
although at  very slow scan rates (2 mV/s) the return wave is still 
irreversible (Figure 8b). The second oxidation exhibits two anodic 
and two cathodic waves, as shown in Figure 8b. At high sweep 
rates (Figure 8c) (100 mV/s), the more positive wave is dominant, 
with only a shoulder occurring at  ca. +0.3 V and a single return 
wave. As the sweep rate is decreased, the contribution from the 
more negative couple increases, so that the return wave splits into 
two peaks. Before the significance of these data is discussed, it 
is useful to review the spectroelectrochemical data. 

Spectroelectrochemistry in DMF. Controlled-potential elec- 
trolysis in the OTTLE of a solution of CoTNPc in D M F  at  200 
mV positive of the first oxidation couple (111) results in the 
spectroscopic changes shown in Figure 9 and the formation of a 
blue-green solution. This spectrum, characterized by a red shift, 
increase in intensity and sharpening of the Q band, and a red shift 
of the Soret band relative to the starting spectrum, is similar to 
those observed for the Co"'Pc species, [CO~~'(X),PC(-~)]- (X = 
OH, F, C1, or Br),47 [CO"'(OH),TNPC(-~)]-,~~ [Co"'(CN),Pc- 
(-2)]-,39,43a and [CO~~' (CN)~TNPC(-~)] -  (this work). Thus, in 
DMF solution, the first oxidation (111) indeed occurs on the cobalt 
rather than on the phthalocyanine ring. 

Polarization in the OTTLE at  potentials positive of oxidation 
couple I1 resulted in a fairly rapid loss of the phthalocyanine 
absorption. However, the spectrum of the oxidized species was 
obtained by using the bulk cell/Guided Wave spectrometer ar- 
rangement. The spectrum was very similar to that of the second 
oxidation in DCB (see Table 11), albeit with the bands red shifted 
by $0-90 nm with respect to those of the DCB solution. Thus 
couples I11 and I1 in D M F  correspond to the formation of 
[ CO"~TNPC(-~)]+ and [ Co"'TNPc(-l)] *+, respectively. 

The binuclear cobalt phthalocyanines gave spectroelectro- 
chemistry essentially similar to that of CoTNPc. The spectra of 
the redox products were those expected for complete oxidation 
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Figure 9. Development of the electronic absorption spectra with time 
during the oxidation of Co"TNPc(-2) at +0.2 V vs. Fc+/Fc in DMF (0.3 
M TBAP). [CoTNPc] = 2.3 X lo4 M. 

Table 111. Cathodic to Anodic Peak Ratios for CoTNPc Redox 
Couple I11 in DMF Solution at Various Scan Rates" 
scan rate, mV/s [TBAP], M iJiS [TBAP], M iJia 

10 0.3 0.78 
20 0.1 0.76 0.3 0.8 1 
50 0.1 0.77 0.3 0.83 

100 0.1 0.82 0.3 0.86 
200 0.1 0.87 
500 0.1 1 .oo 

"[CoTNPc] = 1 X lo4 M. The positive switching potential lies 
between couples I1 and 111. 

or reduction of the two CoTrNPc units at each redox couple, with 
no evidence for the formation of any mixed-valence states. As 
an example, the spectrum of the second reduction product of 
O(l)[CoTrNPc], is shown also in Figure 6 .  Of note, the ab- 
sorption of the ligand-reduced species was rather more broad in 
the binuclear complexes, probably as a consequence of coupling.34 

Discussion of Electrochemical Behavior in DMF. The bulk 
solute in DMF is expected to be the five-coordinate (DMF)- 
Cor1TNPc(-2) based upon earlier studies, which show the prev- 
alence of five-coordinate Co"Pc speciess3 

Since the axial site is expected to be labile, there will be other 
species in equilibrium. The most important are likely to be 

(DMF)Co"Pc(-2) F= (DMF)~CO"TNPC(-~)  
A B 

[ (DMF)(C~O~)CO"TNPC(-~)]- (1) 
C 

One may readily predict that species C will oxidize at  the least 
positive potential.I8 Thus in Figure 8 the anodic wave IIIa cor- 
responds to oxidation of species C, formed very rapidly a t  the 
electrode in a C E  reaction. Given that the C104-:Co"TNPc ratio 
is so large and that there is an axial site vacant on the phthalo- 
cyanine, the rate of perchlorate ion incorporation is probably 
diffusion-controlled. 

When the switching potential lies between couples I1 and 111, 
the cathodic wave corresponding to wave IIIa diminishes in current 
quite dramatically with slower scan rate and the ratio ic/ia is 
considerably less than unity (Table 111). At higher scan rates, 
this ratio equals,unity. Thus the couple is irreversible at very slow 
scan rates. These ratios are subject to some uncertainty, given 
the close proximity of the next redox couple, so that calculation 
of rate constants therefrom would be unreliable. We note that, 
a t  a given scan rate, the i c / ia  ratio increases with increasing 
perchlorate ion concentration, supporting the view that species 

(53) Cariati, F.; Galizzioli, D.; Morazzoni, F.; Busetto, C. J .  Chem. Soc., 
Dalton Trans. 1975, 556. Cariati, F.; Morazzoni, F.; Busetto, C. J .  
Chem. Sor., Dalton Trans. 1976, 496. 
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C is involved as proposed. The product on the electrode after 
oxidation is the six-coordinate [(DMF)(C104)Co1"TNPc(-2)]. 
This will participate in equilibrium 2, in which either the D M F  

C104- + [(DMF)Co"IPc(-2)]+ 
(2) 

or perchlorato group is lost to form a five-coordinate species that 
is much more readily reducible to Co(I1) than is the six-coordinate 
species and thus has a redox potential positive of couple 111. 
Although this five-coordinate Co(II1) species is likely to be formed 
in only minute amounts, the equilibrium should be sufficiently 
facile that, during the time of the cathodic sweep positive of couple 
111, some of the Co(II1) species on the electrode would be reduced 
and therefore not contribute current to cathodic wave IIIc. Clearly 
the slower the sweep, the greater the loss in cathodic current in 
wave IIIc. Previous studiess4 show that although axial substitution 
of six-coordinate Co(II1) species is usually very slow indeed, axial 
sites on Co(II1) macrocycles are more labile. 

Beyond wave IIIa, the next process is oxidation to [(DMF)- 
(C104)Co111TNPc(-l)]+ reasonably associated with the major 
oxidation peak IIa. Although in the spectroelectrochemical ex- 
periment this species is unstable, it is evidently sufficiently stable 
in the much shorter time frame of the cyclic voltammetry ex- 
periment. There are two clearly identifiable cathodic peaks whose 
relative intensity changes with scan rate (Figure 8b). With in- 
creasing scan rate the more positive wave (IIc) grows at  the 
expense of the less positive wave (II'c), and vice versa a t  slower 
scan rates. Moreover with increasing perchlorate ion concentration 
(0.1-0.3 M), the less positive wave grows slightly, at the expense 
of the more positive wave. The mast positive reduction wave, wave 
IIc, must correspond with the reduction of [(DMF)(ClO,)- 
CO~~*TNPC(-I)]+. Wave II'c must involve additional perchlorate 
ion and is reasonably associated with reduction of 
[(C104),Co111TNPc(-l)] formed by a slow substitution of D M F  
by perchlorate ion in [(DMF)(ClO4)Co"'TNPc(-l)]+. 

On the anodic component of couple 11, there is a very weak 
lower potential shoulder, which is more evident at slow scan rates 
(Figure 8b) and is marginally enhanced by increasing perchlorate 
ion concentration. This is likely to be the anodic partner to peak 
II'c formed by very slow substitution of D M F  by perchlorate ion 
in [ (DMF)(CIO,)CO~~'TNP~(-~)] formed on the electrode surface. 
The redox couple for the bis(perch1orato) species (couple 11') lies 
a t  a (slightly) lower potential than for the mono(perch1orato) 
species, as would be anticipated because of the extra charge 
disposed onto the cobalt ion.18 

When the switching potential is positive of couple 11, the 
cathodic return wave for couple 111 is not diminished except at 
exceptionally slow scan rates, the iJia ratio remaining unity. 
Assuming that the above mechanism for irreversibility is correct, 
it follows that the species now on the electrode must be different 
from the previous switching situation and must dissociate a ligand 
rather more slowly. Indeed, a t  the slow scan rates necessary to 
observe this phenomenon, the species on the electrode when 
switched beyond couple I1 will be [ (C104)2C0111TNPc(-2)]; which 
must then have a slower dissociation rate. This bis(perch1orato) 
species would be expected to have a somewhat less positive re- 
duction potential than the [(DMF)(C104)Co'11TNPc(-2)]~species, 
yet this appears experimentally not to be the case. Possibly the 
difference is too small to be evident. 

Previously, Kelly and Kadish'* had shown that (DMF)(Cl)- 
Cr"'TPP and [(DMF)2Crr11TPP]+ both reduce at the same po- 
tential, in DMF, and explain this by assuming that a C E  reaction 
occurs, with chloride being replaced by DMF at  the electrode in 
a reaction driven by the applied potential. This is the same 
argument being used here to infer which cobalt species is active 
at  each couple. 

Thus, in summary, the species involved in the region of couples 
I1 and I11 are (vs. Fc+/Fc) as follows: [(DMF)(ClO,)- 

[ (DMF) ( CIOJCO"'PC(-~) 1' D M F  + [ (C~O~)CO"'PC(-~)]  

Nevin et  al. 

(54) Fleischer, E. B.; Jacobs, S.; Mestichelli, L. J .  Am. Chem. SOC. 1968, 
90, 2527. 
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Figure 10. Summary of the electrochemistry of H2TNPc and CoTNPc 
and comparison with that of H2TPP and CoTPP. 

CO"'TNPC(-~)/(DMF)(C~O~)CO'~TNPC(-~)-], El 2 = -0.02 V; 

E1,Z f 0.3 8 Y; [ (C104) 2Co"'TNPc(-l) / ( C~O~)~CO"'TNPC(- 
[ (DM F) ( C~O~)CO"'TNPC( -l)+/ (DMF) ( ClO4)Co1 f 'TNPc(-2)], 

2)-], E I l 2  = +0.30 V. The overall redox behavior is shown in 
Scheme I. 

Rationalization with the Literature. There are scattered reports 
of the spectra of phthalocyanine anion and cation radical species 
in the literature, as referenced above, but this is the first study 
where the spectra of one species have been followed through seven 
oxidation states. Cation radical spectra have only rarely been 
reported in the solution state. 

It is tempting to try to assign the spectra of the various oxidation 
species reported here and compare the data with those for related 
materials in the literature. Indeed we have previously predicted 
the type of spectra to be anticipated for metallophthalocyanines 
in various oxidation states;& however, in the absence of supporting 
data such as MCD,49 it would be foolhardy to try to assign, in 
any detail, the rather broad and overlapping bands commonly 
observed for these various species (e.g. Figure 7).  

Phthalocyanine cation radical Pc(-1) spectra are now known 
for a range of central substituents including Co(II), Co(III), 
Ru(II), Rh(III), Fe(III), Cr(III), Zn(II), Si(IV), H2, Mg(II), 
and Cu(II).21~22~37~46~47~4g~55~56 These all appear to show medium- 
intensity bands near 700-800 nm and near 500 nm. The former 
is assigned as a transition from a lower lying eg .rr level into the 
hole in the H O M O  .rr leve1.46.49~55 Charge-transfer spectra from 
metal d levels to the hole in the HOMO level can be anticipated 
but have not been identified.49 

The voltammetry of H2TNPc and CoTNPc is summarized and 
compared with that of H2TPP8,9.11,15,'6,57-59 and CoTPP3-8,15J6~5s 
in the form of a redox potential state diagram in Figure 10. 

(55) Nyokong, T.; Gasyna, Z.; Stillman, M. J., private communication. 
(56) Homborg, H. Z .  Anorg. Allg. Chem. 1983, 507, 35. 
(57) Kadish, K. M.; Thompson, L. K.; Beroiz, D.; Bottomley, L. A. ACS 

Symp. Ser. 1977, 38, 51. 
(58) Wolberg, A. Zsr. J .  Chem. 1974, 12, 1031. 
(59) Lexa, D.; Reix, M. J .  Chim. Phys. 1974, 71, 511. 
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Complexation with cobalt(I1) causes a negative shift in the po- 
tential of the first ligand reduction by ca. 500 mV in noncoor- 
dinating solvents for both TNPc and TPP (Figure lo), as a result 
of the insertion of the cobalt d orbitals between the HOMO and 
LUMO orbitals of the ring. The potential of the first ligand 
oxidation also shifts negatively, but to a lesser extent, resulting 
in a net increase in separation between the first oxidation and 
reduction couples (E(L+/L) - E(L/L-) = 2.1 and 2.9 V for 
CoTNPc and CoTPP, respectively) .3-5,7*8958 Notably, the L/L-, 
Co(II)/Co(I), and Co(III)/(II) couples of CoTNPc and CoTPP 
lie a t  similar potentials in noncoordinating solvents (Figure 10). 
For both compounds, the Co(II)/Co(I) couple lies positive of the 
first ligand reduction, so that the cobalt is reduced first. However, 
differences are seen in the oxidation processes. For CoTNPc, the 
separation between the HOMO and LUMO orbitals of the ring 
is small enough to leave the L+/L couple negative of the Co- 
(III)/Co(II) couple, so that oxidation occurs at the ring first. For 
CoTPP, however, the larger separation of the HOMO and LUMO 
orbitals results in the L+/L couple lying positive of the Co- 
(III)/Co(II) couple, even in noncoordinating solvents. The relative 
positions of the cobalt d orbitals and TNPc HOMO also results 
in a large increase in separation of the first and second ligand 
oxidations compared with the metal-free complex, while for 
porphyrins a small decrease in separation of the couples is 

In DMF, the Co(III)/Co(II) couple of CoTNPc shifts nega- 
tively by ca. 600 mV, as a result of the stabilization of the Co(II1) 
species in the presence of the axially coordinating solvent, while 
the L+/L couple shifts positively by 300 mV, as a consequence 
of the presence of the highly polarizing central ion ( C O ( I I I ) ) . ~ ~  
Thus, the first oxidation now occurs at the cobalt atom. Similarly, 
the Co(III)/Co(II) couple shifts negatively by almost 800 mV 
for CoTPP on going from DCM to DMF solution! The potential 
of the Co(II)/Co(I) couple remains approximately constant, as 
expected for the four-coordinate Co(1) species. 

Data for the binuclear species are somewhat disappointing given 
that they differ little from the mononuclear analogue. The bi- 
nuclear species are significantly, but not dramatically, more ef- 
ficient for oxygen reduction26 than the mononuclear control. More 
tightly coupled binuclear phthalocyanines are currently under 
investigation. 
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