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I. OBJECTIVES AND SUMMARY OF REPORT 

The overall objective of this research is the development of 

high activity stable catalysts for 0 2 reduction in acid 

electrolytes using transition-metal macrocycles and related 

complexes. The research approach involves the understanding of 

the mechanism and kinetics of o2 reduction on these macrocycles 

in relation to their structure and the use of this information to 

arrive at optimum catalyst systems. 

The research during the second year has continued to involve 

(1) the fundamental aspects of the macrocycles adsorptively 

attached to the electrode surfaces and in solution, and (2) the 

thermally treated macrocycles whose structures have been degraded 

but nonetheless exhibit high catalytic activity in acid and 

alkaline electrolytes and long-term stability. In the 

fundamental studies, much emphasis bas been placed on the further 

purification and characterization of the iron- and cobalt

porphyrins and pbtbalocyanines including the tetrasulfonated 

pbtbalocyanines during this period. 

Many of the transition-metal macrocycles adsorptively 

attached to electrode surfaces catalyze the o2 reduction via the 

peroxide pathway, while a few [e.g., bimetal systems and iron 

tetrasulfonated pbthalocyanine (Fe-TsPc)] catalyze the direct 

4-electron reduction process. Further research has been carried 

out on the comparison of the properties of the Co-, Fe-, and H2-

TsPc complexes adsorbed on electrode surfaces and these species 

in the solution phase. A number of additional macrocycles in 
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monolayers and bulk forms have been examined on carbon, silver 

and other substrates and, where soluble, also in aqueous and non

aqueous solutions using electrochemical, as well as other 

complementary techniques (Mossbauer, UV-visible, infrared, Raman 

and electron spin resonance). Considerable progress has also 

been made during the past year using i~ ~i~~ Mossbauer 

spectroscopy to investigate Fe-phthalocyanines and porphyrins 

adsorbed on carbons and in gas-diffusion electrodes. The in situ 

Mossbauer data for the FePc adsorbed on carbon provide much 

insight into the redox processes occurring at the metal center 

and the modifications in the axial ligand interactions attending 

oxidation state changes. 

To understand better the factors controlling the interaction 

of various axial-ligands (e.g., 0 2 , H2 0, OH-, o=) with the 

transition metal in macrocycles, molecular orbital calculations 

have been carried out using a modified version of the extended 

Huckel molecular orbital method developed by A. Anderson and R. 

Hoffman (the atom superposition and electron delocalized 

molecular orbital method, 'ASED'). These calculations have 

provided important insight into the effects of various ligands in 

the fifth axial position on coordination with o2 and other 

species in the sixth position and also the effects of 

substitution on the macrocycle ligand on axial coordination. 

Efforts are in progress to apply ESR techniques to the in situ 

study of these macrocycles as well. 

An important development has been the finding at Case and 

elsewhere that some of the heat treated macrocycles such as the 

cobalt-tetramethoxy phenyl porphyrin (Co-TMPP) show long-term 
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stability, as well as high catalytic activity in alkaline 

electrolytes. This has prompted an effort to establish to what 

extent heat treatment may be effective for preparing such 

catalysts for acid electrolytes. The ~-oxo-iron(lll)meso-tetra

p-methoxy phenyl porphyrin (Fe-TMPP) 2 o, heat treated at 850°C, 

has quite high activity 

100°C, comparable to 

platinum (Prototech). 

in concentrated phosphoric acid (85%) at 

or even better than highly dispersed 

Substantial effort has been directed to 

the study of the effects of heat treatment both on the structure 

of the complex and the kinetics and mechanistic aspects of the o2 

reduction on these catalysts during the past year. The 

measurements have included voltammetry, rotating-disk electrode, 

o2 reduction polarization measurements with gas-diffusion o2 

cathodes and Mossbauer spectroscopy. Experimental work with 

mass-spectrometry, thermo-gravimetry and differential thermal 

analysis is in progress to investigate the structural changes and 

species released during the heat treatment of the 

macrocycle/carbon samples. 

Some of the carbons with relatively low surface area appear 

to be very effective· as support for the thermally treated macro

cycles in terms of relatively high electrocatalytic activity in 

acid, as well as alkaline media. Efforts are in progress to esta

blish what factors, relating to the carbon, influence the acti

vity of the heat treated macrocycles, including their stability. 

In collaboration with Dr. Phil Ross, extended X-ray 

absorption fine structure (EXAFS) studies on the interaction of 

transition metal macrocycles with high area carbons are in 
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progress at Stanford Synchrotron Research Laboratory. These 

studies are also being extended to characterize the same 

catalysts after thermal treatment. 

II. INTRODUCTION 

The need exists for more active long-life electrocatalysts 

of reasonable cost for o2 cathodes in acid fuel cells. A 

promising class of catalysts for such is the transition metal 

macrocycles. Some of these complexes(!), including bimetal 

complexes(2), have been found to catalyze the overall 4-electron 

reduction of o2 to water by a pathway not involving solution 

phase peroxide. While a number of the transition metal complexes 

are reasonably stable as solids and adsorbed layers in contact 

with aqueous solutions at near neutral pH (e.g., 8), long-term 

stability is a problem in concentrated acid, as well as alkaline 

electrolytes. Sources of instability are under study and include 

demetallization, irreversible oxidation of the macrocyclic ligand 

and slow loss of the adsorbed complex into the solution. 

Several groups(3), including the Case group< 4 >, have 

reported considerable gains in stability without loss of 

catalytic activity upon heat treatment of these compounds 

preadsorbed on high area carbons. This thermal treatment is 

usually performed at temperatures ranging from 450°C to 900°C in 

an inert atmosphere such as N2 • Even at 450°C a substantial 

degradation of the macrocycle appears with these species as 

monolayer& or aggregates on high area carbon surfaces. 
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III. FUNDAMENTAL· STUDIES OF- TRANSITION METAL MACROCYCLES 

A. Molecular Orbita1 Calculations ..Q..!l Transition 

\, Metal Maer~cy~les 

In order to have a bet. t e r understanding of· the iron 

ph t h a 1 o cyan i ne. (Fe P c) and iron tetra a z o p or ph y r in (Fe T·A P) m o 1 e.:. 
ctiles ~nd their interaction with vario~s axi~l ligands, molecular 

o r. b i t a 1 c a 1 c u 1 a t i o n s h a v e . b e e n c a r r i e ·d o u t a t C a s e • This work 

makes use of a modified ~eision of the"e~tende~ Ruckel theory, 

the atom s~perpositi~n an~.~le~~ron deld~~~iz~tion mole~ular 

orbital method (ASED) developed by'A •.. Anderson and B.. Boffman<s>. 

The results ··of such study are given· below. 
. . 

1. Electronic Spectra and Met.al-Ring Interaction 

To iD.v;esti.gate the metal interaction' with. th·e ring, simple 
. : ' 

Ruckel MO calc-~latioilB were done by Kubarev' in 1968(6). Limited 

extended Hu~kel cal6ulatlons were carried out l~ter by Mathur ~~d 

S i n. g h ( 7) , b u t , a s Go u t e r m a n h a s s tat e d , t h e i r u n :i e a s o n'ab 1 e 

resuits'·suggested some type of er'ror(S). Henrikss<:ln, Ross-and 

Surid~o~(9) treated the CuPc ~ith a method that take~ ~i~l(cit 

account of the two-electron interaction. Shortly thereafter, 

Sliaf~r, Go~teiman and fiavidson(8) rep~rted the first c~lculation 

t h a t inc 1 u de d a 11 v a 1 e n c e e f e'c t r 0 n s ; t h e t w 0- e 1 e c t r 0 n i n t e r-

action, however was not explicitly incl~ded. In this latter 

paper, the similarities and differences between phthalocyanines 

and porphyrins were analyzed. Among the important results, only 

a few will be mentioned, namely, the smaller ring size and con-

sequently the smaller metal-nitr~gen distanee gives rise to a 
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larger ligand fie d 
. ' '-;. 

in .Phthalocyanine _compared with porphyrins. 
. -~ ' ::~ . 

As a consequence, the is strongly 

destabilized _and the energy_ ~e,"fel is shifted to positiv_e values • 
. -' ~": 

Unfortunately, the p~per was _mainly fo.cused dn~:the electronic 
., .. ~-. . 

spectra and on the phthalocy~~ine~porphy~in differences with ... 

littl~ referenc~e to molecular orbital analysis.· Figure 1 shows 
. - .i· ~ ... v · :··_. \.. '"" -~ 

the energy levels reported f~r some of the metal macrocycles 
·. '~t '·' ". -~, ·. . . :, _;, n 

considered in the calculations. · 
·-I • 

Molecular orbital 
':•. 

out in this -labora-
~~-:i · .. J-· -~ ' ? • . 

t or y u.s i n g 8: m o d if i e d v e r s ion . of t.h e ·~-xi e h de d H u c k e 1 the or y w e r e 
:· •• t <. . -,. ·:r, ~- ·-~ J ~.~! :~; 

performed to study the effect of different perturbations. on the 
. .'' :1' 

ring and the metal center of the ·FePc. The ~oordinates were 

taken from a recent crystali'ographic studylO. Figure 2 shows 
·::. r... ._;- ~-! · :. ·. ~ ·1 • _; -••. ; ; ·,_- ~-... • 

t h e e n e r g y 1 e v e 1 s . ~b t:' arne d .. i ri :'·t h ~-. c a'l c u 1 at i 0 n J w h e r e . t he 

principal 1T- - .... 1T * ' -
transitions, namely, Q, B, N, L, c, are 

,:_; ,_·.t'·· 

indicated for clarity at the right side 'of the _figure • 
. ' :." :: '1' 

' .. ·. ,~ . .. /., ; . : ; i 

Transitions from the HOMO of ~he ring ·[alu~1T)1 and the next l.ow-

1 yin g f i 11 e d orbit a 1 [ a 2u ( 1T) 1 to t'h e L U M 0 of the ring [ e g ( 1T *) 1 
.. •, -.- .;':'~ 

are responsible for the absorption labefled a~ the Q(750-600 nm) 

and Soret (448-320 nm) band. 

Table I compares the adsorption energy for FePc calculated 

in this work with Gouterman's calculation (see Figs. 1 and 2). 

-.f. 

-~ ;, -· 

·' 
,· 

: ·•.' 
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Fig. 1. 
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LIGAND 

' . 
' ' ""'-·---

t -9.5 
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-10.5 

-11.5 

. 
' "------

METAL 

---• ----- b2Qicr.,J 
--------- o19 Ccr,z) 
-----·---e8 (cr.) 

- • .... ____ --b28 Ccr.,) 

Energy levels taken from Gouterman's calculations (8). 
At the left side of the figure the MO's mostly ligand 
in character are shown. 

FePc 

Fe TAP 

= Iron Phthalocyanine 

= Iron Tetraazo Porphyrine with Fe-N distance 
0 

2.05 A. 
0 

FeTAP* =Iron Tetraazo Porphyrine with Fe-N distance= 1.95 A. 
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Energy level diagrfm for,the FePc molecule obtairied 
in this calculation. At ihe tight sid~ 6£ the figure, 
the assigned n-n* transitions responsible for the UV
visible spectra are shown. 
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TABLE I. AdsQrptiQn Energies for Q and ~ Bands of Gouterman's 

Calculations Compared with This Work 

Q(O.O) 

B(O.O) 

Gouterman ~ al. (B) 

738 nm 

536 nm 

This Work 

744 nm 

422 nm 

This work seems to better fit the B band which is at higher 

energy than the previous calculation. This should not be 

surprising, since, as said earlier, the calculation was performed 

using a modified version of the extended Ruckel calculation with 

a set of coordinates that were only recently obtained. 

Gouterman ~ al. work(8), the Fe-N distance was 1.99 A, or 
0 

0 

0.07 A 

larger than the 1.92 A reported in 1977 and used in our study. 

The vapor-phase absorption spectra of FePc (A) and CoPe (B) 

are shown in Figure 3. The shoulder of the Q band (arrow) is 

assigned to a vibronic overtone caused by a dimer or further 

aggregates(!!). 

A ·B 

Fig. 3. Vapor-phase absorption spectra of CoPe (B) and FePc (A) 
taken from L. Edwards and M. Gouterman. (11) Some of the 
absorption bands, specially some seen in FePc, are not 
yet clarified. 
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The energy levels (ordering of the metal orbitals) follow 

agree with Gouterman's calculation • 
. · .... ' 

howe9~~~ which was not explained in detail in the previous work 

(see Fig. 1) was not obtained in our case (see Fig. 2). The 

energy levels obtained by R. Taube(l 2 ,l3) are given for com

parison in Figure 4, where the a 1 u(1T) and b 2 g<dxy> ·Mo' seem to be 

at the wrong energy. In this regard, it is important to analyze 

from where and which particular interaction these molecular 

orbitals, mainly of d-metal character, come. 

A simplified picture of the metal ligand interaction is 

shown in Figure 5, where bonding and antibonding overlap 

irtteractions are obtained. The dashed areas indicat~ filled 

orbitals with predominately ligand· (Pc) character. At energies 

closer to the ferrous ion a semi-occupied area is indicated. At 

these energies are located the metal orbitals which are the 

antibonding counterpart of the FePc bonding interactions. Hence, 

it is important to stress that the molecular orbitals with mostly 

d-character mix in an antibonding fashion with the ring MO's of 

appropriate symm~try. Thus, it is not unexpected to find the 

b 1g<dx2-y2) orbital highly destabilized. As shown in Figure 6, 

this orbital point~ towards the appropriate p orbitals of the 

inner nitrogen& and mixe~ in an antibonding overlap, causing a 

s t r o n g r e p u 1 s i on and de s t a b i 1 i z a t i on .• It is important to note 

that this orbital, located at -5.29 eV, is empty, thus allowing a 

stable FePc molecule. 

10 
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Fig. 4. 

~= CLhE 
4e., tt,., 
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4 OIIJ 
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+2 Pe-"' .........-::: II ...... -~ 
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Ill c,, 20" 'Dtu 
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1~ -e, 

-l ~:~ ~~~ 
)),. lo,, 

1Clu' ~-CT 
1e9-

r~~-Ia .III" 

-3 1t"-,.,,,_ 
10"" 

MO energy levels taken from R. Taube's (12) calcula
tion. At the left and right side of the figure, the 
metal and ligand orbital are indicated. At the middle 
section, the FePc MO's are indicated. 
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Fig. 5. 

p 

d 
t+-+t--tt---

FE2
+ 

Simplified FePc MO diagram based on the present 
calculations. At the left and right side of the 
diagram the metal and ligand energy levels are 
shown. The dashed area indicates doubly occupied 
MO's. At the center of the diagram the semioccupied 
MO's, mostly metal in character, are shown. 
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Fig. 6. 

y 

X 

Antibonding interaction between the metal orbital, 
b 1 (d 2 .2) with the indole nitrogens. 

g X -y 
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The percentages of metal character for the different metal 

orbitals are given in Table II. The high metal character 

calculated for b 1 g<dx2-y2) results from the large destabilization 

observed. 

TABLE I I. Percent of Metal Character ·of d-Orbitals in FePc 

a 1 g(dz2) 94% 

eg(d ) 68% 

b2g<xy) 94% 

b 1 g<dx2-y2) 96% 

Lower in energy comes the b 2 g(dxy> MO, which has 94% metal 

character. As a first guess, one would expect a non-bonding 

b 2 g(dxy) MO; it is pointing towards the bridge nitrogens which 
0 

are far apart from the metal center (3.4 A). The w-antibonding 

interaction with the indole nitrogens at the plane of the 

molecule, however, is responsible for the slight destabilization 

observed. From Figure 7, the 71"- in-plane anti bonding interact ion 

is clearly seen. 

As should be expected, the a 1 g(dz2) MO with no axial pertur

bation is only slightly destabilized due to the antibonding 

interaction at the plane of the molecule with the four nearby 

indole nitrogens. This MO has 95% d character and, as was 

pointed out by Gouterman, is mainly sensitive to an axial inter-

action. Like the dx2-y2 which is strongly destabilized by 

ligands at the x, y axes, the dz2 should be destabilized by 

14 



Fig. 7. 

y 

Antibonding interaction at the plane of the molecule 
between the metal orbital, b (d ) with the indole 2g xy ' 
nitrogens. 
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ligands in the z or axial position. In this regard, it may be 

possible that in FePc bulk solid, the a 1g(dz2) orbital lies above 

In the solid state <a modification), each iron 
0 

center is facing a nitrogen atom at 3.4 A in the axial position. 

Even though this is a large Fe-N distance, it may be possible 

that the interaction is large enough to cause a small destabili-

zation which would shift the dz2 above the dxy orbital. In fact, 

as was pointed out by Gouterman(8), EPR studies on CoPe show one 

unpaired electron in a dz2 orbital. 

In the next section, the important d(w) interaction with the 

ring is thoroughly discussed. As is clear from Table II, the 

metal character of these degenerate pair of orbitals is only 68%, 

suggesting a strong mixing with the ring, mainly with the Pz 

orbitals of the indole nitrogens. 

Periphery Qf the Molecules 

A molecular orbital analysis of iron tetraazaporphyrin 

(FeTAP) can provide considerable insight into the electronic 

structure of iron phthalocyanine (FePc) as the atomic and 

geometric environment surrounding the metal center in both 

compounds are similar (see Fig. 8). The 18 n-electrons in the 

aromatic structure (see dashed lines in Fig. 8), as will be shown 

below, govern the electronic charge density on the metal center 

and consequently the ability of this and other related species to 

activate dioxygen. In the following section, the n-interaction 

between the metal center (dxz' dyz) with the ring ligand is 

presented. The discussion of the other remaining d-orbitals was 

16 
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Fig. 3. Tetraazaporphyrin (TAP). Dashed lines indicate the 
aromatic structure of the macrocycle. 

already done in the earlier section. The inteaction of the 

lowest unoccupied molecular orbital (LUMO) from the TAP- 2 frag-

ment with the metals dxz' dyz orbital, as well as the interaction 

of the latter with one low energy(~ 13 eV) and one high energy 

(~ 6 e V) r i n g m o 1 e c u 1 a r or b i t a 1 s w it h the a p p r o p r i ate symmetry 

are shown in Figure 9. The FeTAP orbital denoted as xz, yz in 

this figure has a slightly non-bonding or antibonding character 

due to the mixing of the iron orbitals with the low-lying ring 

MO, while the antibonding counterpart at "'9.8 eV is stabilized 

by a mixing of the former with the high-lying ~* orbitals of the 

ring. As a result, a small gap of less than 1 eV between the 

bonding and antibonding orbitals is generated, and thus the 

possibility of occupation of the antibonding orbital (electron 

transfer) can become greatly enhanced. This small splitting 

indicates that the interaction between the iron xy, yz and the 

ring orbitals is by no means weak. Actually, the back-bonding 1s 

so important that it decreases the metal character of the d(~) MO 

located at "'-10.5 eV. 

17 
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' ,_ 
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a: 
w 
z 
w 

FETAP 

Fig. 9. ~-bonding of Fe 2+ to tetraazaporphyrin dianion. Only 
the orbitals of the metal (xz, yz) involved in back
bonding to the ring LUMO are shown. The w-w* mixing 
at~ -10.5 eV brings about a non-bonding or slightly 
antibonding MO. 
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Furthermore, the bonding interaction at "' -13 eV mixes with 

the ring LUMO, bringing about a MO with metal and ring eg(w*) 

character. 

Based on the former observations, a way of increasing the 

electronic charge density on the metal and thus attaining an 

optimized configuration for dioxygen activation, would be to 

increase the energy gap between the dXZ' dyz(dn) orbitals and the 

LUMO, destabilizing the latter. This would generate a bonding 

interaction which would lead to an orbital with mostly metal 

character or less c~ntribution from the ring, and thus to less 

back-bonding. This destabilization can be achieved by an 

interaction of the ring MO with a donor group such as halogens or 

unsaturated hydrocarbons, As a means of illustration, Figure 10 

shows a schematic diagram of the interaction between the LUMO of 

FeTAP and the highest occupied molecular orbital HOMO of a diene, 

a n-donor group. 

The induced destabilization referred to above can be better 

analyzed by considering the second-order correction E(2) to the 

energy of the LUMO as arising from perturbation theory, namely, 

E(2) 
LUMO 

I HiuMo. HoMo 1
2 

ELUMO- EHOMO 
( 1) 

where H' is the interaction Hamiltonian and EHOMO and ELUMO are 

the orbital energies of both fragments before the bond is formed. 

The numerator 

therefore the 

in Equation 

( 2) 
sign of ELUMO 

sign of the denominator. 

(1) above is always positive, and 

will be given by the corresponding 

In the specific case under 

consideration, ELUMo-EHOMO > 0, and thus the ring is shift•d 

19 



LUMO 

HOMO 

Fig. 10. Destabilization of the ring LUMO after interaction with 
the HOMO of a diene (~-interacting group). The energy 
levels repel each other; hence, when two levels interact 
the lower level is stabilized and the upper level is 
destabilized as is shown in the figure. 
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towards higher energy. This effect can be expected to be more 

pronounced, i.e., the shifting of eg(n*) to even higher energy 

upon addition of four diene groups to the original ring, which 

results in the formation of phthalocyanine dianion Pc- 2 • A 

diagram showing the interaction of Pc- 2 , i.e., a destabilized 

ring, with the metal center is given in Figure 11. The resulting 

increase in the d(n)-LUMO energy gap in FePc leads to a 

corresponding increment to the values of the denominator in 

Equation (2) below, i.e., a smaller value of Ei( 2). 

( 2) 

It is interesting to note that the same destabilization was found 

in the Gouterman calculation where the eg(n*) shifted to positive 

values when phthalocyanine (Pc) was compared with 

tetraazaporphyrin (TAP) (see Fig. 1). Hence, the iron center in 

FePc, in contrast to FeTAP, exhibits a weaker· n-interaction and 

consequently less back-bonding to the ring. 

Table III shows the results obtained from calculations 

performed for both iron macrocycles, where the charges on 

selected atoms of the molecules are given for comparison. The 

numbers on each atom are taken from the figure • 
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Fig. 11. 1T-bonding of Fe 2+ to the phthalocyanaine 'dianion. (Only 
the xz or yz metal orbital involved in back-bonding are 
shown.) After destabilization of the porphyrin ring, 
the eg(1T*) character of the MO's located at~ -10.5 and 
~ -12.9 eV decreases. This is indicated in the figure 
by drawing the Pz orbitals of the pyrrole nitrogens 
smaller in size for the interaction at~ -10.5 eV. 
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TABLE III. Charge on Selected Atoms of F.ePc and FeTAP, 

Taken from Figure 12 

FePc Fe TAP 

Fe +1.998 +2.67 

N2 -0.299 -0 • 3 26 

N3 -0.3918 -0.423 

c1o -0.0383 -0.1139 

ell +0 .186 2 +0.2124 

Fig. 12. Iron phthalocyanine with some of the numbers used in 
Table III (o =nitrogen). 
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As indicated earlier, the back-bonding is a charge transfer 

from the metal to the ring. The orbitals involved are mainly 

dxz• dyz for the metal, and the nitrogen Pz for the ring (see 

Figs. 13 and 14). This latter orbital is composed of a linear 

combinati~n of Pz. atomic orbitals centered in each atom with no 

Px or Py contribution. The charge involved in back-bonding is 

~ransferred mostly to the atoms that are close and directly 

involved in the interaction with the metal. This is clearly seen 

in Table III, where the charge density on the nitrogens (only one 

fourth of the mol~cule is tabulated) decreased when the ring 

ligand TAP is replaced by Pc. Furthermore, the charge density at 

the metal increases in going from FeTAP to FePc, a situation that 

is reflected in the next table, where the atomic orbital occupa-

tion for FeTAP and FePc are given. 

TABLE IV. Atomic Orbital Occupation for FeTAP and FePc Obtained 

in the Calculations 

Fe TAP 

b 1g<dx2-y2) 0.6823 0.6801 

a 1 g(dz2) 0. 9 861 0. 9 85) 
• 

b2g(dxy> 1.15 1 .13 7 

eg(d'IT) 1.265 0.9336 

24 

,. 



z 

X 
y 

Fig. 13. Back-bonding from the metal to the ring. The orbital 
involved is d z from the metal, and Pz from the indole 
nitrogens~ T~is is better indicated in Figs. 9 and 10. 

z 

Fig. 14. Back-bonding from the metal to the ring. The ·orbital 
involved is dxz from the metal, and Pz from the indole 
nitrogens. See Figs. 9 and 10. 

25 



From the table, it is clear that the main difference between both 

molecules or the two rings is the different capacity to accept 

the charge by back-bonding from the metal. This is corroborated 

in FeTAP where the xz, yz (d'll') orbitals are less electron 

populated due to the strong 11'-interaction or back-bonding to the 

porphyrin ring.: 

Of inter~~t is the comparison of the percentage of metal 

character for the d-orbitals in the two molecules. Table V gives 

the percentag~ of metal character in the metal orbitals for both 

mole~ules under consideration. 

The main difference between both molecules is the difference 

in the degree of .11'-interaction. Hence, any difference should be 

reflected in the d-orbitals that have mostly d('ll') character. 

I n d e e d , i n T a b 1 e I I a n d I V , t h e d ( 11') or b i t a 1 s a r e t h e o n e s w hi c h 

show the largest difference between both molecules. As stated 

earlier (see Fig. 9), the greater back-bonding from the metal ·to 

the ring in the FeTAP molecule increases the ring character of 

the eg(d'll') MO, thus lowering the metal character of the-latter 

MO. 

26 
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TABLE V. Percentage of Metal Character for the d-Orbitals of 

FePc and FeTAP 

FePc Fe TAP 

b1g(dx2-y2) 96% 95% 

a 1g(dz2) 94% 94% 

b2g(dxy> 94% 95% 

e g ( d 'IT) 68% 56% 

3. Peripheral Substitution 

As has been reported by Zagal et al.(14), Fe-TsPc catalyzes 

the reduction of o2 by a 4e- mechanism over a substantial 

potential range without peroxide generation. In order to see the 

effect of ~n electron withdrawing group such ~s -so3 H at the 

periphery of the FePc molecule, calculations were performed on 

tetrafluoro FePc (see Fig. 15). 

This substitution is found to increase the electron density 

a t t h e i r o n c e n t e r o n 1 y s 1 i g h t 1 y ( 'VO • 0 5 e 1 e c t r o n s ) , i n d i c a t i n g 

that any inductive effect of these groups is shielded from the 

metal by the intervening ring. 

Thebasic resonant mioety is formed by the 18· 'IT-electrons of 

the "inner ring" of the macrocycle (see Fig. 16). The results 

indicate that any interaction which does not involve a direct 

p e r t u r b a t i o n o n t h e s e 1 8 · 'IT- e 1 e c t r o n s s h o u 1 d n o t c h a n g e t o a 

significant extent the overall electronic structure and energy 

levels of the macrocycle(15). A major modification, however, 

should be expected in the tetraazaporphyrin-butadienes 
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F.ig. 15.. Iron tetra.fluoro phthalocyanine (FePc-4F). -The indole 
and pyrrole N's are omitted for simplicity. 

-.-
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Fig. 16. The basic 18 n-electrons of the phthalocyanine ring. 
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interaction as shown earlier (see Fig. 9). In this case, the 

replacement of four hydrogen atoms by F- does not involve a 

direct perturbation at the basic 18· '11'-electrons. On this basis, 

it can be expected that the tetracarboxylated FePc and related 

molecules should exhibit an electrochemical behavior similar to 

that reported by Zagal(l5) for the Fe-TsPc molecule. It should 

be noted that the low electrocatalytic activity for o2 reduction 

of FePc adsorbed at monolayer coverages onto high surface area 

carbon found in this research(l 6 ,l7) is associated with the 

binding of this molecule to the substrate and not to the absence 

of peripheral groups. 

The slight change observed is reflected in Table VI where 

the percentage of metal character for the different metal 

orbitals are quite similar to those of FePc. 

TABLE VI. Percentage of Metal Character of FePc and 

the Tetrafluoro FePc 

FePc FePc-4F 

alg(dz2) 94% 94% 

eg(dn) 68% 72% 

b2g(dxy> 94% 94% 

blg(dx2_y2) 96% 95% 

A small variation is seen in the dn metal orbital. 

The charge on selected atoms is given in Table VII with the 

numbers at each atom taken from the figure below. 
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TABLE VII. Atomic Charge Density at Selected Atoms 

of FePc and FePc-4F 

8 

FePc FePc-4F 

1 - (Fe) +1.99 +1. 95 

2 - ( N) -0.299 -0.301 

3 - ( N) -0.3918 -0.393 

4 - 0 .186 2 0 .183 8 

5 - -0.038 -0.02 

6 - -0.049 -0.105 

7 - -0.064 0.637 

8 - -0.064 -0 .o 9 

9 - -0.049 

The numbers are taken from the figure. 
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In light of the evidence presented, the high 

electrocatalytic activity for o2 reduction exhibited by Fe-TsPc 

is most likely associated with the way in which this molecule is 

bound to the carbon surface rather than to a modification of the 

electronic structure of the iron nucleus induced by peripheric 

substitution in the FePc molecule. The sulfonate groups may play 

an important role in the adsorption onto the carbon surface. 

Various experimental and theoretical observations suggest that 

Fe-TsPc, in contrast to FePc, is bound to the carbon with the 

molecular plane perpendicular to the surface rather than axially 

through a -0- bridge to the surface as has been proposed for 

FePc(l 6 ,l7). In particular, the electroreflectance spectrum of 

Fe-TsPc adsorbed at monolayer coverages onto stress-annealed 

pyrolytic graphite does not differ appreciably from that of the 

same species in solution phase. Based on this information, 

Nikolic et al.(lS) have suggested that the interaction of the 

Fe-TsPc with the surface should not involve a major modification 

in the electronic structure of the ring which would have other

wise introduced much more pronounced changes in the spectra. 

Raman studies of single crystal silver surfaces also suggest that 

the Fe-TsPc and other TsPc complexes are adsorbed with the ligand 

plane perpendicular to the surface. 

4. Phenyl Ring Substitution 

It is important to analyze the effect of a peturbation at 

the phthalocyanine phenyl ring in the metal-ring 11'-interaction; 

the bonding of which controls the electronic population of the 

metal centers. Fig. 17 shows this back-bonding interaction 
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Fig. 17. Back-bonding from one of the metal d(~) metal orbitals 
dxz to one of the ring MO's eg(~*). Only the main con
tribution at the nitrogen atom is shown. A more complete 
picture of this ring MO is shown in Fig. 3. 
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b e t w e e n d x z an d o n e of e g ( 'II'* ) r i n g M 0 ; o n 1 y t h e -c o n t r i b u t i o n o f 

the, closest nitrogen is shown. This back-bonding is controlled 

by the energy difference between both orbitals. Fig. 10 shows 

the de s tab i 1 i z a t ion of the L U M 0 e g ('II'*) of the t e t r a a zap or ph y r in 

by the butadiene HOMO fragment. A replacement of a carbon atom 

by i nitrogen will affect the reiative energy of the latter 

orbital. 

Fig. 18 shows the energy gap 6 E that controls the metal-to

ligand back-bonding. In the nitrogen substituted compound the 

HOMO fragment is less ~apable of destabilizing the ring LUMO (it 

is shifted toward more negative energy .values), thus decreasing 

the energy gap shown in ~ig. 18 •. 

The major atomic contribution to the eg('ll'*) MO's comes from 

the bridge and indole nitrogen together with the four carbon 

atoms of the phenyl ring. Fig. 19 shows these '11'-MO's where the 

relative size of the Pz atomic orbital is related to its con

tribution to the total MO. From the figure it is see~ that a 

replacement of an atom at the phenyl ring should have a minor 

effect compared to a substitution at the bridge position since 

this MO is mainly located at the bridge and indole nitrogens. 

Two isomers of the nitrogen substituted compound have been 

examined of the types I and II shown in Fig. 20. In the first 

c a s e on 1 y a m in or de c r e a s e in t h e e 1 e c t r on de n s i t y ( "-0 .1 7 e 1 e c

trons) is found at the Fe center. Table VIII shows the values 

tabulated for both molecules. This small difference is in agree

ment with the eg('lt'*) MO drawn in Fig. 19 where the higher contri

bution to this MO comes from the atom at the bridge position. 
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Fig. 18. Th~ metal d(n) - eg(n*) energy gap controls the extent 
of back-bonding from the me~al to the r~ng. The closer 
both energy levels are to each other, the more back
bonding. 
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Fig. 19A. Ring degenerate iUMO eg(w*) of the phthalocyanine 
molecule, in the y axis. 
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Fig. 19B. Ring LUMO eg(n*) of the phthalocyanine molecule in 
the x axis. 
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Iren(II) Tetra-2,3 Pyridine Perphyrazine 
(FeT-2,3-PPA) 

,. 

Fig. 20. 

Iren(II) Tetra-3,4 Pyridine Perphyrazine 
(FeT-3,4-PPA) 



TABLE VIII. Electronic Charge Distribution through Isomer I 

(FeT-2,3-PPA) and II (FeT-3,4-PPA) Compared with the FePc 

(the numbers below correspond to carbon atoms) 

8 

FePc FeT-2,3-PPA FeT-3,4-PPA 

Fe - 1 1.998 Fe 2.17 Fe 2.219 

( N) 2 -0.299 ( N) -0.2 93 ( N) -0.292 

(N) 3 -0.3918 ( N) -0.3 84 ( N) -0 .3 91 

4 0 .186 0.198 0.18 

5 -0.03 -0 .04 0.10 

6 -0.49 0.02 -0.06 
\. 

7 -0.06 -0.0 81 0.114 

8 -0.06 0.15 ( N) -0.516 

9 -0.049 ( N) -0.502 0.16 

10 -0.038 0.12 -0 .o 5 

11 0.186 0.17 0.20 
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For the second molecule (Fig. 20-II) the modif,ication 

involves an atom which has more cotitributiott to this MO th~n the 

previous one. Thus a slightly larger chang~ is found at the 

metal center. 

From Table VIII it is clear that the metal-to-ligand back-
··'::, 

bonding decre~s~~ going from the nitrogen substituted compound II 

with a metal c'h~rge of +2.219 to FePc which has a less positive 

charge (+1.998) at the metal. 

TABLE IX. Atomic Orbital Occupation of FePc Compared with 

the Nitrogen Substituted Compound 

I II 
FePc FeT-2 1 3-PPA FeT-3 1 4-PPA 

blg(dx2-y2) 0.6823 0. 6 831 0. 6 81 9 

a1g(dz2) 0. 9 861 0. 9 861 0. 9 86 0 

b1g(dxy> 1.15 1 .147 1.15 

eg(d1r) 1.265 1.177 1 .153 

Table IX shows the atomic orbital occupation for the three 

molecules, where the main differences are found at the metal d('!T) 

orbitals. Compound II with a more positive charge at the metal 

( +2 .219), corresponds to the molecule with the less populated 

d(w) metal orbital. This small difference can be explained by 
I 

the second order perturbation argument. It was shown in Fig. 10 

that the destabilization of the eg(w*) MO by the HOMO fragment 

decreases the metal to ligand back-bonding. The extent of this 

perturbation, however, varies depending on the electronegativity 

of the latter fragment. When one diene atom is replaced by a 
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more electronegative species, nitrogen, the energy level of this 

HOMO fragment decreases 'and consequently the LUMO-HOMO gap 

increases (see Fig. 10). This less destabilization of the eg(~*) 

MO is more pronounced with isomer II, in which an atom with more 

contribution to the MO has been replaced by nitrogen. Fig. 19 

shows the relative contribution of each atomic orbital to the 

ring eg(~*) MO. It is clear from this figure that the most 

effective substitution should be in isomer II of the series. A 

stronger perturbation, however,; should be observed when a bridge 

nitrogen is replaced by a less electronegative species, carbon, 

which results in the porphyrin molecule. Even though some minor 

differences are encountered in these nitrogen substituted 

isomers, it is not clear if this will result in a significant 

diff~rence in the electrocatalytic activity. Preliminary experi-

mental results show quite similar behavior for both compounds for 

o2 reduction and the intrinsic cyclic voltammetry of these 

species adsorbed on carbon. 

5. Axial Substitution 

In a recent communication Scherson et al.(16,17) have 

reported that the activity for o2 reduction of FePc adsorbed on 

high surface area carbon is lower than that of dispersed bulk 

FePc on the same substrate at the same w/w% loading. These 

authors have proposed that the .. lower activity exhibited by 

adsorbed FePc is associated with the perturbation in the 

electronic structure of this molecule accompanying axial 

coordination. A perturbation has been seen by Mossbauer measure

ments<16>. In an effort to gain fundamental understanding of the 
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m.etal-axial interaction, a methoxy group representing the basic 

functionality of the carbon surface bound to one of the axial 

positions was studied as a model system(l5). The choice of this 

particular geometry was dictated mainly by the available experi-

mental information (Mossbauer). No attempt was made to determine 

the potential en~rgy minimum as a function of the ligand-macro-

cycle distancE! o'r other geometric parameters in order to arriv,e 

a t o p t i m i z e d ·~~a 1 u e s f or b o n d 1 e n g t h s o r a n g 1 e s • This does not 

represent a serious limitation since the main aim of this study 

was to establish trends which could provide insight into the 

structural and the electronic factors that control the electro-

catalytic activity of this compound for o2 reduction. 

A molecular orbital diagram of CH 3 o- interacting with FePc 
0 

is given in Fig. 21, where a fixed Fe-0 bond length of 1.763 A is 

used in the calculations. This stable bond formation of FePc 
. ' 

with the CH3 o- fragments (1.57 eV) is in agreement with Mossbauer 

spectroscopy measurements in which a large decrease of the quad-

rupole splitting for bulk FePc was observed upon adsorption of 

this compound at monolayer coverages onto high surface area 

carbons. (For the bulk FePc, the FePc molecules are taken as 

having no axial ligands.) The Lewis-base CH 3 o- axially coordi-

nated to FePc gives rise to additional effects: 

a) The a 1 g(dz 2 ) is shifted to higher energies 

(positive values) and consequently the electron drops 

to a lower energy level to bring about the low spin 

configuration (S = 0). 
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Fig. 21. Bonding of a basic function (CH30-) to the axial position 
of FePc. 
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b) Even though the destabilization of the xz, yz 

orbitals would be less pronounced than the a 1g(dz 2), it 

is strong enough to increase the back-bonding from the 

m e t a 1 t o t h e L U M 0 e g ( 1T* ) o f t h e r i n g • 

Earlier, the destabiliza.tion of the ring increased the d(1T)

LUMO gap, but now because the metal orbital lies below the LUMO 

eg(1T*), a perturbation of the former will decrease the d(1T)-LUMO 

e g ( 1T* ) g a p ( 8 e e F i g • 1 8) • A 8 a c o n 8 e q u e n c e o f t h i s , a s t r o n g e r 

interaction ind back-bonding from the metal to the ring will be 

observed. 

The back-bonding from the metal to the ring increases the 

positive charge at the m~tal center from +1.99 to +2.39 with 

i~portant consequences for o2 reduction. Preli~inary results 

have shown that the presence of a Lewis base in the 5th axial 

position of FePc not· only promotes the binding of a second 

alkaline species to the solution side but also makes the axial 

i.nteraction of dioxygen less favorable. We may ~xpect that in 

this situation the affinity of CH3 0-FePc for an interaction with 

increasingly b~sic groups from the solution side will be 

e.nhaneed. The z 2 orb i t a 1 i s empty and x z , y z [ d ( 1T) orb i t a 1 s ] are 

less electron populated, which is a favorable situation for a 

basi~ ligand to interact at the 6th position of FePc. Thus, a 

decrease in catalytic activity for o2 reduction and particularly 

bond cleavage should result as has been observed for FePc 

(adsorbed). 

It is important to recall that the strategy used to 

prepare monomeric-oxygen adducts, particularly adduct& of iron 

44 



porphyrins, is to prepare a five coordinate porphyrin, preventing 

the conversion of the adduct to the ~-oxo dimer according to the 

reaction: 
FeTPP 

FeTPP + 0 2 ~,==='~ Fe - 02 Fe''' - 0 - Fe''' 

where TPP is tetraphenyl porphyrin. 

The attachment of an iron porphyrin to a rigid suport not only 

inhibits dimerization due to geometric factors but also, as was 

discussed earlier, the metal center is less electron populated 

and hence less reactive towards oxygen. By binding FeTPP to a 

silica gel via an imidazole group Basolo ~ al.(l9) have found a 

rever si bl e binding of 02 at the open coordination site. 

~GJ :::::.. LGi + 02 ""' 02 l I 

It should be noted that on the basis of the cited experi-

mental data the bonding geometry of FeTsPc adsorbed on carbon 

should not involve the axial interaction of Fe with the surface 

in contrast to FePc adsorbed. 

6. Iron Porphyrin 

Molecular orbital calculations have been carried out on 

porphyrin molecules to correlate their electronic properties with 

those of phthalocyanine analogues. The coordinates are taken 

from a recent crystallographic study of iron tetraphenyl 

porphyrin (Fe-TPP) characterized by Collman et al.( 20) under 

oxygen free conditions. The planes of the phenyl groups were 80° 

rotated with respect to the molecular plane. In the present 

calculation, however, the phenyl groups were forced 90° with 

respect to this plane. Preliminary results show that the overall 

effect of this rotation is minimal. 
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The X-ray data are compatible ~ith a structure that has the 

iron atom precisely centered in the molecule and a sharply 
0 

defined Fe-N bond length of 1.972 A which it appears must arise 

from just one spin state. The authors conclude that FeTPP 

involves an intermediate spin iron(II) (S = 1) as has been found 

in FePc. 

Earlier it was shown that the eg( 'IT*) MO is the important 

orbital that can depopulate the metal center by back-bonding. 

One of the highest atomic contributions to this MO comes from the 

bridge'atomic position. The replacement of a nitrogen atom at 

the bridge position of the phthalocyanine ring by a less electro-

n e g a t i v e s p e c i e s , c a r b o n , i n n c r e a s e s t h e e g ( 7T*) - d ( 7T) e n e r g y g a p • 

This substitution shifts the eg(7T*) energy level towards positive 

values decreasing the metal-to-ligand electron donation. This 

lesser 7T-acceptor character of the porphyrin ligand can be 

rationalized by second order correction to the energy. The 

further apart 1n energy the interacting orbitals are, the less 

bonding (by back-bonding) will be found for the molecule (see 

Fig. 18). Thus, to a first approximation FeTPP can be considered 

as a phthalocyanine molecule which has been modified at the 

bridge position; this substitution increases the electronic 

charge density at the metal. 

The minor metal d(7T)-eg(7T*) mixing by back-bonding in FeTPP 

is clearly reflected in the d(7T) metal orbitals. Table X show.~ 

the percentage of metal character of the d(7r) orbitals which have 

more metal character in the FeTPP molecule compared to FePc. 

Iron tetraazaporphyrin (FeTAP), an iron porphyrin molecule with 
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nitrogen at the bridge position, was also included in the table. 

This calculation was done to emphasize that the phthalocyanine-

porphyrin differences are not due to a different Fe-N bond length 

or hole size at the ring, but rather to a different n-acceptor 

character of the ring ligand. Th e n- a c c e p t or c h a r act e r i s t i c of 

,. ··the eg(n*) MO of the phthalocyanine are greatly diminished by 

this substitution. The results suggest that the factor that 

controls the n-acceptor properties of the eg(n*) MO is not the 

hole size of the ring but rather the relative energy of this MO 

with respect to the.metal d(1T) orbital (see Fig. 18). In the 

FeTAP molecule the inner resonant structure was modified by the 

substitution, with strong effect on the energy levels of the ring 

orbitals. 

TABLE X. Percentage of Metal Character for FePc 

Compared with Porphyrin Molecules 

FePc FeTPP Fe TAP 

blg(dx2_y2) 96% 94% 95% 

alg(dz2) 94% 94% 94% 

blg(dxy) 94% 98% 97% 

eg( d n) 68% 80% 73% 

These findings strongly suggest the importance of the 18 n-

electrons of the resonant structure as the basic moiety for these 

molecules. 

The behavior of FeTPP and FeTAP is quite similar. Table XI 

shows the electron occupation for the metal orbitals. The 
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similar electron occupation .of the d('lr) .metal· oribitals suggests a 

similar 'If-acceptor of TPP and. -TAP ring. ligand.· ·Henc-e,> even 

t h o u g h t h e P c c o o r d i n a t e s w e r e u s e d in t h ·e 1 a t e r 1 i g .a .n d , '. :, t. h e . 

characteristic of this MO was drastica·lly changed tow~rds the. 

porhyrin rin'g· .ligand. 

TABLE XI. .The El•ctron ~ccupation for the Metal Orbitals 

- t 

FePc. FeTPP Fe TAP 

( 2_ 2) b1g dx y . '0;6823 0.66 0.688 

-a1g< dz 2) 0. 9 861 0. 9 84 .. '0. 9 83 

., I b2g(dxy> 1.15 1 .04 1 .016 

eg(d'lr) 1.265 1 • 47 1. 43 

The lesser back-bonding in FeTPP and FeTAP results iri a high 

electron density at the metal center. Table XII shows the charge 

distribution throughout the three molecules. The numbers were 

taken from the figures below. The high electron density at the 

metal results in a higher reactivity towards dioxygen for the 

FeTPP. This molecule forms a 11-oxo' compound when the synthesis 

is done in the 'presence of oxygen. The X-ray study of Collman tl 

a1.(20) was done with a· compound synthesized and stored under 

oxygen-free conditions. 
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TABLE XII. Electronic Distribution throughout the FePc Molecule 

and Modified Porphyrins 

8 

For FePc and FeTAP 

FePc Fe TAP 

1 1.998 (Fe) 1.76 9 

2 -0.2 9 9 ( N) -0.23 8 

3 -0.3918 ( N) 0.024 

4 0 .186 0.042 

5 -0.03 -0.011 

6 -0 .o 49 -0.061 

7 -0.06 -0.065 

8 -0.06 -0.065 

9 -0.049 -0.061 

10 -0.038 -0.011 

11 0 .186 0.042 
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(Fe) 

(N) 

12 
I I 

For FeTPP 

FeTPP 

1 1.6 64 (Fe) 

2 -0.2874 ( N) 

3 -0.0351 

4 -0.0736 

5 -0.0718 

6 -0.0718 

7 +0.0736 

8 0.7061 

9 0.009 

10 0.0070 

11 -0.013 

12 0.007 

13 0.009 



The most important interactions or perturbations at the FePc 

molecule are summarized iri Fig. 21. At the center of the figure 

the metal to ligand back-bonding is sc~ematically shown by a 

stabilization of a d(n) orbital. The strength of this inter-

action can be rationalized by the second order correction to the 

energy. At bo't.h sides of the figure the •two "important pertur-

bations studi~ci, which give rise to an electronic change at the 
. :·' :.":. ·... ~ 

metal center,.'it:e shown. A strong back-bonding to the ring is 

favored by decreasing AE. This can be favored by stabilizing the 

ring, e.g., whenever the porphyrin is re~l~~ed by th~ phthalo-

cyanine ligand, or by an axial perturbation at the metal center. 

This is shown at the right and left sides of the figute, 

repsectively. 

F r om t h e a b o v e c a 1 c u 1 a t i o n s i t i s c 1 e a r. t h a t t h e c a t a 1 y s t -

substrate interaction and the modification at.the ring, by which 

the redox couples can be "tuned" to an optimal value for the 

catalysis, are of fundamental importance in electrocatalysis. It 

is expected that more theoretical work in this area may provide 

significant advancement in this field of chemistry. 

B. M6ssbauer Studies 

M~ssbauer efect spectroscopy ha~ emerged as a powerful tool 

in the in situ examination of iron- and cobalt-containing species 

either adsorbed at solid-liquid interfaces or present in bulk 

form within porous carbon electrodes< 16 >. During the past 

contract year M~ssbauer spectroscopy has been used for the first 

time to monitor the change in the oxidation state of an adsorbed 

iron-phthalocyanine (FePc) molecule(21). · 
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affected by 
rr,v-interacfion 

at the axial 
position. 

affected by 
rr-interocfion 

at the periphery 
of the ring. 

Fig. 21. Stabilization of the dxz [a d(~) orbital] due to back
bonding to Jhe eg(~*) ring MO. The peripheral and 
axial interaction increases and decreases, respectively, 
the energy gap. 
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In the previous work carried out in this laboratory it was 

shown that iron phthalocya~ine (FePc) catalyzes o2 reducti~n~more 

effectively when it is in the fo~m ~f unadsorbed crystalline 

material in a carbon black based o2-fed electrode than
1
when it is 

just ad·sorbed on carbon bl,ack<l 7 ). Mossbauer spectroscopy and 

transmission electron microscopy showed that 7% FePc on Vulcan 

'xc-72 coe~ists almost entir~ly of adsorbe~ mate~ial. The cyclic 

voltammetry of .this adsorbed non-enriched F~Pc :Onto Vulcan XC-72 

carbon in' t M 'NaOH at 25°C is depi,cted in Fig. 22. As shown in 

this fig~ r e, 'a .rE!d u c .t ion peak is found at -1.0 V v s. H g I H g 0, 0 H-

while th~ peak corresponding to the oxidation ~roces~(22) appears 
\' 

at a much more positive potential (-::-0.6 V vs. HgfHgO,OH-). •. In 

situ Mossbauer mea.surements were then conducted to. gain .insight 

into the nature of these redox reactions using the: hi.ghly 

enriched 5 7 FePc electrode referred to in an earlier communi-

cation(l7). The M o s s b a u e r s p e c t r a o f t h i s el e c t r o d e a t o p e n 

c i r c u i t i n 2 11 N a 0 H . a t 2 5 ° C ·, s h ow n i n F i g • 2 3 , e x h i b i t s a q u a d -

rupole splitting much smaller than that for the dry powder (see 

Table XIII). This has been attributed to the axial coordination 

of th~ adsorbed FePc by a hydroxy group 1n direct analogy ~ith 

the observed decrease in the value of 11 

character of the axial ligand increase~(23). 

as the Lewis base 

From a quantum mechani ca 1 viewpoint, the axial inter ac't ion 

of FePc through the metal center destabilizes the mostly iron 

character A (d 2) 1 g z orbital giving rise to a low spin state 

Fe(II)Pc, (S = 0) upon adsorption of the species onto the high 

surface area carbon substrate(l7). As shown in Fig. 24, the 
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-1.2 -1.0 -0.8 -0.6 -0.4 

POTENTIAL(V) vs 

-0.2 0.0 0.2 

Fig. 22. Cyclic voltammetry of 7% w/w FePc adsorbed at monolayer 
coverages on Vulcan XC-72 carbon obtained with the mate
rial in the form of a thi~ porous coating in 1 M NaOH at 
25°C. Sweep rate: 5 mV s-1. 
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M~ssbauer spectrum of 7% ~/w FePc adsorbed at monolayer 
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TABLE XIII. Mossbauer Parameters 

Ex Situ 
FePc Adsorbed 

on XC-72 (powder) 

7% ww 

In Situ 
10% w/w--=>TiePc 

on XC-72 

0.0 V vs. Hg/HgO,OH-

-1.05 

• r 

Isomer Shift 
(O, mm.s-1 vs. a-Fe) 

0.40 

0.37 

~1 0.41 

~2 1 .14 
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Quadrupole 
Splittinf, 

( o, mm, s- ) 

0. 96 

. 0. 7 5 

0.65 

2.85 



FePcfS=IJ 

/ 
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/ 

XZ, YZ 

/ 
/ 

/ 

·. 

2 
_,- z 

-1+ XY 

F~PcfS:OJ 

Fig. 24. Schematic MO diagram of FePc bulk (S=l) and that of 
Fe(II)Pc (S=O) adsorbed on high surface area carbon. 
The destabilization of the dz2 orbital due to the 
axial interaction of the iron center is indicated by 
the arrow. 
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highest unoccupied molecular orbital (HOMO) of FePc adsorbed, 

A1g(dz 2) lies much higher than the corresponding orbital in the 

bulk species. Hence, the reduction of Fe(II)Pc adsorbedwill 

require a much more negative potential than the bulk species. 

The assignment of the voltammetric peaks for bulk FePc has 

been briefly discussed in a recent publication(l4, 2 2) (see Fig. 

25). Specifically, the most anodic peak corresponds to the 

Fe(III)Pc/Fe(II)Pc transition while the cathodic one has been 

ascribed to a Fe(II)Pc/Fe(I)Pc redox process. Fe(II)Pc adsorbed 

is also more stable towards oxidation than the bulk material, as 

no additional peaks are found in the voltammogram (see Fig. 22 

c om p a r e d w i t h F i g • 2 5 ) • T h i s i s no t s u r p r i s i n g s i n c e t h e a x ia 1 

interaction increases the ligand to metal back-bonding thus 

stabilizing the Fe(II)Pc(24). 

In situ Mossbauer spectra recorded at 100 mV intervals in 

the negative direction were found to be almost identical to that. 

obtained at open circuit in a region of potentials more positive 

than -0.9 V vs. Hg/HgO,OH-. At potentials negative with respect 

to the cathOdic voltammetric peak, a quite different spectrum was 

obtained as shown in Fig. 26. A statistical analysis of the data 

indicated the presence of two doublets ( c5 1 = 0.41 

0.65 mm s- 1 ; t.1 = 1.14 mm s- 1 , t. 2 = 2.85 mm s- 1). 

mm -1 
s ' c5 2 = 

The first of 

these is in reasonable agreement with that obtained at open 

circuit (see Table XIII) and most probably corresponds to FePc 

adsorbed onto carbon particles which are not in electrical 

contact with the rest of the electrode. The 'Mossbauer parameters 
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-1.2 -1.0 -08 -0.6 
POTENTIAL 

o~ +0.2 . +0.4 
v s. HGf-iG O.OH-

Fig. 25. Cyclic voltammogram of bulk FePc. The electrochemical 
experiment was conducted with the crystalline material 
dispersed into Vulcan XC-72 carbon. The loading was 
7% w/w and the conditions under which the measurements 
were conducted are the same as those given in caption 
23. Sweep rate: 200 mV s-1. 
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Fig. 26. In situ Mossbauer spectrum for Vulcan XC-72 carbon electrode containing 
FePc adsorbed at submonolayer coverages obtained at -1.05 V vs. Hg/Hg0 1 0H. 
A statistical analysis of the date indicate the presence of two doublet~. 
Doublet 1 is in reasonable agreement with that obtained at 0.0 V. The 
Mossbauer parameter of doublet 2, however, is associated to the electro
chemically reduced specie Fe(I)Pc adsorbed. 



associated with the second doublet, however, are very much 

different than those of doublet 1. 

A number of experimental and theoretical arguments appear to 

indicate that the process given below is most likely responsible 

for the voltammetric and spectroscopic results. 

S - Fe(II)Pc OR+ e
I 

--~·~) S Fe(I)Pc + OR
II 

when 'S' represents a basic functionality of the carbon 

substrate. 

Specifically, 

1. The appreciable difference between the Mossbauer 

parameters of Fe(II)Pc adsorbed and that of the.·corres-

ponding reduced species provides strong evidence that 

the electron transfer involves a ~olecular orbital with 

mostly metal character. The more positive isomer ~hift 

of species II is consistent with an increase in the 

electron population of a d-orbital which in turn 

induces a radial expansion of the 3 s orbital, thus 

decreasing the electronic density at the nucleus(25). 

2. Spectroelectrochemical measurements involving 

axially coordinated FePc in homogeneous phase have 

indicated that the reduction of the iron(II) species in 

low spin results in a fifthly coordinated Fe(I)Pc(24). 

This is not surprising since the reduction process 

involves the electron population of an antibonding 

orbital associated mostly with a metal axial ligand 

interaction. 
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3. The loss of the sixth axial ligand should lead to a 

much larger value of ll due to an increase in the 

asymmetry of the charge associated with the ligands. 

Furthermore, the presence of an electron in the dz 2 

orbital will also lead to an asymmetry in the mostly 

iron valence d-electrons. This specific effect will 

also contribute to an increase in the quadrupole 

splitting. 

4. The irreversibility observed for this redox 

process is consistent with an EC mechanism as suggested 

in the reaction equation. 

· It is interesting to note that a species with Mossbauer 

parameters similar to those found for the electrochemically 

reduced FePc has been reported in a previous communication(16). 

In this case the species was produced by heating a dry carbon 

powder containing both adsorbed and bulk forms of FePc under a 

flowing H2 atmosphere at 400°C for an extended period of time. 

At this temperture the FePc should be reasonably stable. 

In situ Mossbauer measurements obtained at 100 mV intervals 

in the positive direction were found to regenerate the open 

circuit spectrum at potentials of -0.5 V, that is precisely where 

reoxidation peak was found in the voltammogram. 

cycle was found to be reproducible. 

The complete 

A systematic application of this technique may provide 

considerable insight into the electronic and geometrical 

structure of the ground state of a variety of adsorbed compounds 

at electrochemical interfaces. 
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c. Optical Studies of Tetrasulfonated 

Phthalocyanines (TaPe's) 

.!.!l .!. i !.~ o p t i c a 1 techniques such as UV-visible 

absorption< 26 • 27 >, reflectance( 2 8), Raman( 2 6 , 2 9) and, in 

par t i c u 1 a r , , sur f ace- enhance d Ram a n s p e c t r o s co p y ( 3 0 'll ) b o· t h in 

non-t~~onant and resonant modes intrinsic to the mac~ocycle 

speciea ·have been extensively employed in our laboratory-in 

studies of oxygen reduction on the transition-metal 

phthalocyanines. Specific aim in these studies has been to find 

out how the.~xygen molecule interacts· with these m~crocycle 

mol~cular species present in the solution phase and adsorbed on 

the electrode surfaces. 

The p~esent study has continued to involve metal-free, iron-
I 

a n d c o b a 1 t,- t e t r a s u 1 f o n a t e d p h t h a 1 o c y a n i n e s ( T s P c' s ) i n a q u e o u s 

media under various physico-chemical and electrochemical 

conditions where the pH of the electrolyte, He' and o2 gas 

saturation and electrode potential were the principal 

experimental variables. Cyclic voltammetiy has also been a 

complementary technique in the study of adsorbed m~crocycle 

species on silver and graphite electrodes. 

UV-visible absorption spectra obtained from solution phase 

TsPc's at various ~oncentrations ~~ow well-resolved UV strong 

Soret band with much weaker N, L and M structures along with 

macrocycle characteristic visible Q absorption bands. In most 

cases the Q, bands are quite sensitive to the macrocycle 

concentration indicating complex mechanism of aggregation (see 

Appendix A). 
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A similarity exists between the visible bulk absorption 

spectra (Fig. 27) and that obtained by reflectance spectroscoy as 

shown in Fig. 28 from the adsorbed macrocycle molecules on 

various electrode interfaces. This suggests physi-sorbed rather 

than chemi-sorbed monalayers of the phthalocyanines. 

The charge under the cyclic voltammetry peaks (see Appendix 

B) for the adsorbed meta 1- free, co ba 1 t-, iron- and co pp.er-Ts Pc' s 

indicate a surface concentration of 10-lO mol/cm 2 and hence 

essentially monolayer surface coverage. 

assignments are provided. 

Tentative redox couple 

In addition, Raman and surface-enhanced Raman spectroscopic 

data (see Fig. 29) confirm physi-sorption interaction on 

interfaces and normal molecular orientation of the adsorbed TsPc 

species on the electrode interface. 

The solution phase TsPc as well as the adsorbed TsPc on the 

electrode interfaces produce changes in the UV-visible 

absorption, reflectance and Raman spectra only for Co(II)-TsPc 

when the electrolyte is saturated with o2 • The visible Q(oo) 

absorption band shows a slight red shift and most probably 

indicates the formation of some type of o2 adduct. Similarly, 

the entire Raman spectra from Co(II)-TsPc in aqueous media 

saturated with o2 gas are sensitive to oxygen changes and the 

intensity of the Raman scattering is proportional to the oxygen 

concentration. 

The reaction of Co(II)-TsPc and o2 is partially reversible 

since other interactions are also involved. On the other hand, 

surface-enhanced Raman both resonant and non-resonant spectra 
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Fig. 27. 

"•" 

,. 

Fig. 28. 

The absorption spectra of the iron tetrastilfonat~d 
phthalocyanine as a function of the phthalocyanine 
con~entr*tion and pH. 
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Reflectance spectra of Fe(III)-TSP adsorbed on basal 
plane of SAPG at 0.90 V vs. RHE (a) and on Pt at-0.70 V 
vs. RHE (b) with argon and 02 saturated soiutions. Per
pendicular optical polarization. . . 
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Fig. 29. 

Njc s·' 

0)200~-

1(~000 

b) 

LL. 

Resonant Raman spectra: (D) depolarized and (P) 
polarized for (a) solution of 5 x 10-5 M Fe-TsPc 
in 0.05!! H2so4, (b) adsorbed Fe-TsPc on silver 
electrode at various potentials vs. SCE ~n 0.05 M 
H2S04. Laser excitation light at 632.8 nm and 
20 mW output power. Resolution 2 cm- 1 ; scanning 
time 10 min per spectrum. T = 20°C. (1) 
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(see Appendix C) indicate a significant interac~ion 6f o2 even 

with the adsorbed metal-free and Fe-TsPc on the silver electrode 

in all (acid, neutral and alkaline) supporting electrolytes. 

Virtually the entire surface-enhanced Raman spectra are sensitive 

to the presence of o2 as shown in Fig. 30. 

Resonant SERS obtained from the adsorbed macrocycle species 

are more intense when o2 is present in the electrolyte. This 

situation''is reversed and Raman signal is significantly quenched 

with the use of ordinary SERS. SERS from the adsorbed macro

cycles with and without o2 present in aqueous solutions( 2 9) 

support the model of physi-sorbed monolayer of the ~acrocycle 

species on the electrode ~urfaces. Furthermore, the most charac

teristic Raman band at about 700 cm-l resulting from the inner 

ring deformation as well as the bands at about 1340 and 1550 cm- 1 

associated with C-N and C=C stretch vibrat'i·ons are only inten

s i t y- s e n s i t i v e t o 0 2 a n d no t i n t h e i r f r e q u e n c y p o s i t i o n. T h'i s 

sensitivity,,to o2 molecules was also observed for the adsorbed 

H2-TsPc in acid media indicating o2 interaction with protonated 

phthalocyanine. 

T h e e x p e r i m e n t. a 1 e v i d e n c e , h ow e v e r , i s i n s u f f i c i e n t t o 

indicate specific metal-nitrogen vibrations which are most 

probably weak and probably below 200 cm- 1 and also there are no 

new Raman bands which may be directly associated with o2 • 

Oxygen-sensitive changes in the Raman band intensities of 

the adsorbed species can be reversed as a function of saturation 

of the solution phase with He and o2 • The changes in the optical 

signals are also accompanied by changes of the o2 reduction 
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Fig. 30. 

Fig. 31. 
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SERS from TsPc adsorbed on Ag saturated with He and 02 
gases. Laser excitation: 514.5 nm with 50 mW output 
power. Resolution of monochromator: 2 cm-1 Electrode 
area: 0.32 cm2 at -.3 V vs. SCE; T = 20°C. (11) 

Fr-TSPc/Ag Kr 

tala 
02 ~346 e~~~· 1 

1 :r- ~\...... e-11 1341 a~· 1 

j..i1 Hz-TSPc//ig ""-

' - -~r;;-Oz-~.Kr 

• I 

lO 45 •tn 

The intensity change ~IR of the Raman C-N and oxygen 
reduction current ~io 2 for TsPc adsorbed on Ag as a 
function of 0.05 M H2S04 electrolyte saturation with 
He and 02 gases. -Other parameters as in Fig. 30. (11) 
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current as displayed in Fig. 31. However, the changes in the 

Raman signals as well as the oxygen reduction current are 

strongly influenced by the electrode potential, redox state of 

the macrocycle molecule and the pH of the electrolyte. 

Interactions of o 2 with metal-phthalocyanines have been 

proposed in several models. Some authors have interpreted UV-

visible data of the o 2 saturated solution of M-TsPc as favoring 

dimeric ~tructures of the form TsPc~M-02-M-TsPc< 32 ) with 02 

probably in a bridge type -0-0.;. configuration while others have 

proposed the structure TsPc-M-0-M-TsPc-o 2 H(J3). A dioxygen 

bridge has been proposed for the face-to-face porphyrins(34) and 

also the di~pyr~midal complex(JS) on electrode surfaces. The cis 

configuration· of dioxygen bridge appears to favor faster kinetics 

for the 4-electron reduction pathway(35) than the trans. 

Subsequent Raman (see Appendix D) work(36) on low index 

single crystal surfaces has confirmed the hypothesis on molecular 

orientation suggested from the earlier work on SERS for the 

adsorbed TsPc on polycrystalline Ag electrode; i.e., that the 

TsPc species are adsorbed with the macrocycle ligand plane 

perpendicular to the surface and the int~raction with the surface 

involving the sulfonic groups. This is in contrast to the 

behavior of the adsorbed FePc which are adsorbed in a parallel 

configuration. 

Fig. 32 displays the four Raman polarization components as a 

function of the electrode potential. These spectra yield speci-

fie information on molecular orientation on electrode interfaces. 
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Adsorbed Fe-TsPc on Ag(111) in 0.1 ~ HCl0 4 +H 2o. 
Supporting electrolyte saturated with argon gas. 
T = 20°C. (a) Cyclic voltammogram: scan rate 
100 mV/s, (b)-(e) Principal Raman spectral com
ponents as a function of the electrode potential. 

NOTE: 

s - perpendicular polarization relative to plane 
of reflectance of laser beam from electrode 
surface 

p - parallel polarization 

The first subscript symbol refers to the laser beam 
and the second subscript to the Raman collection 
optics. 
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D. Voltammetry and Rotating Ring-Disk Electrode Studies 

~ Macrocycles (Unpyrolyzed) 

Further work has been carried out on the comparison of the 

properties of the Co-, Fe-, and H2-TsPc complexes adsorbed on 

electrode surfaces and these species in the solution phase. Some 

of these species (e.g., Fe-TsPc) have been found to act as a 

catalyst for the 4-electron reduction of o2 to water with no 

detectable peroxide over a substantial potential range when 

adsorbed at monolayer levels on the basal plane of stress

annealed· pyrolytic graphite, while others catalyze the o2 

reduction through a peroxide pathway. Understanding the factors 

involved is of great importance to the developmen_t of optimum 

catalysts. 

In general, it has been observed that with solutions of 

10- 5 M only the redox properties of the surface-adsorbed species 

are observed in voltammetry experiment.s. A surprising finding is 

that the oxidation-reduction of the solution phase TsPc complexes 

is greatly inhibited in voltammetry, even at concentrations as 

high as lo- 2 M in aqueous solutions and in dimethyl formamide 

(DMF) containing substant~al water (~ 25%). However, in organic 

solvents like DMF, which can axially coordinate to the transition 

metal center, and also in such solvents containing less than 25% 

water, the redox properties of the solution phase Fe- and Co-TsPc 

are observed. 

The inhibition can be related to the presence of so3 - groups 

and the formation of large aggregates in aqueous solution. The 

negative charge on these groups may cause a severe double-layer 
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effect involving a depression of the concentration of the 

macrocycles .at the electrode surface. This is, however, a 

conjecture and needs more investigation. Similar water-soluble 

macrocycles, like tetrakis-N-methyl-4-pyridyl porphyrin(38) and 

N,N',N'',N"' tetramethyl-tetra-2,3 pyridino-porphyrazinate(39) 

(Figs. 33A and 33B, respectively), show both the redox behavior 

of the solution-phase species and negligible aggregation in 

aqueous solution, as evidenced from EPR studies(39). These 

water-soluble macrocycles do not contain sulfonic acid groups and 

hence do not have negative charge, but they are rather positively 

charged in acid solutions. Further work is in progress, and the 

detailed results will be given in the next report. 

Molecular orbital calculations have given us important new 

insight into the structural factors controlling the 

electrocatalytic activity of the transition metal macrocycles. 

Only minor changes in the electronic charge density of the metal 

center result upon substitution of functional groups on the 

periphery of the macrocyclic ligand. Similar electrocatalytic 

activities for 0 2 reduction are thus expected for the 

phthalocyanines of a given transition metal. 

Preliminary stu~ies on 0 2 reduction with the rotating ring-

disk technique have been carried out for the iron(II) chelates of 

tetra-3,4-pyridino porphyrazine (Fe-TPPa), in which the benzene 

ring of the phthalocyanine has been modified by pyridyl-type 

species (see Fig. 34). 

These results for o 2 reduc~ion in aqueous media (co 3 =/HCo 3 -, 

pH 10.3) provide evidence for the 4e- reduction mechanism. The 

ring-disk electrode measurements indicate that the reduction of 
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Fig. 33A~- Tetrakis (N-methy1~4~pyridyl) porphyrin 

., . 

Fig. l3B. N,N' ,N' ',N'' '-Tetramethyltetra-2,3-pyridinoporphyrazinate 
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Fig. 34. Fe(II)Tetra-3,4-pyridino porp~yrazine (Fe-TPPA) 
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o2 goes to OH- through a substantial potential range without 

peroxide generation in solution. The ring-disk electrode had an 

ordinary pyrolytic graphite (OPG) disk and a Pt ring that was 

activated prior to each electrochemical measurement. The 

adsorption of the macrocycle on the disk was obta~ned by cycling 

the OPG electrode in 10-5 H solution of the catalyst in acid 

Also a strong adsorption of the macrocycle 

' can be obtained by immersing the electrode without cycling in the 

catalyst acid solution (10-5M). The electrode was then 

thoroughly washed with triply distilled .~ater and examined in a 

solution (buffer of pH = 10.3) free of catalyst. The macrocycle 

adsorbed by cycling, however, showed a better catalytic activity 

with the onset for 0 2 reduction starting 20 mV more positive 

than macrocycle adsorbed electrode_ without cycling. It may be 

possible that by cycling the electrode the peripheral lone pair 

n i t r o g e n o f t h e m a c r o c y c 1 e i n t e r a c t 8 w i t h t h e c a r 'b o n 

functionalities forming a covalent attachment. 

The cyclic voltammetry of adsorbed Fe-TPPa on an ordinary 

p y r o 1 y t i c g r a ph i t e di 8 k , s h ow n i n F i g • 3 5 , i n d i c a t e s s t r o n g 

similarities with the voltammetry of the adsorbed Fe-TsPc on OPG 

under similar conditions. Three reversible peaks are found with 

the very cathodic peak (peak 1) giving an area of about four 

times greater than the other two peak respectively. This is in 

qualitative agreement with the cyclic voltammetry reported for 

t h e· a d s o r b e d F e - T s P c • T h e v e r y c a t h o d i c p e a k ( p e a k 1 ) p r o b a b 1 y 

involves a ligand redox process, while the other two, denoted as 

peaks 2 and 3 are probably due to redox processes at the metal. 
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Fig. 35. Cyclic voltammogram for 3,4 pyridine porphyrazine pre-adsorbed on the disk of 
ordinary pyrolytic graphite. Supporting electrolyte = CO~/HCO~; pH = 10.3. 
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The similar voltammetric behavior observed between Fe-TsPc and 

Fe-TPPa not only indicates a similar electronic configuration but 

also an adsorption on the electrode surface that does not modify 

the redox and electronic properties of these molecules. 

Fig. 36 gives 02 reduction polarization curves with rotating 

ring-disk electrode at different rotation rates. Fe-TPPa shows 

significant catalytic activity for o2 reduction. There is 

practically no.peroxide detected at the ring at potentials equal 

to or lower than the potential corresportding to the second redox 

peak of Fe-TPPa in the cyclic voltammetry (-0.35V vs •. SCE). A 

decrease in the electrocatalytic activity occurs at the onset of 

the second voltammetric peak attributed to the Fe(II)/Fe(I) redox 

p r o c e s s • T h e d i m i nu t i o n o f t h e d i s k c u r r e n t i s s i m u 1 t a n e o u s 1 y 

accompanied with an increase in the ring current. Two factors 

seem to be responsible for the decrease in the electrocatalytic 

activity observed at mote negative potentials: 

1) the inability of o2 to oxidize the Fe(II) to 

Fe(III) as in the redox mechanism propo~ed by Beck, and 

2) the fact that Fe(I)-TPPa formed at even further 

negative potentials does not exhibit a great tendency 

to coordinate o2 or other axial ligand to yield a 6-

coordinate species. 

It is interesting to note further that, at still more 

negative potentials corresponding to the onset of peak 1 in 

voltammetry (e.g., -1.0 V vs. SCE), the peroxide generation again 

decreases and falls almost to zero. At this very negative 

potential the 2e- product (peroxide) forms an adduct with the 
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Fig. 36. Ring-disk electrode data for Oz reduction on 3,4 pyridino 
porphyrazine pre-adsorbed on the disk or ordinary pyrolytic 
graphite. Electrolyte = CO)/HCO), pH= 10.3; scan rate = 
10 mV/s; disk area= 0.196 cm2; T = 22°C. Ring potential 
0.4 V vs. SCE. Rotation rates indicated on curves in rpm. 
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macrocycle through a strong interaction with the metal and ligand 

and undergoes further 2e- reduction leading to OH- before 

desorbing. This is likely to occur since at this negative 

yotential the ligand is in a reduced state (peak 1 corresponds 

probably to the redox process of the ligand) with more electrons 

to back-donate to the o2 molecule. Further work on the 

mechanistic aspects of 0 2 reduction with this catalyst at various 

pH is in pr'ogr e s s. 
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IV. !!!! TREATED MACROCYCLES ON CARBON SUPPORTS 

An important development has been the finding at Case and 

elsewhere that· some of the heat-treated macrocycles such as the 

cobalt-tetramethoxyphenyl porphyrin (Co-TMPP) show long-term 

stability as well as high catalytic activity inalkaline 

electrolyte. This has prompted an effort to establish to what 

extent ther~al treatment may be effective for preparing such 

catalysts for acid electrolytes. The ~-oxo-iron(III)meso-tetra

p-methoxylphenyl porphyrin (Fe-TMPP) 2 o, heat treated at 850°C, 

has quite high activity in concentrated phosphoric acid (85%) at 

100°C, comparable to or even higher than highly dispersed 

platinum (Prototech). A substantial effort has been directed to 

the study of the effects of the heat treatment both on the 

structure of the complex and the kinetics and mechanistic aspects 

of the o2 reduction on these catalysts. The measurements have 

included voltammetry, rotating-disk electrode, o2 reduction 

polarization measuremeftts with gas-diffusion o2 cathodes and 

Mossbauer spectroscopy. 

A. Rotating Disk Electrode Studies 

Heat treatment of the macrocyclic catalysts supported on 

high area carbons in an inert atmosphere has been found to yield 

higher performance and better stability in gas-fed oxygen 

cathodes in acid aB well as alkaline electrolytes. 

The heat treatment studies during the past contract year 

have been extended to other related transition metal organic 

compounds supplied by Mooney Chemicals, Inc., Cleveland, Ohio, 
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with a view to better understand the factors promoting the high 

catalytic activity and stability of the heat treated macrocycles 

through the examination of a few such systems. ·Heat treatment 

studies have also been extended to include ~mooth substrates 

(pyrolytic graphite) with thermal treatment at temperatures in 

the range 450-800°c •. 

With Co-TMPP and (Fe-TMPP) 2 o atta·ched to the. polished 

ordinary py'r.olytic graphite (OPG) surface as a thin bulk layer 

a n d. b e a t t r e a t e d f or t w o h o u r s i n · f 1 ow i n g H e , t h e a c t i v i t y i s a 

maximum for a heat treatment temperature of 450°C (Figs~ 37 a~d 

3 8). The activity pf the Co-TMPP is higher than that of the 

(Fe-TMPP) 2 o in.contrast to the results on high-area carbon. In 

order to see ,if these results are caused by the presence of ltrace 

impurity of oxygen present ,in the He used during beat treatment, 

similar experiments were conducted with Co-TMPP and (Fe-TMPP) 2o 

a~sorptively attached to the polished OPG surface and beat 

treated for two hours in a fl()wing mixture of (He + H2 ) 

atmosphere. Again, with Co-TMPP, the activity is a maximum for a 

heat treatment temperature of 450°C (Fig. 39). The activity of 

the Co-TMPP preadsorbed on OPG is much higher than that of the 

(Fe-TMPP) 2 o preadsorbed on OPGunder similar conditions. This 

observation is in contra~t to the results on high-area carbon. 

(Fe-TMPP) 2 _o does not show good activity on a smooth OPG surface 

and the activity is further diminished by the heat treatment even 

at 450°C, in contrast to the high-area carbons (Fig.·. 40). The 

poor activity of (Fe-TMPP) 2o on the smooth surface is probably 

due to the lack of strong adsorption ~f (Fe-TMPP) 2o on such a 

surface. 
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Fig. 37. Po~arization curves for 02 reduction on an OPG disk 
pre-adsorbed with Co-TMPP in 0.05 M H2so 4 ~t 25°C. 
Disk area = 0.5 cm2; scan rate = 10 mV/s; rotation 
rate = 2500 rpm. 

1 - polished OPG disk only 
2 - OPG pre-adsorbed with Co-TMPP (no H.T.) 
3 - OPG pre-adsorbeq with Co-TMPP (H.T. at 450°C) 
4 - OPG pre-adsorbed with Co-TMPP (H~T. at 850°C) 
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Fig. 38. Polarizati~n curves for 02 reduction on an OPG disk 
pre-adsorbed with (Fe-TMPP)20 in 0.0? M H2S04 at 25°C. 
Disk area = 0.5 cm2; scan rate.~ 10 mV/s; rotation rate 
= 2500 rpm. 

1 - polished OPG disk only 
2- OPG pre-adsorbed with (Fe-TMPP)20 (no H.T.) 
3 - OPG pre-adsorbed with (Fe-TMPP) 2o (H.T. at 450°C) 
4 -·ope pre-adsorbed with (Fe-TMPP)20 (H.T. at 850°C) 
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Fig. 39. Polarization curves for Oz reduction• on an OPG disk 
pre-adsorbed with Co-TMPP in 0.05,~ Hz~04 at 25°C. 
Disk area= 0.50 cmZ~ ~can rate·=·to mV/s; rotation 
rate = Z500 rpm. . ; ~ · ' 

1 ~ polished OPG disk only 
,. 2 -. pol is bed OPG disk wi·th pr ~-ad sorb'ed: Co-TMPP (no H. T.) 

3 - polished OPG disk with pre-adsorbed Co-TMPP (H.T. 
at 450°C) in (He + Hz) atmosphere for Z hours 

4 - polished OPG disk with pre-adsorbed Co-TMPP (H.T. 
at 8P0°C) in (He + Hz) atmosphere for Z hours 
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Fig. 40. Polarization curves for 02 reduction on an OPG disk 
pre-adsorbed with (Fe-TMPP)20 in 0.05 ~H2 so 4 at 25°C. 
Disk area = 0.50 cm2; scan rate= 10 mV/s; rotation 
rate = 2500 rpm. 

1 - polished OPG disk only 
2 - polished OPG disk with pre-adsorbed (Fe-TMPP)20 

(no H.T.) 
3 - polished OPG disk with pre-adsorbed (Fe-TMPP)20 

(H.T. at 45b°C) in (He + Hz) atmosphere for 2 hours 
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Earlier studies< 4 > with unpyrolyzed (Fe-TMPP) 2 o using 

Mossbauer spectroscopy have shown that both the crystalline 

(Fe-TMPP) 2 o and the species adsorbed on XC-72 carbon from an 

acetone solution of this complex (without high-temperature 

treatment) yield very similar Mossbauer spectra. This provides· 

evidence of the weak adsorption of this complex on a carbon· 

substrate. Nevertheless, (Fe-TMPP) 2 o preadsorbed on RB carbon 

and heat treated at 850°C has shown the best activity so far in 

This is perhaps due to the entrapping of the 

(Fe-TMPP) 2o particles within the micropores of the RB carbon and 

thU;S acting as a catalyst for o2 reduction, as well as for H 2 o2 

elimination. This, view is supported by the recent observation 

that Fe-Pc in the bulk form is a better catalyst for o2 reduction 

than the adsorbed Fe-Pc at monolayer coverages on the carbon 

substrate(7). 

B. Voltammetry and Polarization Measurements with A 

Thin Porous Coating (TPC) Electrode 

Figure 41 shows the results obtained with a thin layer of 

Vulcan XC-72R carbon with preadsorbed cobalt tetraazaannulene 

(Co-TAA, ECO heat treated) attached to a pyr.olytic graphite 

rq.tating disk in dilute sulfuric acid at 25°C. For comparison 

purposes, the. curve for Vulcan XC-72R is also included. A paste 

of the carbon plus catalyst, or the carbon alone, is made up with 

DuPont Teflon emulsion T-30B and squeegeed onto the graphite disk 

to form a porous layer with a thickness of the order of 0.001 em. 

Gas transport in this layer occurs through the gas capillary wick 

structure. Oxygen reaches the electrode through the solution 
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Fig. 41. Steady state o 2 reduction polarization curves on a thin 
layer of Vulcan XC-72R with adsorbed Co-TAA (ECO) attached 
to a pyrolytic graphite (PG) disk in 0.05 ~ HzS04 at 25°C. 
Curve A- Co-TAA adsorbed on Vulcan XC-72R (heat treated). 
Curve B - Vulcan XC-72 only. 
Disk area= 0.196 cm2; rotation rate= 4900 rpm. 
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phase and is subject to the conditions usually involved with the 

rotating-disk technique. A quantitative interpretation must take 

into account transport processes in the porous layer as well as 

the external electrolyte, the latter covered by the treatment of 

Levich. The method, however, eveti just used qualitatively, gives 

one a measure of the activity of the catalyst. The Co-TAA (ECO 

Corp.) material has substantial activity and shows promise as a 

catalyst for o2 reduction in acid electrolytes. Figure 42 gives 

the voltammetry curves for the same thin layer of the Co-TAA/ 

Vulcan XC-72R catalyst system. The voltammetry shows very little 

structure. For this sample, the voltammetry curves show no 

evidence of the Co(II)/Co(III) redox potentials. The structure

less_voltammetry curves are characteristic of material that is 

heat treated at temperatures of the order of 400°C or higher. 

As us~al, thermally treated organometallic& (Mo~ney 

Chemicals) on deashed RB carbon also show better ~ctivity for o2 

reduction than samples without heat treatment (Fig. 43). The 

voltammetry curves in Fig. 44 show major changes after thermal 

treatment and differ from the carbon substrate. Generally, peak 

structure is missin~ after the heat treatment and the magnitude, 

and to some degree, the shape of the voltammetry curves differ. 

Already, significant changes are observed with heat treatment at 

450°C. 
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Fig. 42. Cyclic voltammogram for a thin layer of Vulcan XC-72R 
with adsorbed Co-TAA (ECO) attached to a PG disk in 
0.05 M H2so4 at 25°C. Disk area= 0.196 cm2. 
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phase and is subject to the conditions usually involved with the 

rotating-disk technique. A quantitative interpretation must take 

into account transport processes in the porous layer as well as 

the external electrolyte, the latter covered by the treatment of 

Levich. The method, however, even just used qualitatively, gives 

one a measur!~f the activity of the catalyst. The Co-TAA (ECO 

Corp.) material has substantial activity and shows promise as a 

catalyst for o2 reduction in acid electrolytes. Figure 42 gives 

the voltammetry curves for the same thin layer of the Co-TAA/ 

. Vulcan XC-72R catalyst system. The voltammetry shows very little 

structure. For this sample, the voltammetry curves show no 

evidence of the Co(II)/Co(III) redox potentials. The structure

less voltammetry curves are characteristic of material that is 

heat treated at temperatures of the order of 400°C or higher. 

As usual, .thermal,ly treated orga.nometallic~·. (Mooney 

Chemicals) on deashed RB carbon also show better activity for o2 

reduction than samples without heat treatment (Fig. 43). The 

voltammetry curves in Fig. 44 show major changes after thermal 

treatment and differ from the carbon substrate. Generally, peak 

structure is missint after the heat treatment and the magnitude, 

a n d t o s om e de g r e e , t h e s h·a p e o f t h e v o 1 t a m m e t r y c u r v e s d i f f e r • 

Already, significant changes are observed with heat treatment at 

450°C. 
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Fig. 42. Cyclic voltammogram for a thin layer of Vulcan XC-72R 
with adsorbed Co-TAA (ECO) attached to a PG disk in 
0.05 M H2S04 at 25°C. Disk area= 0.196 cm2. 
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Fig. 43. Polarization curves for 02 reduction on a thin porous 
coating of deashed RB carbon with adsorbed cobalt complex 
(Mooney) attached to an ordinary pyrolytic graphite (OPG) 
disk in 0.05 ~H2 so 4 at 25°C. Disk area= 0.196 cm2; 
scan rate = 10 mV/s; rotation rate = 2500 rpm. 

A - 10% Co-complex (Mooney) on deashed RB carbon, no H.T. 
B - 10% Co-complex (Mooney) on deashed RB carbon, H.T. 

at 460°C. 
C - 10% Co-complex (Mooney) on deashed RB carbon, H.T. 

at 800°C . 
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Fig. 44. Cyclic voltammograms for a thin layer of deashed RB 
carbon with adsorbed cobalt-complex (Mooney) attached 
to an OPG disk in 0.05 ~ HzS04 at 25°C. Disk area = 
0.196 cm2; scan rate= 10 mV/s. 
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Further work continues on the study of the effects of heat 

treatment on the structure and activity of the transition metal 

and metal-free porphyrins, tetraazaannulenes, and the phthalo

cyanines including pyridyl type substituted phthalocyanines in 

both high area porous electrodes and on smooth near-ideal 

surfaces. 

Moss bauer and voltammetric studies have shown major 

with such heat treated structural changes 

samples(4a, 4 b). The 

associated 

heat treatment even at 450°C generally 

greatly modifies the complex on a carbon support and at higher 

temperatures (e.g., 800°C) produces essentially a pyropolymer 

with no evidence for any remaining metal-N4 centers. 

Experimental work on mass spectrometry, thermogravimetric 

and differential thermal analysis is in progress on the 

structural changes occurring during the heat treatment of the 

macrocycle/carbon samples. In collaboration with Dr. Phil Ross, 

ext e n de d X- r a y a b s or p t i o n f in e s t r u c t u r e ( E XA F S ) s t u d i e s o n t h e 

interaction of transition metal macrocycles with high surface 

area carbons are in progress at the Stanford Synchrotron Research 

Laboratory. These studies are also being extended to charac-

terize the same catalysts after thermal treatment. 
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Porous Electrodes 

Various macrocycle catalyzed carbons (RB and XC-72) are used 

for the fabrication of the electrodes which are tested for o 2 

reduction in 85% H3 Po 4 at 100°C. These materials and a Teflon 

binder (d~:~ont T30B Teflon Emulsion) are pressed into elect~odes 

a c cording {(> , the procedure given in an earlier communication< 44) ~ 

The resul~i obtained with gas-fed porous oxygen cathodes during 

the past contract year are given below. 

Fig 45 shows the polarization curve (lower curve) for an 
( 

electrode made from 5% H2 TMPP on XC-72 carbon with 2.4% cobalt 

added as the hydroxide. In this case, the cobalt hydroxide was 

depo~ited on the unheat-treated porphyrin and th~n the carbon was 

heated for two hours at 800°C in the helium atmosphere. The 

upper curve is for an electrode made from the same materials 

e x c e p t t h a t t h e c o b a 1 t h y d r o x i d e w a s d e p o s i t e d a f t e r t h e. 

porphyrin was heat treated to 800°C. Notice that the deposition 

of the metal hydroxide before heating leads to an electrode which 

is electrochemically more active for oxygen reduction. 

Figure 46 shows the polarization curves for the same types 

of electrodes as those which were described in Fig. 45 (5% H2 TMPP 

on XC-72 with Co added before or after heat treatment). In this 

case, however, the heat-treatment temperature was 450°C instead 

of 800°C. The activity for the electrode made from H2 TMPP which 

has Co added before heat treatment was slightly greater than for 
; 

the other, but the difference was not so significant as it was in 

the previous case. 
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Fig. 45. Polarization curves for 02 reduction on porous electrodes 
in 85% H3Po4 at 100°C with 30% Teflon [0=5% H2TMPP on 
XC-72 carbon + 2.4% Co as Co(OH) 2 followed by heat treat
ment at 800°C; A=5% HzTMPP on XC-72 carbon with 800°C 
heat treatment before deposition of 2.4 % Co as Co(OH)2; 
catalyst densities= 1.4 mg/cm2 with an excess of Co]. 
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Fig. 46. Polarization curves for 02 reduction on porous oxygen
fed electrodes in 85% H3P04 at 100°C with 30% Teflon 
[0 = 5% H2TMPP on XC-72 carbon+ 2.4% Co as Co(OH)2 
followed by heat tre•tment at 450°C; 6 = 5% H2TMPP on 
XC-72 carbon with 450°C heat treatment before deposition 
of 2.4% Co as Co(OH)21· Catalyst densities: 1.4 mg/cm2 
with an excess of Co. 
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Figure 47 shows polarization curves for CoTAA-catalyzed 

electrodes. -Ttre upper curve is for an electrode made from CoTAA 

deposited on XC-72 carbon with subsequent heat treatment. The 

catalyzed carbon was obtained from ECO Corp. and the CoTAA 

loading and treatment temperature are not known. The lower 

activity of the ECO electrode may be due to lower loading and the 

differences at high current densities probably result from a more 

highly optimized RB structure having better mass transport. 

Figures 48 and 49 show polarization curves for electrodes 

made from cobalt- and iron-containing compounds (organometallic&) 

which were obtained from Mooney Chemical Co. Each of these 

materials was deposited (10%) on deashed RB carbon and then heat 

treated at 450°C and 800°C. Figure 48 shows the curves for the 

electrodes made from the cobalt compound, and Fig. 49 shows those 

for the iron compound. Also shown in each figure is the 

polarization curve for our best Co-TMPP electrode (for refer

ence). Note that the Co compound shows higher activity with the 

450°C heat treatment. For the Fe compound, the curves are nearly 

identical. In every case, these electrodes show poor performance 

compared to the Co-TMPP reference curve. 

Figure 50 shows the polarization curves for electrodes made 

from RB carbons which have been deposited with other metal 

complexes (10%) obtained from the Mooney Chemical Co. and then 

beat treated. The Cu complex with 800°C heat treatment shows 

higher electrochemical activity than the same Cu complex with 

450°C treatment. Durng the 800°C heat treatment, the compound 

(on the carbon) developed an orange coloration indicating the 
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Fig. 47. Polarizatian curves-for Oz reduct.on on porous el~ctrodes 
in 85% H3P04 at 100°C [0 = ECO CoTAA on XC-72 carbon with 
heat treatment and 30% Teflon; A = 10% CWRU CoTAA on RB 
carbon with 450°C heat treatment and 25% Teflon; catalyst 
density= 2.8 mg/cm2.] 
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Fig. 48. Polarization curves for o2 reduction on porous electrodes 
in 85% H3P04 at 100°C with 25% Teflon [0 = 10% Mooney Co 
compound on RB carbon with 450°C heat treatment; ~ = 10% 
Mooney Co compound on RB carbon with 800°C heat treatment; 
0 = 10% CWRU CoTMPP on RB carbon with 450°C heat treat
ment]. All catalyst densities= 2.8 mg/cm2. 
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Polarization curves for 02 reduction on porous oxygen
fed electrodes in 85% H3P04 at 100°C with 25% Teflon. 
[0 = 10% Mooney Cu compound on RB carbon with 800°C heat 
treatment; ~ = 10% Mooney Cu compound on RB carbon with 
450°C heat treatment; 0 = 10% Mooney Ni compound on RB 
carbon wit.h 800°C heat treatment;<::::>= 10% Mooney Mn com
pound on RB carbon with 800°C heat treatment; ···~ = 10% 
CWRU CoTMPP on RB carbon with 450°C heat treatment.] All 
catalyst densities = 2.8 mg/cm2. 
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presence of very fine copper particles. These particfes may 

account for-the increased activity shown by the electrode since 

the 450°C treated material did not develop this coloration. The 

Mn and Ni complexes were tested (as electrodes) only for the 

800°C treatment. The electrode made from the Mn complex shows 

activity ¢:o:ln·p arab 1 e to the 8 0 0 ° C C u com p 1 ex, and the N i

containing electrode is about 100 millivolts poorer at low 

current densities. A reference curve for our best 10% Co-TMPP 

(on RB) electrode is also given here and its superiority at all 

current density lev~ls is evident. The electrodes that contain 

the pyrolyzed Co and Fe Mooney complexes (Fig. 48 ~nd 49) are 

generally better than those containing Cu, Ni or Mn~ ~ut none of 

them can compare to the Co-TMPP reference. 

F i .g u r e 5 1 s h ow s t h e e f f e c t s o f 8 0 0 ° C h e a t t r e a t m e n t o n t h e 

polarization curves for XC-72 carbon electrodes in 85% phosphoric 

acid at 100°C. T h e h e a t t r e a t e d c a r b o n s h o w s .a s 1 i g h t 

superiority (in electrode form) compared to the one without heat 

treatment, but th{s smill difference is within the limits of 

reproducibility. Carbon heat treatment, in itself, does not 

signilicantly tmprove electrode performance. BET surface area 

measurements, however, indicate some increase in total surface 

area (from 216 to 443m2/g). 

Figure 52 shows the polarization curves for an electrode 

made from deashed RB carbon which has been heat treated at 800°C. 

In one case, 2.4% Co [as Co(OH) 2 ] was deposited on the carbon 

before the heat treatment. In the other case, there was no Co 

deposited on the carbon. The presence of the Co appears to make 
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Fig. 51. Polarization curves for 02 reduction on porous oxygen-_ 
fed electrodes in 85% H3P04 at 100°C with 30% Teflon. 
[0 = XC-72 carbon with no heat treatment; ~ = XC-72 
with 800°C heat treatment in He atmosphere.] 
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no significant difference here. For RB carbon, it would seem 

that the heat treatment is more important than the presence of 

the added Co. (RB carbon contains substantial iron.) 

In l00°C H3 Po 4 , for short periods of time, electrodes made 

with 800°C heat-treated Fe-TMPP on deashed RB carbon show the 

best performance. Heat treatment times of two hours have usually 

been used in our work, but it is of interest to try other heating 

times to see if electrode performance would be significantly 

altered. Figure 53 shows these Fe-TMPP polarization curves for 

heat treatment times of one hour, three hours, four hours and six 

hours, along with the original two-hour curve. The batch of 

Teflon emulsion used in the recent electrode fabrications was 

different from that used in the two-hour electrode which was made 

several months earlier. This may account for the differences in 

mass transport which favor the earliest electrode. Otherwise, 

the heat treatment times do not make a large difference in elec-

trode activity. The three-hour carbon seems to outperform the 

one-hour, four-hour and six-hour ones, so it would seem that two 

to three hours is optimum. 

Figure 54 shows the polarization curve for an electrode made 

from XC-72 carbon which had had 10% of Fe-TMPP deposited on it 

and a heat treatment of 850°C. This electrode was the fifth 

sample made up from the catalyzed XC-72, and was by far the best 

of the f i v e. Then, 2 • 4% Fe a s Fe ( 0 H) 3 was add e d t o stab i 1 i z e the 

electrode. For reference, the curve for the electrode made from 
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Fig. 53. Polarization curves for 02 reduction on porous oxygen-
fed electrodes in 85% H3P04 at 100°C. Electrode material 
is deashed RB carbon with 10% FeTMPP and 800°C heat 
treatment. Catalyst density_= 2.8 mg/cm 2 . (0 = 1 hour 
heat treatment; b.. = 3 hour H.T.; 0 = 4 hour H.T.; + = 6 
hour H.T. ;· • • • ~ 2 hour H.T., best curve from earlier data) 
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Fig. 54. Polarization curves for o2 reduction on porous oxygen
fed electrodes in 85% H3P04 at 100°C. [0 = 10% FeTMPP 
on XC-72 with 850°C heat treatment and 2.4% Fe as Fe(OH)3 
and 30% Teflon. Catalyst density = 2.8 mg/cm2. ~ = XC-72 
c~rbon only with 800°C heat treatment and 30% Teflon~ 
···· = 10% FeTMPP on deashed RB carbon with 800°C heat 
treatment and 25% Teflon.] 
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10% (Fe-TMPP) 2 o on RB carbon (800°C) is also included here. 

Another r ef __ erence curve (for heat- treated XC-7 2 carbon) is also 

shown on the same graph. 

There are some doubts that 10% (Fe-TMPP) 2 o on XC-72 carbon 

can ever equal in electrode performance that which it shows than 

it is on RB carbon. XC-72 has a lower surface area compared to 

RB. RB_is an organically derived carbon and so its surface is 

differeD.t l.n nature from that of XC-72. The particle size for 

XC-72. is v~ry small by comparison to that for RB. Also, RB shows 

greatei interaction with adsorbed materials and generally greater 

improvement in activity with heat treatment. To make the 

comparison situation even more uncertain, XC-72 carbon and 

carbon-based catalysts are more difficult to Teflonate and to 

fabricate into physically stable electrode structures, and they 

usually show inferior mass transport. Optimization of fabrica

t i on t e c h n i que s for us iti:g XC- 7 2 carbon w o u 1 d p r o b a b 1 y minim i z e 

some of the differences, but RB-based electrodes would, quite 

likely, still show relative- superiority. 

At CWRU, we are not equipped to do long-life tests on 

electrodes. However, it was decided to try a limited-time test 

so that electrodes which have some reasonable short-term 

stability in 100°C phosphoric acid can be distinguished from 

those with poor stability. Figure 55 is a plot of electrode 

potential for various electrodes at constant current density (100 

m A I c m. 2) v s • t i m e • P o t e n t i a 1 m e a s u r em e n t s w e r e t a k e n e v e r y 1 5 

minutes, except for a one-hour period during the Fe-TMPP tests 

when a reference electrode problem developed. There were 
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temperature variations in some of the measurements and these 

probably caused most of the ups and downs in the plots. 

The beat overall activity for the seven-and-one-half-hour 

duration of the test is shown by the electrode made from 10% 

Fe-TMPP on RB carbon with 800°C heat treatment. This is not 

surprising since this material has proved to be our best during 

the shorter tests. Notice, however, that the potential is 

dropping with time and approximately 60 millivolts are lost over 

the seven-and-one-half-hour period. 

The best stability is exhibited here by the electrode which 

was fabricated from the 10% Co-TMPP on RB carbon with 800°C heat 

treatment. It loses a few millivolts during the first hour and 

then is quite stable for the rest of the time. The Co-TMPP 

electrode having the 450°C heat treatment starts out at a 

somewhat lower potential than the ·other one, and then declines 

steadily with time. The higher temperature definitely improves 

stability for Co-TMPP. 

Polymeric FePc showed promise when it was deposited on RB 

carbon, heat treated at 450°C, and made into an electrode for 

short-term testing. During the se»en-and-one-half-hour test, it 

proved to be somewhat poorer than the 450°C Co-TMPP. The 

polymeric FePc, which was heat treated at 800°C lost much of its 

activity and became highly unstable (see uppermost plot). 

Apparently pyrolysis does not necessarily produce an active 

structure. 
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The most active material, 800°C Fe-TMPP, needs to be 

stabilized for long-life testing in 100°C phosphoric acid. 

Higher-temperature heat treatments might help. Also, the 

addition of excess iron hydroxide may increase stability. If 

long-life electrodes are to be made, a way of stabilizing 

metallic and "organic" structure will have to be found. 

Figure 56 shows polarization curves for electrodes made from 

deashed RB carbon which has had 10% iron(II)-tetra-3,4-pyridino 

porphyrazine (Fe-TPPa) deposited on it. The three curves shown. 

are for electrodes made from the catalyzed carbon samples which 

have had heat treatments at 450°C and 800°C as well as no heat 

treatment at all. (It should be mentioned that all electrodes 

are heated to 270°C during fabrication.) The three polarization 

curves show only slight differences. The electrode made from the 

800°C material shows the highest activity but is poorest at high 

current densities. All three curves are poorer than the 

reference (Fe-TMPP on RB carbon) at all but the highest current 

densities. 

Figure 57 shows polarization curves for electrodes made from 

a specially tailored carbon which has had 5% Co-TMPP deposited 

upon it. The three curves depict the differences in heat 

treatment temperature (800°C, 450°C and none). The 450°C and 

800°C curves ar~ almost the same and the one for the untreated 

sample is definitely poorer. A reference curve for the carbon 

alone is also shown and we can see that it is poor at all current 

density levels. The best curve (800°C) is almost as good as an 

equivalent curve for Co-TMPP on RB carbon. Since this carbon is 

new to us and optimum Teflonation procedure for electrode 
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Fig. 56. Polarization curves for Oz reduction on porous oxygen
fed electrodes at 100°C in 85% H3P04. Electrodes 
fabricated from deashed RB carbon with 10% FeTPPa on 
it and containing 25% Teflon. [0 = 800°C heat treat
ment; 6 = 450°C heat treatment; 0 =no heat treatment.} 
The curve for 10% FeTMPP on deashed RB carbon (····) 
is shown for reference. 
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Fig. 57. Polarization curves for Oz reduction on porous oxygen
fed electrodes at 100°C in 85% H3P04. Electrodes 
fabricated from tailored carbon with 5% CoTMPP on it 
and containing 27% Teflon. (0 = 800°C heat treatment; 
8 = 450°C heat treatment; 0 = no heat treatment; 
·· ·· =tailored carbon electrode containing no macro
cycle and having no heat treatment.) 
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fabrication is not known, it is likely that it is better than it 

appears here. 

Figure 58 shows a comparison of pol~rization curves for 

electrodes made from 3 carbons (tailored, XC-72, and RB). Both 

RB and the tailored carbon present fewer difficulties in 

fabricat(on compared to XC-72. Even so, the evidence (as seen 

from these curves) is indicative of good electrochemical 

properties for the tailored carbon. 

T h e s u p p 1 i e r f o r t h i s c a r. b o n c 1 a i m s g o o d p e r o x i d e 

decomposition for it. The polarization curves of Fig •. 59 show 

t h a t w i t h o u t c a t a 1 y s t de p o s i t i o n , t h e t a} 1 or e d c a r b o n i s q u i t e 

close in performance to RB carbon and greatly superior to XC-72. 
- ' . : . ; .~ 

T h i s i s i n t e r e s t i n g s i n c e t h i s c a r b ·o n h a s o n 1 y 1 I 1 2 : t h e s u r f a c e 

area of RB, but is decomposing peroxide almost as well. 
. .. 

The last curves (Fig. 60) show polarizatio~·: cur~v~·'s for 

·' 
e 1 e c ~·i ode s m a de f r om the t a i 1 ore d car bon w i t h 5% Fe- T M P P 

deposited on it. The two .curves indicate little difference 

between the 800°C heat treated material and the untreated. Coni-

pared to earlier curves involving Co-TMPP, the potentials at low 

current density are more anodic (as we would expect from earlier 

work with RB carbon). These electrodes exhibit poorer mass 

transport at high current densities than we might expect but this 

is probably indicative of fabrication problems. 
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Fig. 58. Polarization curves for o2 reduction on porous oxygen
fed electrodes at 100°C in 85% H3P04. (0 = 5% CoTMPP 
on tailored carbon, 800°C heat treatment, 27% Teflon; 
~ = 5% CoTMPP on XC-72 carbon, 80b°C heat treatment, 
30% Teflon; 0 = 6% CoTMPP on RB carbon, 450°C heat 
treatment, 25% Teflon.) 
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Fig. 60. Polarization curves for 02 reduction on porous oxygen
fed electrodes at 100°C in 85% H3P04. Electrodes 
fabricated from tailored carbon with 5% FeTMPP on it 
and containing 27% Teflon. (0 = no heat treatment; 
~ = 800°C heat treatment.) 
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1. Summary 

Polarization measurements using gas-fed oxygen electrodes in 

85% a3 Po 4 at 100°C indicate that the electrochemical activity of 

Co-TMPP can be approximated by adding Co [as Co(OH 2)] to H2-TMPP 

which is on an RB carbon substrate. Addition of the Co before 

heat treatment produces a better. approximation than later 

addition, especially at 800°C. 

An ~CO sample of CoTAA deposited on XC-72 carbon is 

promising as an oxygen reduction catalyst in acid but not to as 

great an extend as Co-TMPP or Fe-TMPP. 

A number of organic complexes of various metals (fro1!1 Mooney 

Chemical Co.) were deposited ott RB carbon and heat treated at 

450°C and 800°C and electrodes were made up from them. 

Polariiation tests indicate that none of these complexes ~ival 

Co-TMPP insofar as oxygen reduction activity is ~on~~rned. 

Heat treatment (800°C) of XC-72 carbon increases its BET 

surf~ce area but has only a slight effect on its electrochemical 

activity in acid medium. 

Deashed RB carbon shows unexpected electrochemical activity 

in acid by it·self (probably due to its high surface area and 

metal impurities) but the addition of additional Co as Co(OH) 2 

does not significantly increase this activity. 

Seven and one-half hour tests (time vs. potential) of three 

macrocycles (on RB carbon) indicate that under the stated 

conditions (85% H3 Po 4 at 100°C), Fe-TMPP heat treated at 800°C is 

highly active and reasonably stable and Co-TMPP (also heat 

treated at 800°C) is less active but even more stable. (FePc)n 

is not sufficiently stable in comparison to either. 
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Polarization tests on gas-fed electrodes made from FeTPPa on 

RB carbon indicate that it is inferior to Co-TMPP on RB at the 

operating conditions. 

Electrodes which were made from a specially tailored carbon 

(area substantially lower than that of RB carbon) and also from 

samples of it with deposited Co-TMPP and Fe-TMPP indicate, in 

tests, that it rivals RB carbon as a substrate. The porphyrin 

catalyzed carbon, in gas-fed electrode form, 

well as the similarly catalyzed RB carbon 

smaller surface area. 
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CINCINNATI, OHIO, MEETING-MAY 6-11, 1984 

UV-VISIBLE ABSORPTION SPECTRA FROM AOUfOUS 
SOLUTIONS OF TETRASULFONATEO PHTHALOCYANINES 

B. Simic-Glavaski, S. Zecevic* and E. Yeager 
Case Center for Electrochemical Sciences 

and the Department of Chemistry 
Case Western Reserve University 

Cleveland, Ohio 44106 

The physico-chemical properties of metallo
phthalocyanines and their interaction with Oz are of 
considerable interest (l,Z)-. The behavior of water 
soluble tetrasulfonated phthalocyanines (-TsPc) in 
aqueous· solution is not well understood. 

The present work involves a comparative study by 
UV-visible absorption spectroscopy of metal-free, 
cobalt and iron tetrasulfonated phthalocyanines [Hz-, 
Co(II)- and Fe(III)-TsPc] in aqueous media. The in
fluence of the sulfonic groups on the overall mole
cular behavior, molecular symmetry, aggregation and 
interaction with Oz when these macrocycle molecules 
are solvated in aqueous electrolytes at different pH 
values is the primary interest of this study. The UV
visible absorption spectra are explained in terms of 
molecular orbital theory. 

Experimental 
The metallo-phthalocyanines were synthesized 

according to the method of Weber and Busch (3). The 
metal-free phthalocyanine (Kodak) was sulfonated by 
followin9 the procedure described by Linstead and 
Weiss (4). High purity aqueous electrolytes with dif
ferent pH values were prepared by adding appropriate 
amounts of sulfuric acid and low carbonate sodium 
hydroxide. UV-visible absorption spectra we3e obtaig
ed for macrocycle concentrations between 10" to 10" 
M' in such aqueous electrolytes saturated with Hz and 
Oz gases. The spectra were recorded with a Cary 14 
spectrophotometer. 

Results and Discussion 
UV-visible absorption spectra from Hz-TsPc and 

Fe(III)-TsPc are displayed in Fig. 1 and Z in acid 
(0.05 ~ HzS04), neutral and alkaline (0.1 M NaOH) 
solutions for various concentrations of Ts~c. 

The metal-free phthalocyanine in neutral media 
shows characteristic splitting of the visible Q absorp
tion bands and exhibits Dzh point molecular symmetry. 
The additional protonation and deprotonation of the 
inner ring in acidic and alkaline media, respectively, 
change the molecular symmetry to D4h which is also 
characteristic for other metallophthalocyanines stud
ied in this work. 

The absorption spectra are dominated by the Q 
absorption bands in the visible region and the B ab
sorption band at about 340 nm. The UV-visible absorp
tion spectra as a function of the TsPc concentration 
show significant departure from the Beer-Lambert law, 
indicating aggregation of the macrocycle molecules. 
The experimental data suggest that monomeric struc
tures are predominant for macrocycle concentrations 
of less than l0-5 M. However, water-ethanol mixtures 
with a lower dielectric constant favor monomeric struc
ture. even at higher macrocycle concentrations. 

In aq~eo~s media Co(Il)-TsPc and Fe(III)-TsPc bind 
water molecules axially and form a six coordinated com
;lex. During the process of aggregation the sixth 
axial ligand is most probably lost and interaction may 
occur through metal-metal bonding. This is in agree
ment with electron spin resonance data from Co(II)-TsPc 
which shows a high sensitivity of the unpaired d elec
tron to a solvent ligand. By increasing the ionic 
strengt~ of t~e solvent (see ~ig. 3) one prorotes 
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changes of Q(O,O) at about 660 nm for Co(II)-TsPc. At 
the same time Fe(III)-TsPc appears insensitive to a 
change of electrolytes. 

The molecular symmetry in metal-free phthalo
cyanine can be altered as a function of pH. The addi
tional protonation of the inner ring nitrogen occurs 
in the acidic range below pH 4 value (5). There is 
uncertainty about the protonation of the sulfuric acid 
groups in acid solution. 

Sulfonic groups have little influence on molecular 
symmetry in regard to the spectra since the absorption 
spectra from tetrasulfonated phthalocyanines correlate 
very well with the spectra obtained from non-sulfonated 
macrocycle species (Z). 

Interaction of Oz was observed only with Co(II)
TsPc; it was most pronounced fn an alkaline media as 
shown in Fig. 4a. The interaction of Co(II)-TsPc and 
Oz is partially reversible as indicated in Fig. 4b 
which also shows an aging effect and a change of the 
absorption band intensity as a function of time. 

According to Wagnerova (6), interaction of oxygen
with Co(II)-TsPc is carried out through an oxygen adduct 
model which occ4rs in two stages. In the first stage 
the rate of oxidation is first order in Co(II) and Oz. 
In the second stage (according to the rate-determining 
step--which is governed by the dissociation of an axial 
water ligand), the oxidation rate is dependent on the 
OH- concentration. The OH- ion should activate the 
metal ion and the adduct then releases the oxygen as 
the solution is protonated. This model presented for 
alkaline media should be viewed with some reservation 
since our data indicate that there is Oz interaction 
with Co(II)-TsPc both in alkaline and acidic media. 
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Fig. 1. The absorption spectra of the metal-free tetra
sulfonated phthalocyanine as a function of the phthalo
cyanine concentration and pH. Concentration and pH 
values are indicated in the figure. 
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Fig. 3. Variation of the Q(O,O) absorption band of 
lo-6 M Co(II)-TsPc as a function of the Na2S04 ionic 
strength. 
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Fig. 2. The absorption spectra of the iron tetrasul~on
ated phthalocyanine as a function of the phthalocyan1ne 
concentration and pH. The legend is the same as in Fig.l. 
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Fig. 4. a) Q bands absorption of 10-4M Co-TsPc in .05 M 
HzS04 as function of 02 gas saturation of the solution 
1) on, 2) 6h, 3) 24h, 4) 76h 
b,) Variation of the Q(O,O) band intensity of 10-4 M 
Co-TlPc in 0.1 M NaOH as a function of time and He-02 
saturationo. ll. change of 0(0,0) absorption band as 
a function of time when the electrolyte was He saturated. 
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Metallo-porphyrin& and the related metallo
phthalocyanines are important as both homogeneous and 
heterogeneous catalysts (1-3). The oxygen reduction 
reaction catalysis is of particular interest because 
oxygen can be reduced through a 4-electron pathway 
directly to water on some transition metal macrocycles. 
The catalytic activity of the macrocycle complexes is 
dependent on the central metal ion involved and upon 
the oxidation state of the complex. 

Electrochemical studies have been carried out with 
macrocycle complexes adsorbed or in thin layers on 
carbon or graphite electrode surfaces (4-6). Dioxygen 
interacting with the catalyst via axial coordination to 
the central metal ion or possibly by peripheral bonding 
to the macrocycle ring can also influence the redox 
potentials. 

The present work has been undertaken with the aim 
of a comparative characterization of metal-free, cobalt, 
iron and copper tetrasulfonated phthalocyanines [Hz-· 
Co(II)-, Fe(III)- and Cu(II)-TsPc] pre-adsorbed on 
graphite and silver electrodes over a potential region 
which includes that for Oz reduction in aqueous solu
tions at various pH values. 

Experimental 

The metallo-tetrasulfonated phthalocyanines [Fe(III)
Co(II)- and Cu(II)-TsPc] were synthesized and purified 
according to the method of Weber and Busch {7) and 
metal-free H2TsPc was prepared by sulfonation of H2-Pc 
(Eastman Kodak) using the procedure described by Lin
stead and Weiss (8). The electrolytes were prepared 
from ultra-pure.-grade sulfuric acid (Baker Ultrex), 
special low-carbonate NaOH pellets (J.T. Baker) and 
analytical-grade Na2S04 (Fisher Sc. Co.) with triply 
distilled water. 

An ordinary pyrolytic graphite (OPG) (Union Car
bide) disk 5 mm in diameter and a high-purity silver 
disk (99.999%) 6.3 em in diameter embedded in Teflon 
rods were used as working electrodes. The potential 
of the working electrode was controlled with a PAR-
173 potentiostat and wave form generator PAR-175 and 
cyclic voltammograms were recorded using an Omnigraphic 
2000 X-Y recorder. A saturated calomel electrode (SCE) 
was used as a reference electrode. All experiments 
were carried out at room temperature. 

Results and Discussion 

Representative equilibrium cyclic voltammograms of 
an ordinary pyrolytic graphite in N2-saturated 10-5 H 
Fe(III)-TsPc in alkaline solution are shown in Figure 
1. The four characteristic anodic as well as the 
cathodic peak currents are proportional to the sweep 
rate. The peak potential separation E4 -Ec is less than 
10 mV for all peaks observed. This indicates Faradaic 
processes involving adsorbed species. 

The charge involved in thy processes can be esti
mated and indicates about 10- 0 M/cm2 of the adsorbed 
mac.rocycle species which corresponds to a monolayer 
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deposition. Cyclic voltammograms with characteristic 
peak features were observed also for Hz- and Co(Il)-. 
The pH dependence is shown in Figure 2. Many of the 
peaks have a -0.060 V/decade pH dependence over a su~
stantial pH range. Experiments with a silver elec:r0de 
gave similar voltammograms to those on OPG for all the 
TsPc complexes studied. However, because of silver 
dissolution at positive potentials, only the two most 
negative peaks could be observed in most instances. 

Cyclic voltammogram data auggest several redox 
states at the central metal ion as well as oxidized 
cation and reduced anion radical of the phthalocyanine 
ring. Calculated charge under the peaks indicates 
5•lo-10 Far~days/cm2 for peak 1 and about l.S•lo-10 
Faradays/cm for peaks 2-4. These values indicate pos
sible multilayered structure and aggregates on the 
electrode surface. The origin of the much lar~er 
charge under peak 1 is not clearly understood. 

Peaks 2 and 3 in Figure 1 for Fe-TsPc are attributed 
to the Fe{I)/Fe(II) and Fe(II)/Fe(III) couples while 
peaks 1 and 4 are assigned to the one electron oxida
tion-reduction of the TsPc ring respectively. The 
situation is less clear in the instance of the Co-TsPc. 

One of the key questions in the oxygen reduction 
reaction catalyzed by phthalocyanines and other macro
cycle complexes is whether the redox potential of the 
M(III)/M(II) couple is the most important factor in 
catalysis. Subsequent Raman studies by our group (9) 
indicate oxygen interaction even with Hz-phthalocyanines. 
Various models of oxygen interaction will be presented. 
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Figure 1. Cyclic voltammograms from Fe-TsPc adsorbed 
on OPG in 0.05 M Na2S04, pH 10.7. Supporting electro· 
lytes N2-saturated. Scan rates are: a) 200 mV/s, 
b) 100 mV/s and c) 50 mV/s. Voltammogram peaks 1-4 
are indicated and appropriately used in Figs. 2-4. 
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Figure 2. Potential dependence of 
voltammogram peaks of the adsorbed 
TsPc on OPG as a function of pH when 
the supporting electrolytes are satu
rated by-N2 gas. 

. ~' 



APPENDIX C 

The Electrochemical Society, Inc., Washington, D.C. Meeting, 
October, 1983, 83-2, 769. 

128 
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Reversible binding of dioxygen to a metal phthalo
cyanine (~-Pc) and its related heme macrocyclic mole
cule is of fun~amental importance in oxygen transport 
phenomena and electrochemical catalysis. The water
soluble tetrasulfonated phthalocyanines (TSPc) when 
acsorbed on surfaces such as carbon have pronounced 
catalytic effects for 02 reduction. The mechanistic 
aspects of 02 reduction on such adsorbed layers, how
ever, are not well understood. Some authors have in
terpreted the UV-visible absorption dau of tl'e 02 sat
urate~ solution of ~-TSPc as favoring dimeric struc-. 
tures of the form TSPc~-Cz-~SPc !1 ,2) with ~2 probably 
in a bridge-type -0-0- conf1gurat1on (1), wh1le other 
authors have proposed the structure TSPcM-0-MTSPc-OzH 
(3). Evidence for the formation of dioxygen bridges 
has been reported for the face-to-face porphyrins (4) 
and also the ~ipyramidyl complexes (5) on electrode 
surfaces. The cis configuration for the dio~gen 
bridse appears tofavor the 4-electron reduction (5). 

The present study involves metal-free, Fe- and Co
TSPc adsorbed a' monolayers (lo-10 M/cmZ) on graphite 
and silver electredes. Oxygen interaction with Hz-, 
Fe- and Co-:SPc has been studied with cyclic voltam
metry, UV-visible absorption, and Raman spectroscopy. 
The volt~~etry curves for the adsorbed TSPc ·show sev
eral one-electron oxidation reduction peaks, wh11e the 
more negative potentia1 ,peaks correspond to oxidation
re~uction of the macrocyclic ligand. Our prior reports 
(6) on the Rarr.an for TSPc in aqueous media and adsorbed 
on Ag electrodes in Oz-free solutions give R~man band 
asSi!JI't'ltents as functions of pH and the potent11l. The 
Rarr.an spectra for the TSPc species adsorbed on Ag are 
significantly altered when the solutions are saturated 
with Oz at constant electrode potentials. O~gen .in
teractlo~ is noted even with H2-TSPc with .characteris
tic changes in the pyrrole vibrational modes. 

ExperimenU 1 
Tne &T.etal-free TSPc and tl'e Co- and Fe-TSPc ~~~tre 

pre~ared by the methods of Linstead (7) and Weber (8), 
respectively. The TSPc species were preadsorbed from 
aqueous lo-5 ~ solutions and thoroughly rinsed with dis
tilled ~ater.- The silver electrodes were activated 
prior to the Raman measure:1ents by cycling the elec
troC:es between -0.5 and 0. 2 Y vs. SC£ for pH 1. 

Results and Discussion 
Saturation of the aqueous TSPc solutions with 02 produced changes in the UV-visible absorption and Raman 

spectra only for Co-TSPc. Similar changes of the vis
ible Q absorption bands were reported eerlier (2). The 
Q(OO) absorption band shows a slight red shift and most 
probably indicates the formation of s~~e type of 02 ad
duct. Virtually the entire Raman spectra (resonant Raman 
with excitation at 632.8 ~> obtained for the Oz sat
'urated aqueous solutions of Co-TSPc are about . 
twice as intense in acid media as the corresponding 
spectra with He saturation. 1~ alkaline solution the 1increments in Ra~~n peak intensities produced by Oz 
were not uilifo1111 throu!ijhout the spectriiD but were 
larger for the peaks as,ocilted with the C-N (1340 
cm·l) and c-c (1550 aa· ) stretch vibrations of the 
pyrrole rings. R.arro&n band positions were not influenc
ed by He or 02 in either acid or ai,aline solutions. 

Fi~. 1 shOws 1 co.-::;l&rison of SEilS spectra fran Fe- • 
Co- anc Hz-TSPc exposed to He and Oz and adsorbed on 
the silver electrode. T~~se spectra for the adsorbed 
TSPc species are very similar to those spectra reported 
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inecueous so~utions (6) sugges~1ng t'1et pt\ys~scr~~'or 
is more likely than cher.isorption. Oz produ:e~ c•.tr.;es 
in the Rarr.an spectra even from the adsorbed l"z·TS~c, 
indicating 02 interaction with the protonatee ph:~a:o
cyenine ring. Fig. 2 shows thet the characteristic 
changes of the particular Rarr~n band intensity can be 
reversed as a function of gasification with He and o2• 
These changes in the optical signals are also accom~an
ied by changes of the 02 reduction current. However, 
the changes in.the Raman signals as well as the oxygen 
reduction current are strongly influenced by the e1ect
rode potential and the pH of the electrolyte. 

Volt-Raman graphs which display a continuous c~ange 
in the Raman band intensity as 1 function of the contin
uously varied potential of the electrode within the 
limits of the oxidation-reduction cycle are displayeC: 
in Fig. 3. Volt-Raman graphs indicate hysteresis and 
the shape of the curves has been found experimentally 
to depend on the pH, the specific vibrational mode and 
the presence of Oz. They, as well as the cyclic volt
ammograms, .show some reversibility between cathoC:ic 
and anodic sweeps and they are not due to adsorption
desorption phenomena. 

A peak in the voltammetry curve corresponds to 
a maximum in the rate of change in the oxidation state 
of the adsorbed species while the peak in the volt
Raman curves correspond to a property rather than rate 
of change of a property. Therefore, the voltammetry 
peak potentials should correspond to the maximum in 
3IR/3V where IR is the Raman intensity. This is veri
fied experimentally by the data in Fig. 4. The peaks 
in the voltammetry curve as well as in the volt-Raman 
curves shift~ 60 mY/decade pf.pH. 
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F;g, 1. SERS from TSPc adsor~d ~n Ag sat.uratecl with 
He and o2 gases. La$er exc1t1t1on: 514.S nm with 
so n.1 output power. Resolution ~f nlnochromator: 
2 cm-1. Electrode area: 0.32 em at -.3 Y vs SCE. 
T • 2o•c. 

o,-fc 
I 

lD .. . .. 
fig. 2. The intensity.change *IR of the Raw•n C-N 
and oxygen reduction current 6'02 for TSPc adsorbed 
on A~ as 1 function of O.OS ! H,S04 electrolyte sat
uration ~ith He and Oz gases. Other parameters as 
in Fig. 1. · 

130 

' fe- TSPc/Ag 

C-N at 1346 cm·l 
in 

0. 5! H2so4 

-.4 -.2 0 .2 E(Y) YS SCE 

Fig. 3. YR graphs of the Raman band C-N at 1346 em~1 
obtained from adsorbed Fe-TSPc on Ag saturated with 
He and 02 gases. Voltage sweep rate: 10 mY/s. laser 
excitation: S14.S nm with SO mW output power. Resolu
tion of the monochromator: 20 em· 1• Potential: V 
vs SCE. T • zo•c. 

C-N 1346 all 

v 
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Ag alone 
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.....;;_,L__.__._~ ('(Y) YS SCE 
-.4 -.2 0 2 

~·--. 
-0.4 
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Fig. 4. a) YR graphs of the Raman band C-N for the 
adsorbed Fe-TSPc on Ag. legend same as in Fig. 3. 
b) Cyclic voltammograms: for adsorbed Fe-TSPc on 
Ag (-) and for bare silver (---). Scan rate: 100 
mY/s. Potential: V vs SCE. c) Potential dependence 
of VR graph maxima for electrolytes saturlted with 
He ( 0 ) and OA. (.A) gases( ~nd cycHc vol tir.lmogra~~ 
peak I as a function of pH •J• 
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Raman spectra obtained from aqueous solution 
phases of metallotetrasulfonated phthalocyanines 
(M-TsPc) (1) and SERS spectra from the adsorbed M-TsPc 
on a polycrystalline Ag electrode (2,3) are reported 
earlier. The Raman band assignment (1,3), SERS 
spectra as a function of the electrode potential (2,3) 
and possible interaction with electrochemical inter
faces have been discussed. Uncertainty exists, how
ever, as to the configuration of the adsorbed M-TsPc 
with the Ag electrode surface. 

Earlier experimental data (3) also include Raman 
polarization components. These data suggest that an 
adsorbed monolayer (lo-10 M/cmZ) of the macrocycle 
molecular species on the polycrystalline electro
chemically activated Ag electrode are oriented with 
the plane of the macrocycle ligand perpendicular to 
the surface and attached through the swlfonic groups. 
In the case of multilavered structures, it has been 
proposed that the adjacent layers next to the first 
adsorbed monolayer bend and assume a parallel orienta
tion relative to the interface (3). The present study 
has involved Raman studies on silver single-crystal 
surfaces without the surfaces being roughened by 
cycling. Evidence for the proposed perpendicular 
orientation for the adsorbed species has been obtained 
from the ana 1 ys is of the po 1 ari za t i·on components. 

Experimenta 1 
Special attention was given to the preparation of 

the monocrystal interfaces. Single crystals of Ag, 
S9.99% pure, were ~btained from Metal Crystals, Ltd., 
Cambridge, England. They were oriented to better than 
1• mechanically polished by standard metallographic 
techniques with diamond paste, gradually decreasing 
the size of the grit to 1 u. The crystals were fur
ther polished chemically, using procedures similar to 
those already reported (4). An aqueous solution of 30 
volume percent of Hz02 and a solution of 21.5 g/1 of 
NaCN were mixed in a 1:1 ratio for polishing the Ag 
(111) single-crystal surface. For the Ag(lOO) and 
Ag(llO) faces, a lower concentration of 20 volume 
percent of HzOz was used. The crystals were held for 
5 s in these solutions, during which time vigorous gas 
evolution occurred. They were then taken out, held in 
air for 3 s and transferred into a solution of 37.5 g/1 
NaCN where oas evolution ceased. After washina, the 
procedure was repeated several times, in most instances 
in a fresh solution of HzOz and .NaCN until a highly 
reflectino surface was o6tained. The electrode sur
face was then thoroughly washed in pure water. The 
surface obtained in this way was protected by a drop 
of pure water and then transferred into the ultra-high 
vacuum of a LEED-AES-XPS system (5). The LEED pat
terns were obtained for the (111) and (100) surfaces 
without the need for further cleaning or annealing of 
the surface in the vacuum system although there was 
some evidence of diffuse scattering, probably from 
surface impurities (6). 

In separate exoeriments, Fe-TsPc was adsorbed at 
monolayer levels on the same single-crystal Ag sur
faces by placing a drop of 5 ul of 1o·b M aqueous 
solution 2f Fe-TsPc on the silver single-crystal face 
of 0.5 ~ while in air. The water was allowed to 
evaoorate, leaving about lo-10 M/cm2 of the adsorbed 
rracrocycle ~olecules on the electrode surface. The 
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silver ~urfaces were not subjected to cycling or 
roughen1ng procedures. SERS was photopromoted (7). 

The Ag/TsPc/0. 1 M HCl04 + HzO interface was illu
minated with an He-Ne laser with output power of 20 mW 
operating at 632.8 nm, corresponding to a resonant con
dition. The Raman-scattered light was analyzed by a 
Spex Triplemate monochromator and an optical multi
channel analyzer (Tracor Northern). The polarization 
of the incident laser and scattered light were con
trolled by a wide-band Spectra Physics rotator model 
310 and Polaroid analyzer, respectively. The angle of 
the laser incidence was 78° relative to the surface 
normal. The electrode potentials were controlled by a 
potentiostat and measured versus saturated calomel 
electrode (SCE). 

Results and Discussion 
The spectra of the polarized Raman components 

obtained from light scattered from the adsorbed Fe-TsPc 
on Ag(lll) and Ag(llO) electrode surfaces are dis
played in Figures 1 and 2. The polarization notation 
indicates the plane of the polarized light relative to 
the scattering plane by the fuel subscript (s - perpen
dicular, p- parallel) and the second subscript the 
plane of the Polaroid analyzer relative to the scat
tering plane. 

When the electric field component of the incident 
laser light and the induced dipole moment, which lies 
in the plane of the macrocycle molecule, are parallel, 
then the corresponding Raman component should be of the 
strongest intensity (3). It is evident from Figure 1 
that Ips and Ipp components are the most intense. this 
is true only when the molecule is orientated normally 
to the surface. For the adsorbed Fe-TsPc on the poly
crystalling Ao electrode I 0s/Iss~ 3, however, the 
ratio is about 10 for the adsorbed Fe-TsPc on the Ag 
(lllj ·interface. A smaller Ips/Iss ratio for the 
adsorbed Fe-TsPc on Ag(llO) is not unexpected since 
that interface is facetted fn comparison with t~e fl~t 
hexagonal Ag(lll) face. 

This report will also discuss formation of multi
layered structures of the adsorbed M-TsPc on the poly
crystalline Ag electrodes in 0.1 M HCl04+ supporting 
electrolyte. 
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Figure 1. Adsorbed Fe-TsPc on Ag(111) in 0.1 H 
HC104 + H20. Supporting electrolyte saturated 
with argon gas. T=20°C. 

a) Cyclic voltammogram: scan rate 100 mV/s. 
b) - e) Principal Raman spectral components 

as a function of the electrode 
potential. 
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Figure 2. Adsorbed Fe-TsPc on Ag(110) in 0.1 H 
HCl04 + H20. Supporting electrolyte saturated 
with argon gas. T=20°C. 

a) Cyclic voltammogram. Scan rate: 100 mV/s. 
b) - e) Principal Raman spectral components 

as a function of the electrode 
potential. 
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